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Preface
LEs ist ja ganz einerlei, wer es gefunden hat, die
Hauptsache ist, dal3 es gefunden worden ist.“
This was said by Hermann Wilbrand,
director of the department of opthalmology at
the university hospital Hamburg-Eppendorf
(1919-1923), when others claimed priority for
the long searched for cortical visuell center,
which he had discovered.

Five years ago we tried in Wilsede an unusual experiment,
bringing together for three long days and nights scientists and
medical doctors to learn like students about each others work.
The hope was that the participants in the workshop would
discuss the whole problem of human leukemia, and coopera-
tive programmes among the different specialized research
groups and medical centers would be stimulated. Now five
years later we feel that the experiment was a success. Coope-
rative research programmes around the world were started
and most of us understand more and more the Frederic Stohl-
man question about the pratical application of our research
and its benefit for the patient.

The chairman have done a tremendous job organizing an
up to date scientific programme for the third Wilsede meet-
ing. I would like to thank all of them for a programme which
includes all the important results and future aspects of human
leukemia.

A g R Aohligs S SRR

Personal and scientific discussion in Wilsede, June 1978
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Preface XXI

Highly qualified scientists did not only prepare themselves
for a talk, but also for posters to give us a chance for more
personal discussions about the clinical and research fields we
are interested in. I hope that these possibilities of individual
discussions will help understanding the different fields impor-
tant for human leukemia, as an example for human cancer.

The special Wilsede atmosphere probably will have again a
good influence on our discussions and perhaps you will take
home some of this spirit and remember it sometimes.

Than we should be grateful to the Verein Naturschutzpark
e.V. and especially to Alfred Toepfer and his associates for
their idealistic efforts to save this little piece of nature for

man.
Rolf Neth
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Memorial Tribute to Dr. Frederick Stohlman

Moloney, W.C.

Peter Bent Brigham Hospital, Hematology Division. 721 Huntington Avenue,
Boston, Massachusetts 02115, USA

I would like to express sincere thanks on behalf of the Stohlman children
and myself to Dr. Rolf Neth for arranging for these memorial lectures and
for the privilege of speaking to you briefly about the late Fred Stohiman.
As most of you know, Fred and his lovely wife, Bernadette, died tragically
on September 8, 1974 when the explosion of a terrorist bomb plunged their
plane into the Ionian Sea. This senseless act of violence deprived 4 children
of their beloved parents and ruthlessly terminated, at the age of 45, the
career of a brilliant investigator and physician. Much has since been pub-
lished concerning Fred Stohlman’s outstanding achievements and I will not
dwell on these accomplishments. Rather I would like to recall to you, his
friends, associates and fellow scientists, some of the human and endearing
traits of this unique individual.

Fred was very young when he graduated from Georgetown Medical
School, in fact he was only 21 when I first met him as an intern on the 3rd
Medical Service (Tufts) at Boston City Hospital. As the staff photograph
shows (Fig. 1) he did indeed look very boyish and youthful. Following his
medical training and 9 years at the National Institute of Health where he
worked closely with George Brecher, Fred returned to Boston in 1962 and
became Chief of medicine and research at St. Elizabeth’s Hospital and pro-
fessor of medicine at Tufts Medical School. There he built up a staff and
trained hematology fellows many who were to become world famous. Some
of his staff members are shown in the accompanying photograph (Fig. 2).
Fred’s involvement and concern for his fellow workers and associates was
proverbial; his intense interest in discussion of research problems is demon-
strated in this photograph (Fig. 3).

Among his numerous activities Fred probably enjoyed participation in
meetings and symposiums most of all. His expertise as a chairman and his
ability in editing proceedings of conferences was universally recognized. He
organized meetings which attracted outstanding scientists from all over the
world and Fred developed warm and lasting friendships on an international
basis. Dr. Stohlman was not only a distinguished scientist and physician, he
was also a warm and congenial human being who loved good food, good
drink and pleasant companionship. He probably satisfied a life time ambi-
tion during an international meeting when he made an impromptu per-
formance as conductor of the Munich Orchestra as shown in this photo-
graph (Fig. 4).
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A few months before his death, in June 1974, Fred came to Wilsede. His
contributions on that occasion were memorable and he endeared himself to
a host of new friends. The following picture (Fig.5) depicts typical scenes of
that first meeting of the now famous conferences on Modern Trends in
Leukemia Research. These photographs epitomize the spirited intensity
and the charm of the Wilsede atmosphere. The last picture (Fig. 6) shows
Fred Stohlman as I. and I am sure all of you, would like to remember him;
smiling, happy and of course, at a meeting. It is particularly appropriate
that these lectures, by Donald Pinkel who has done so much for leukemia
in childhood and Bob Gallo, as outstanding in the field of viral leukemo-

Fig. 4
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genesis, are dedicated to his memory. I am sure that somewhere in Heaven
Fred Stohlman’s spirit is looking down on this gathering and his memory
will inspire all of us to a continuing dedication to the high scientific goals he
attained during his all too brief career.



Cellular and Virological Studies Directed to the
Pathogenesis of the Human Myelogenous Leukemias

Gallo, R.C.

Laboratory of Tumor Cell Biology, National Cancer Institute, NIH, Bethesda. Maryland, USA

It is a particular honor for me to give the first Frederick Stohlman memorial
lecture because of my personal respect and friendship with Fred. His coura-
ge, honesty, and stimulation of good science in the hematological field will
be remembered by all who knew him. It is also very fitting to have these lec-
tures in Wilsede where special friends were made at the first meetings and
where association and friendship with Fred Stohlman became much closer
for many of us.

Introduction

There have been enormous advances in the therapy of lymphocytic malig-
nancies as exemplified by the treatment and apparent cures of some child-
hood acute lymphoblastic leukemias (see D. Pinkel elsewhere in this book).
The myelogenous leukemias remain much more difficult to treat, and for
this reason and because they also provide an interesting hematopoietic sys-
tem for the study of differentiation our interests for the past several years
has focused on the origin and pathogenesis of this disease group.

The origin of the myelogenous leukemias appears to involve prolifera-
tion of a stem cell with various degrees of commitment to differentiation
and arrests in differentiation at various cellular levels. These diseases
appear to be monoclonal (see Fialkow and also Rowley elsewhere in this
book) when they are clinically manifest. However, it is not known if the
initiation of the disease is multiclonal or monoclonal. Their appearance as
monoclonal when presented to clinicians might be because of a select
growth advantage of one clone as often seen in tissue culture. We do not yet
know the mechanism(s) initiating the abnormality of growth characteristic
of these diseases, but certain factors have clearly been shown in select cases
to induce or play some role in leukemic development. Studies in mice,
chickens, and humans implicate genetic factors which may be involved at
multiple levels. Thus, some congenital diseases with chromosomal abnor-
malities and certain families have shown an unusual incidence of leukemia
(see report by R. Miller elsewhere in this book). One family of unusual
interest has recently been described by F. Gunz and his colleagues in Aus-
tralia. Thirteen members of the family developed some form of myelopro-
liferative disease, clearly implicating genetic factor(s). Yet, some members
developed the disease within a relatively short time of each other even
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though the age of each varied [17]. This certainly suggests an environmental
factor may have been operative as well as genetic factor(s). There was no
known unusual exposure of any member of the family to chemicals or
radiation.

What about environmental factors? Radiation can induce leukemias in
animals, and it has been clearly associated with myelogenous leukemia in
humans under unusual circumstances. Benzene also has been associated
with leukemia in very rare instances, and some other chemicals with such
rarity that their leukemogenic potential in man is undefined.

Epidemiological studies indicate that leukemia is not increased in people
living at higher altitudes with greater exposure to radiation, nor is leukemia
generally higher in industrial areas than in rural regions [24]. These obser-
vations together with the facts thaf 1. the incidence of childhood leukemia
has apparently stayed about the same since industrialization and in fact has
declined in recent years, 2. the incidence peaks in young children, 3. the in-
cidence is greater in whites than in black people, and 4. association with
chemicals and radiation is very rare (see R. Miller elsewhere in this book)
all suggest to me that the leukemias may be predominantly biological dise-
ases and that all biological factors must be thoroughly explored.

Retroviruses and Retrovirus Related Information:
Reasons for Intensive Exploration of Human Tissues

We have felt that a search for retrovirus (RNA tumor virus, oncornavirus)
information or related information in human cells was mandated by several
considerations. 1. As discussed above epidemiological considerations are a
stimulus for consideration of biological factors. Although these same broad
studies also do not lend strong support to a virus causation of the disease in
a conventional manner, I think they are quite consistent with a role for viral
information if one considers: a) long latency, b) a second or third factor in
addition to appropriate viral information may be a requisite, c) retroviruses
can be vertically transmitted either in the germ line as an endogenous cel-
lular element or by congenital infection (see R.Weiss elsewhere in this
book). These factors would obscure epidemiological approaches. 2. Several
retroviruses can produce leukemia in a variety of animals in laboratory
experiments. 3. Retroviruses can sometimes transform cells and not be seen
again as discrete virus particles in in vitro experiments (see P. Duesberg
- elsewhere 1n this book). Moreover, some data suggests this may also be true
with some naturally occurring leukemias of animals. For instance, in a sig-
nificant number of cats with leukemia (perhaps approaching 50%), feline
leukemia virus (FeLV) has not been found (see O. Jarrett elsewhere in this
book). In many of these cats antibodies to FeLV has also not been identi-
fied, and recent data from our laboratory in collaboration with W. Hardy
and M. Essex indicate that FeLLV proviral nucleic acid sequences may also
not be readily detectable (Koshy, Wong-Staal, Gallo, Hardy, and Essex, in
preparation). Yet there is evidence that FeLV may still cause the disease in
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these so called “virus negative” cats. This is based on some epidemiological
results (M. Essex, personal communication) and on the finding of feline
oncornavirus membrane antigen (FOCMA) in the leukemic cells. This
protein is believed to be specifically coded for or induced by FeLV and by
feline sarcoma virus (FeSV) (see M. Essex elsewhere in this book). 4. Bone
marrow transplants studies have indicated that in some exceptional cases
normal bone marrow donor cells may be transformed to leukemic cells
when given to a leukemic individual [43]. 5. We have recently been able to
show that some of the primate type-C retroviruses can transform human B-
lymphocytes and may also interfere with differentiation of myelopoietic
cells. 6. The most compelling reason to think of retroviruses in the etiology
of leukemias of humans is the results of animal models. It appears now that
in every instance where we know the cause of naturally occurring leukemia
in a sizable fraction of a'leukemic animal population it involves a retrovirus.
This now includes chickens (see R. Weiss and O. Jarrett, A. Burney elsewhe-
re in this book), some wild type mice [16], cows (see O. Jarrett in this book),
cats (see Jarrett and also Essex) and gibbon apes (see next section). 7. Since
retroviruses can recombine with cellular genes and since some of them can
affect cell differentiation (see later section of this report and also reports by
M. Dexter, by N.Teich, by M. Moore, and by T. Graff in this book), it is pos-
sible and perhaps likely that sometimes these viruses contain cell derived
genes involved with growth and/or differentiation. If so then it should be
important to use retroviruses as probes in human leukemia to see if such ge-
netic information is altered during leukemogenesis whether or not the dise-
ase is due to a virus. For this we would choose a primate retrovirus.

Primate Type-C Retroviruses

There were no isolates of any primate retrovirus before this decade. Now
there are many, and they are from diverse species. I will focus on two groups
since they were the earliest isolates and the only ones which have been
shown to have pathological effects on cells. We have been particularly
interested in the members of the infectious type-C virus group isolated once
from a woolly monkey and called simian sarcoma virus (SiSV), simian
sarcoma associated virus (SiSAV) complex and some isolated several times
from gibbon apes and collectively called gibbon ape leukemia virus
(GaLV). SiSV (SiSAV) and the various GaLV are very closely related vi-
ruses. and the evidence suggests their ancestral origin was probably a rodent
virus which entered these primates by interspecies infection [27,47]. It is of
particular interest that the virus entered two primates which are only dis-
tantly related. We have especially focused our attention on this virus group
because the gibbon is the species closest to man for which a retrovirus has
been isolated. because it is the species closest to man for which we have an
animal model of leukemia and notably one which we know something of
the etiology, and because we think viruses like this have been in humans. It



Table 1. Infectious primate type-C retroviruses: The Woolly Monkey (Simian) Sarcoma Virus (SSV-SSAV) — Gibbon ape Leukemia Virus (GaLV) Group?

Biological Effects
Ancestral Vectors Transmission Tumorigenicity in vivo Transformation Members
Origin natural experimental in vitro
Rodents unknown Horizontal to Fibrosarcoma Fibrosarcoma and  SSV transforms SSV (SSAV) isolated once from a pet
(? man) woolly monkey. in a woolly fibromas in fibroblasts. It’s woolly monkey. Very
gibbon apes, monkey (SSV) marmosets and helper virus (SSAYV) related isolates from
? man. cerebral tumors by as well as GaLV can human cells reported by
Vertical only by CMLand ALL SSV. transform human 5 laboratories
infection parentto by GaLV CML and ALL by  blood B-lympho- GaLVma  From leukemic animals
progeny. GalLV blasts. (see text) in a colony in Thailand
Infections clearly inoculated with human
evident gibbon to malaria blood
gibbon. Source of GaLVgr From leukemic animals
infection of one in San Franzisco Zoo
woolly monkey is GaLVg, From brains of 3
unknown animals 2 of which were
inoculated with extracts
of human brains
GaLVy From a spontaneous

acute lymphoblastic
leukemia of an animal
free roaming with a
group of gibbons on
Hall’s Island, Bermuda

a References to original repbrts (except for recent results) can be obtained from the review by Gallo and Todaro “Oncogenic RNA Viruses”. In: Semi-
nars in Oncology. Yarbro. J.W., Bornstein, R.S., Mastrangelo. M.J. (eds.), pp. 81-95. New York: Grune & Stratton, Inc. 1976
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appears sufficiently clear that this virus entered gibbons directly or via an
unknown vector from a rodent, and it is certain that the virus is transmitted
by infection among gibbons in captivity. The immediate vector to the one
woolly monkey is unknown. A summary of these viruses is given in Table 1.

Shortly after the isolation of viruses of the SiSV-GaLV group [9,21,22,
39,42,46], baboon endogenous type-C viruses (BaEV) were isolated from
different tissues and different species of baboons [20,40]. These viruses
exhibit all the characteristics of endogenous viruses, i.e., transmitted in the
germ line of baboon cells, and had no demonstrable effect in vivo or in
vitro on mammalian cells. Apparently BaEV entered an ancestor of domes-
tic cats several millions of years ago, infecting the germ line, and now main-
tained as an endogenous virus of cats known as RD114 (reviewed by Todaro
in reference [41]). There is also evidence from several laboratories that a
related virus is sometimes identified in humans (see below).

Table 2. Endogenous Type-C Virus of Baboons (BaEV)2

Ancestral ~ Transmission Interspecies Biological Members
Origin Vertical Infection Effects
Babon in germ line: 1. to a feline ancestor  none reported to  Papio cynocephalus
baboon to of domestic cat: and  date - Papio anubis
baboon now vertically Papio papio
transmitted in germ Papio hamadryas

line of cat as a variant
of BaEV known as
RD114

2.7 to humans 3
reports of related virus
from human tissue
and several reports of
related antigens and
nucleic acid sequences
(see text)

a References to original reports (except for recent results) can be obtained from either the text
or the review by Gallo, R.C. and Todaro. G.J.: Oncogenic RNA Viruses. In: Seminars in
Oncology. Yarbro. J.W., Bornstein, R.S.. Mastrangelo, M.J. (eds.). pp. 81-95. New York:
Grune & Stratton, Inc. 1976

Selected Results with Human Cells

Numerous reports suggest that some fresh uncultured human cells contain
intracytoplasmic virus like particles (discussed in references [10] and [37]),
but since these are not isolated as infectious virus and have not been shown
to exhibit biological activity it is not certain thay they represent defective or
abortive type-C viruses or are cellular artifacts. However, the presence of
high molecular weight RNA with some sequence homology to RNA from
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some viruses and, in some samples of human leukemic cells, a DNA poly-
merase with properties resembling reverse transcriptase (RT), associated
with these “particles”, emphasize their viral-like properties. In some cases
these polymerases were shown to be immunologically specifically related to
RT from SiSV-GaLV group (reviewed in references [10,11] and [12]), but in
most cases immunological relatedness to primate viruses was not found and
extensive comparisons (by immunological tests) to other animal viruses was
usually not performed because of limited amount of enzyme. These results
were a stimulus to consider the possibility that humans may harbor viruses
related to this group.

Our objective was to purify sufficient enzyme to enable us to make
peptide maps of the RT and compare this to RT from these viruses. This
has not been achieved, and there has been little progress in our laboratory
with this problem since the initial reports. On the other hand Chandra and
colleagues [1,2] have reported the purification of this enzyme (related to
SiSV-GaLV RT) from the spleen of a child with a preleukemic disease,
myelofibrosis, which eventually turned into AML. Similar enzymes have
been found in orbital chloromas from leukemic people living near Ankara,
a disease appearing as a cluster (see R. Miller and also P. Chandra else-
where in this book).

On rare occasions whole type-C virus has been reported isolated from
human cells. These reports, reviewed in references [11] and [13], have come
from our laboratory (HL23V), from Panem and Kirsten (HEL-12), from
Nooter and Bentvelzen and their colleagues (SKA-21), from Gabelman and
Waxman, and recently from H. Kaplan and colleagues. In each case the
viruses are related to the SiSV-GaLV group, and at least in three cases
(HL23V, SKA-21, and HEL-12), a second virus related to BaEV has been
detected. This peculiar combination remains unexplained. Because of their
similarity to existing primate viruses it is possible that these isolates are all
laboratory contaminants. Regarding HL23V we offer the following results
against contamination: 1. Reproducible isolation from separate clinical
specimens; 2. previous evidence reported in references [30] and [7] for RT
related to RT of SiSV-GaLV in the uncultured blood cells; 3. previous
evidence for cytoplasmic RNA sequences related to SiSV and BaEV in the
fresh uncultured blood cells of this patient [33]; 4. previous evidence for
DNA proviral sequences related to BaEV [33,48], although SiSV proviral
sequences could not be detected [33,48]. We did not subsequently find
evidence for a humoral antibody response to either the SiSV or BaEV com-
ponent of HL23V in the sera of this patient, but recently we have obtained
confirmation of the presence of the BaEV provirus in the DNA of the un-
cultured blood cells from this patient. As described elsewhere in detail
in this book [49], we have used the technique of DNA digestion with a
restriction endonuclease followed by separation of DNA fragments by
agarose gel electrophoresis, transfer of the DNA fragments to nitrocellulose
filters by the Southern blotting technique, hybridization of I'25-labeled 35S
viral RNA to this DNA, and examination for virus specific bands after de-
velopment over X-ray films. This approach allows for more sensitive molec-
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ular hybridization because much of the irrelevant DNA is excluded (the
labeled viral RNA probe is in excess) and for qualitative assessment be-
cause the positive bands can be visualized and compared to bands of virus
infected cells. As shown elsewhere in this book [49] DNA from fresh un-
cultured blood cells from patient HL-23 and from another AML patient
labeled HL-49 contain several clearly visible bands after digestion with the
endonuclease HIND III which hybridize to I'25-35S RNA from BaEV
(MT). For control purposes DNA from normal human leukocytes and from
human cells (A204) deliberately infected by BaEV are also shown. No viral
specific fragments with BaEV as a probe were found in the normal cell
DNA. The only band seen is from ribosomal DNA which was detected with
labeled rTRNA which was used as a control because sometimes rRNA can
contaminate viral RNA. Multiple viral specific bands are, or course, found
in the positive control, BaEV infected A204 cells. It is interesting that some
of the proviral bands found in the DNA from the leukemic cells of patients
HL-23 and HL-49 are not found in the BaEV infected A204 cell positive
control. This suggests that the integration sites may be different or that the
viral fragments detected in HL-23 and HL-49 are related but not identical
to the M7 strain of BaEV. Despite the evidence for some cytoplasmic RNA
sequences related to SiSV (SiSAV) in HL23 fresh blood cells [33] no novel
proviral bands of SiSV (SiSAV) were found. M. Reitz in our laboratory had
previously shown that DNA from the kidney and spleen of patient HL-23
contained more SiSV (SiSAV) hybridizable sequences than did DNA from
normal cells or DNA from the leukemic blood cells of patient HL-23. It is
possible that only a small percent of the cells contained the SiSV (SiSAV)
proviral sequences, and failure to detect them is due to insufficient sensi-
tivity. Such cells may have been concentrated in the kidney and spleen. Un-
fortunately, DNA or tissue from these organs is no longer available so they
cannot be examined by the restriction endonuclease blotting technique. In
summary, we have evidence now that the BaEV component of HL23V was
present in the primary uncultured blood cells of patient HL-23, but incon-
clusive data for the SiSV (SiSAV) component.

The important question regarding these or similar viruses is to ask
whether they could be important causes of human leukemia. In an effort to
obtain a preliminary answer to this question we surveyed DNA from many
human tissues for the presence of integrated novel viral sequences by the
standard techniques of molecular hybridization. We used molecular probes
(both labeled RNA and labeled cDNA) from many animal viruses, includ-
ing SiSV and BaEV. We did not find significant differences between
normal and leukemic cells with probes from the majority of viruses, and
the level of hybridization were insignificant. An example of this is the
negative data obtained with a rat type-C endogenous virus and with GaLV
illustrated in Fig. 1 (parts B and C). The data is a summary of results of
many samples presented as a distribution frequency, i.e., it represents the
percent of human DNA samples (ordinate) which hybridize to a certain
maximum extent (abscissa). Note that the vast majority of cases (normal and
leukemic hybridize very little to rat virus nucleic acid probes and the distri-
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Fig. 1. Survey of human DNA from normal blood and from people with various types of leu-
kemia for murine leukemia virus (MuLV) (Rauscher strain) related sequences (panel A), rat
endogenous virus (V-NRK) related sequences (panel B), and gibbon ape leukemia virus
(GalV) related sequences (panel C).

The probes are 3H-cDNA prepared from endogenous reverse transcriptase reactions of the
respective viruses. Data are given as the frequency and extent of hybridization found in the
various DNA samples. As shown all samples hybridized less than 8% of cDNA probes from V-
NRK and GaLV, and there are no differences between normal and leukemic samples. These
hybridization results are not significantly above background levels. Therefore. within the limits
of sensitivity of the assay such sequences could not be detected in humans. In contrast. some
human DNA samples did hybridize some of the MuLV probe to levels which appear to be
significant. These results do not discriminate between MuLlV sequences themselves or
sequences related to MuLV. This survey was carried out by N. Miller and M. Reitz in our

group.
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bution of samples is virtually identical with DNA from normal and leu-
kemic cells. In contrast, using BaEV probes we find a small number of leu-
kemic DNA samples which hybridize significantly more of the probe (data
not shown). We have not conducted an extensive survey for BaEV related
sequences using the more sensitive approach of restriction endonuclease-
Southern blotting, but we have applied it to a few very select cases and
verified the higher hybridization obtained in the molecular hybridization
survey. These results were mentioned above and presented with AML
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Fig. 2. Survey of human DNA from normal blood and from people with various types of leu-
kemia for simian sarcoma virus (woolly monkey) (SiSV) related sequences.

In the upper panel (A) the probe used was 3H-cDNA prepared from endogenous reverse tran-
scriptase reactions. In the lower panel (B) the probe was 1125 labeled 70S RNA. In both cases
the vast majority of DNA samples from normal tissues hybridized less than 8% and all but a
few less than 16%. In contrast, a significant percent of leukemic samples hybridized more than
12% and several more than 16%. Again, these results do not discriminate between SiSV
sequences and SiSV related sequences. This survey was carried out by M. Reitz and N. Miller
in our group.
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patients HL-49 and HL-23 elsewhere in this book [49]. If the survey results
are a true indication of the presence of these sequences then we can safely
rule out BaEV or a closely related virus as commonly associated with
human leukemia and therefore as a common cause of human leukemia.
However. it may be important to keep in mind that the results could be
underestimations, e.g., if only fragments of provirus are present and/or
only a small number of cells in a population contain viral sequences, the
sequences might easily be undetected, but possibly sufficient for leukemic
transformation.

We also surveyed DNA purified from many human tissues for SiSV
related sequences, and as illustrated in Fig. 2 several leukemic DNA sam-
ples hybridized more nucleic acid probes of SiSV (grown in marmoset cells)
than did DNA from normal tissues. This is more clearly evident when one
compares the distribution of hybridization of viral probes to various human
DNA samples between rat virus (Fig. 1) and SiSV (Fig. 2). However, one
DNA sample from a normal tissue (one of six human placentas tested) also
showed unusually high hybridization to SiSV probes, so clearly higher
hybridization is not unique to certain leukemic cells. To verify these higher
hybridization results and to obtain greater sensitivity, some of these sam-
ples were also analyzed by restriction endonuclease digestion—Southern
blotting., and hybridization of the specific fragments to SiSV 35S RNA. As
described elsewhere in this book [49], the positive results with the one
placenta derived from a normal person (termed NP3) obtained in the
standard molecular hybridization survey was confirmed as was one leu-
kemic sample. In these cases it is difficult to escape the conclusion of infec-
tion by an SiSV related virus. The presence in placenta is particularly inter-
esting since the finding suggests the possibility of congenital virus transmis-
sion, a mechanism apparently involved in natural virus transmission seen in
chickens [44], cats [19], cattle [26], and gibbon apes [23]. The data are also
consistent with the isolation of an SiSV related virus from a human embryo
by Panem and Kirsten [32].

As noted earlier SiSV and GaLV are not endogenous to primates but
present in them only after infection. Although their recent history (? vec-
tors) is unknown their ancestral origin is believed to be rodents. An un-
expected observation, that came out of the search of human DNA for
inserted viral sequences related to SiSV and GaLV was the finding of an
SiSV related sequence in all human DNA. This was detected after diges-
tion of the DNA with BAM I, with HINDIII, and with Xpa restriction
endonucleases (see paper by F. Wong-Staal et al. elsewhere in this book).
This sequence was specific to this virus group since no endogenous viral
sequence (i.e. sequences in DNA from normal uninfected tissues from var-
ious cell samples) were detected with probes from other viruses. We found
this sequence using either SiSV (SiSAV) or SiSAV, and the results were
obtained with viruses grown in non-human cells. Therefore, the results can-
not be due to a trivial explanation such as presence of human cellular
sequences with the viral probe. Moreover, 1t appears that this is not an
evolutionarily conserved sequence since it was not found in the DNA we
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have tested from other normal uninfected primates. We, therefore, tenta-
tively interpret these results to indicate that this group of viruses has been
in the human population or an ancestor of humans.

The Possibility of an Inmune Response to Type-C Viruses in Humans

One of the most important questions relevant to type-C viruses and humans
is whether a serological response against them is detectable. Results pre-
sented previously [25.38] and elsewhere in this book by R. Kurth and also
by H. Snyder and by N. Hogg and their colleagues deal with this complex
and as yet unsettled issue. We recently explored a different approach. Stim-
ulated by the findings of 1. Witz and his colleagues [45], P. Jacquemin,
C. Saxinger, and I examined human blood cells for surface immuno-
globulins. Both IgG and IgM were found, and appear to be chiefly as-
sociated with non-lymphocytic cells, a finding in agreement with Metzgar et
al. [29] and Cotropia et al. [5]. We discovered that among the IgG were
some which react with high specificity and at low concentrations with
purified reverse transcriptases (RT) from select mammalian leukemia type-
C viruses. In AML we find the IgG generally reacts with RT from SiSV,
and to our surprise the reaction can be specific enough to distinguish this
RT from the RT of the other members of the SiSV-GaLV group. In normal
people (bone marrow) we find about 20% positive for IgG chiefly reactive
with RT from one of the GaLV isolates, namely GaLVsr. In CML, we find
the remission and chronic phase patients to be like normal (negative or re-
active with RT from GaLVsg), while in almost every CML in blast crisis the
IgG is chiefly reactive with RT from FelLV and rodent type-C viruses
[18.36]. Unlike the sporadic detection of apparent inserted viral nucleic acid
sequences the finding of IgG with specific RT enzymatic neutralizing activ-
ity 1s common. Because of this and because we have not as yet developed an
assay independent of RT activity neutralization,! it is premature to conclude
that this IgG represents an immune response to a viral protein. It is possible
that the IgG is directed against determinants of a protein coincidentally
very close to the amino acid sequences of the catalytic sites of certain RTs.
The answer to this question should come from the isolation and character-
ization of the putative cell surface antigen.

Growth and Differentiation of Human Leukemic Myeloid Cells and
Effects of Primate Type-C Viruses

We have reported that in the presence of conditioned media (CM) from
certain human embryo cell strains, human myelogenous leukemic cells can
often be induced to grow in liquid suspension tissue culture [8, 14]. In many
instances the cells terminally differentiate [14,15]. Sometimes they retain
marker chromosomes, and this observation combined with the fact that this
CM generally does not induce growth of normal myeloid cells led us to
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conclude that the maturation arrest of many human myelogenous leu-
kemias is not always irreversible, in agreement with L. Sachs [35] and
M. Moore [31] and their colleagues. The differences in response of normal
myeloid cells and leukemic cells also suggested to us that membrane recep-
tors for regulation may be modified in leukemia. An interesting by product
of this research was the establishment of the first human cell line with dis-
tinct myeloid characteristics [3]. This line, called HL-60, was shown to
consist mostly of promyelocytes [31] which can be terminally differentiated
when DMSO or other compounds active in the Friend murine erythro-
leukemia system are added to the culture [3].

Effect of Primate Type-C Viruses on Normal Fresh Human Blood and
Bone Marrow Cells

To our knowledge there are surprisingly no reported studies of the effects of
primate type-C viruses on fresh human blood cells. We have recently com-
pleted a preliminary study of the effects of various type-C viruses, including
the primate viruses described here on human blood and bone marrow cells.
We find that SiSV (SiSV), SiSAV alone, GaLV, HL23V (SiSV component),
but not BaEV induce growth (Fig. 3) of B-lymphocytes (Fig. 4). In about
one third of cases studied, the cells become immortalized, and despite ap-
parent normal karyotype, they are tumorigenic in nude mice (Fig. 5). These
cells are Ig and EBNA positive and do not have myeloid or T-cell char-
acteristics [28]. The observation is different from that of “spontaneous”
transformation of EBV positive human B-lymphocytes because the induc-
tion of growth is faster, the frequency of establishment of cell lines in our
hands much greater, and the cells are tumorigenic despite apparent normal
chromosomal makeup. The addition of BaEV or FeLV (despite some
virus replication in a few cases) did not produce this effect. Finally, recent
results indicate that the same phenomenon can be induced with EBV neg-
ative cord blood but at a lower frequency. We conclude that by indirect
or direct means and by mechanisms not yet understood, some primate
type-C viruses can be involved in the in vitro transformation of human
B-lymphocytes.

Working Hypothesis

A currently interpretable and simple model for leukemogenesis is that
the leukemogenic event, whatever the cause, leads to auto-production of a
growth promoting molecule which prevent binding of normal regulatory
molecules. This model is similar to one proposed by Todaro and colleagues
in the genesis of sarcomas [6]. The alternative is that receptors for regulators
are themselves modified. These ideas should become testable in the very
near future.

1 Since this talk precipitation of RT has been obtained with these IgG.
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Fig. 3. Induction of growth of B-lymphocytes from normal human blood by primate type-C
retroviruses (GaLVy and SiSAV).

Human blood leukocytes were cultured with or without the Hall’s Island strain of GaLV or
with the simian sarcoma associated virus (helper virus) (SiSAV). In some cases (e.g., sample
NPB 7-15 shown in the figure) induction of growth was rapid. In other cases (e.g., sample NPB
7-16 shown in the figure lower panel) growth induction occurred after 50 days. Spontaneous
growth (no virus) occurred in only 1 to 2% of samples but in more than 40% of cells treated
with virus if a co-cultivation method was used (P. Markham, F. Ruscetti, Z. Salahuddin,
R. Gallagher, and R. Gallo, in press).
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Fig. 4. Morphology of“immortaliz-
ed” cell line induced from normal
human blood after infection by
Ganot IVH.

Cells are lymphoblasts which are
IgG and EBV positive
(Magnification 1000X).

Fig. 5
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Summary and Conclusion

1. Work over the past years and especially results of the past few years
indicate that type-C viral or viral related genetic information exists in

humans.

2. We do not know how this information entered humans or whether it
causes disease, but it is of interest that the probes from the viruses used to
detect this information are from the very same viruses which we find can
affect growth and differentiation of some human hematopoietic cells.

3. The status of actual virus isolates from humans, though encouraging
because of similarities of isolates from five different laboratories, remain
very perplexing and so far have not been especially informative to human
leukemogenesis.

4. In the near future we hope to clone in bacteria the viral related sequences
detected in human DNA in order to more precisely determine their chem-
ical and biological properties. The HL-60 system may also afford an opport-
unity to purify receptors for CSF. When CSF and other, perhaps more im-
portant, regulatory factors are purified, we would like to determine if they
bind differently to leukemic and normal cells.
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Treatment of Childhood Acute Lymphocytic Leukemia *

Pinkel, D.

Midwest Children’s Cancer Center, Milwaukee Children’s Hospital, Milwaukee, Wisconsin, USA

Thank you for the honor of sharing in this memorial to Frederick Stohl-
man. The work I will report today represents the efforts of many physicians
and scientists who have tried to understand and control childhood leu-
kemia.

In North America and Europe acute lymphocytic leukemia (ALL) rep-
resents approximately 80 percent of childhood leukemia and 30 percent of
childhood cancer. The disease usually occurs without warning in the well
child who has been well cared for. It is characterized by fever, pallor,
fatigue, malaise, bone pain, bleeding and enlarged viscera and lymph
nodes. Without effective treatment the child soon dies of hemorrhage,
infection or tumor encroachment. The diagnosis is made by examination of
aspirated bone marrow.

In 1948 it was demonstrated that antifolate compounds produced clini-
cal and hematological remissions in some children with ALL [10]. However,
the remissions were only partial — cessation of treatment was followed by
relapse in a few weeks, and temporary — relapse usually occurred within a
few months despite continued administration of the drug. Subsequently,
corticosteroids, mercaptopurine, vincristine and occasionally cyclophospha-
mide were demonstrated to induce remissions of a similar nature [11]. By
1961 it was possible to prolong the lives of children with ALL for a year or
more but mortality remained near 100 percent. The major obstacles to cure
were: drug resistance, initial and acquired; inadequate distribution of drugs
to the leptomeninges resulting in primary meningeal relapse; treatment-
related hematosuppression, immunosuppression and epithelial damage;
and a pessimism about curing leukemia that imprisoned the wills of many
physicians [15,18].

The “total therapy” plan of treating ALL, initiated in 1962, embodied
several innovative features: Combination chemotherapy for induction of
remission and continuation treatment; reduction of leukemia cell mass to
subclinical levels and restoration of hematopoiesis prior to antimetabolite

*  This lecture is based on work performed at St. Jude Children’s Research Hospital support-
ed by National Cancer Institute grants CA 08480. CA 07594. CA 05176, CA 08151. by the
American Cancer Society and by ALSAC. The work of the Midwest Children’s Cancer
Center is supported by National Cancer Institute grants CA 17997. CA 17700. CA 17851.
by the American Cancer Society, the Faye McBeath Foundation and the Milwaukee
Athletes Against Childhood Cancer.
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therapy; meningeal irradiation early in remission to prevent meningeal
relapse; cessation of chemotherapy after 2-3 years of continuous complete
remission; and most important, a purpose to cure rather than palliate leu-
kemia (Table 1) [15].

Early pilot studies suggested that the plan was feasible and useful [15].
Approximately %oths of the children experienced complete remission,
hematological remissions were four times the usual length, and ¥%th of the
children remained in complete remission after treatment was stopped.
However, the low doses of meningeal irradiation utilized were not effective
in preventing meningeal relapse. In a later study the meningeal irradiation
was increased and limited to the cranium and upper cervical area, and
intrathecal methotrexate was administered during the irradiation period [2].
When followed by five-drug combination chemotherapy for 2% to 3 years
this treatment program resulted in a low frequency of meningeal relapse
and % of the children are now surviving free of leukemia and off treat-
ment for many years [19]. A comparative study proved that moderately
high doses of preventive craniospinal meningeal irradiation reduced the
risk of initial meningeal relapse 15fold and again led to one-half of the
children surviving free of leukemia when they subsequently received three
years of multiple drug chemotherapy [3]. At present meningeal irradiation
is the only method demonstrated by long-term comparative study to
prevent meningeal relapse both during chemotherapy and after its cessation
[3.8,14,19,21].

Most of the children who survive continuously free of leukemia for five
years and off treatment for two years are apparently cured. In Fig. 1 the
initial continuous complete remission duration of 76 children entering com-
plete remission in 1967 to 1970 are plotted on a semilogarithmic graph. All
of the children received 2400 rads of cranial irradiation with simultaneous
intrathecal methotrexate or 2400 rads of craniospinal irradiation early
during complete remission. Subsequently they received multiple drug
chemotherapy for 2% to 3 years or until relapse or death during remission.
As indicated, the complete remission duration curve forms a plateau after 4
to 5 years. All children represented in the plateau have been in complete
remission for 8 to 10% years and have been off treatment for 5 to 8 years.
Except for the one child who relapsed after 5'% years of complete

Table 1. Plan of total therapy of acute lymphocytic leukemia 1962-75

Remission induction 4-6 weeks
To convert “late” leukemia into “early leukemia™
Prednisone + vincristine + daunorubicin + asparaginase

Preventive meningeal therapy 2-4 weeks
To eradicate arachnoid leukemia early in remission
cranial irradiation + intrathecal methotrexate or craniospinal irradiation

Continuation chemotherapy 2-3 years

To eliminate residual systemic leukemia

methotrexate + mercaptopurine + cyclophosphamide + prednisone + vincristine
+ arabinosyl cytosine
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remission all children in remission at 5 years remain so. This suggests that
these children are biologically different from the children in the descending
portion of the curve and that this difference represents biological cure of
leukemia.

Since a plateau of continuous complete remission has been achieved the
height of this plateau is now the criterion of success of curative treatment of
ALL. Any new treatment or modification of treatment must be assessed
with respect to this criterion. Since a plateau cannot be predicted or extra-
polated statistically it is necessary to delay judgement about the curative
value of treatment until actual experience demonstrates it.

The quality of survival for most children with ALL is satisfactory (Fig. 2,
3). Within a few weeks after initiation of treatment most children can return
to normal activities such as school attendance and athletics [15,19,21].
Many children have 1-2 weeks of fever and somnolence approximately
6 weeks after cranial irradiation. All the children have various degrees of
hematosuppression and immunosuppression, many exhibit inhibition of
skeletal growth, and some demonstrate mucosal or skin disorders, elevation
of hepatic enzymes in the serum, and macrocytic anemia. The children
need to be monitored carefully to avoid excessive toxicity and to control
infection. Trimethoprim and sulfamethoxazole is effective in preventing
Pneumocystis carinii pneumonia in children at high risk [12].

After termination of chemotherapy an immunological rebound may
occur with lymphocytosis of the bone marrow and rise in immunoglobulin
levels [6]. Hematopoiesis recovers and elevated enzymes return to normal.
Often growth and weight gain are accelerated and the children have in-
creased energy and vitality [21]. Neuropsychological studies indicate that
preschool chlldren may experience impairment of short memory and
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Fig. 1. This semilogarithmic graph describes the initial continuous complete remission dura-
tion of children who began receiving total therapy including preventive meningeal irradiation
in 1967 to 1970. Treatment was stopped in all patients remaining in continuous complete
remission after 2% to 3 years. None of the children experienced initial meningeal relapse after
cessation of therapy and only one child developed relapse after five years of complete
remission. The level of this plateau of continuous complete remission is now the measure of
curative value of treatment. It must be established by actual experience for each treatment
plan or its modification
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Fig. 2. Patient J.E. was admitted with ALL in August 1964 at age 1% years. He survives con-
tinuously free of leukemia for 14 years and off therapy 11 years while enjoying normal growth,

development and function

mathematical ability [9]. Early detection of these defects is important to
allow remedial measures and to minimize school difficulties.

Reports of abnormal computerized cranial tomography, of paraventric-
ular calcifications and of serious functional neurclogical defects have
caused concern [13,17]. The evidence suggests that clinical meningeal leu-
kemia, high doses of parenteral methotrexate following cranial irradiation
and intercurrent infectious encephalitis may be responsible for many of
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Fig. 3. Patient F.G., age 13 years, had an initial white blood cell count of 225,000 per cu mm.
He has developed from adolescent to adult while continuously free of leukemia for 10 years.
He has not received treatment for eight years

these problems. Also to be considered, however, are other neurotoxic drugs
such as vincristine, asparaginase and prednisone, and the most common

cause of cerebral atrophy in young children, protein-calorie malnutrition, a
frequent concomitant of leukemia and its treatment.

The two most important reasons why children still die of ALL are drug
resistance, as manifest by hematological relapse during chemotherapy, and



30 Pinkel, D.

failure to eradicate all leukemia, as demonstrated by hematological and
gonadal relapse after cessation of chemotherapy. Several approaches have
been taken to reduce the risk of hematological relapse. These include the
use of higher and more toxic dosages of drugs during continuation chemo-
therapy, the administration of intensive chemotherapy early during remis-
sion, the intermittent intensification of chemotherapy by “pulses” of addi-
tional drugs, and the utilization of cell cycle kinetic theory in designing
drug treatment schedules [1,3,16,19,20]. So far we lack convincing evi-
dence that any of these methods decreases relapse frequency among children
receiving multiple agent chemotherapy after appropriate preventive menin-
geal treatment.

Although combination chemotherapy appeared to be superior to single
drug treatment for continuing complete remission, there remained a need
to demonstrate this by comparative study. It was also necessary to ascertain
whether addition of drugs to a two-drug combination enhanced complete
remission duration and the frequency of lengthy remissions. This question
was particularly important because the drugs used for continuation chemo-
therapy have overlapping toxic effects on hematopoiesis, immunocompe-
tence and epithelial integrity. Administration of one of the drugs reduces
host tolerance to the others so that when used together their doses must be
lower than if they were given singly. Thus, effectiveness of one drug may be
compromised by the administration of the others.

In a 1972-75 study (Table 2) children with ALL were randomized to
receive 1,2,3 or 4 drugs for continuation chemotherapy after remission
induction with prednisone, vincristine and asparaginase and preventive
cranial meningeal irradiation with simultaneous intrathecal methotrexate
[4]. Children receiving methotrexate and mercaptopurine together had
longer remissions and a better chance of lengthy remission than those re-

Table 2. Treatment of acute lymphocytic leukemia. Study VIII 1972-75

Remission induction 268/283 Patients
Preventive meningeal therapy 2400R Cranial + IT methotrexate
Randomized 228 Patients

M MMp MMpC MMpCA
No. Patients 20 68 70 70
Relapses 15 24 32 28
Died in complete remission 1 0 4 5
Continuous complete remission 4 44 34 37
Off therapy in continuous complete remission 4 37 26 28

In this comparative study remission was induced with prednisone, vincristine and asparaginase
and followed by preventive cranial meningeal irradiation with simultaneous intrathecal
methotrexate. Patients were assigned at random to one of four regimens: methotrexate alone
(M), methotrexate and mercaptopurine (MMp), methotrexate, mercaptopurine and cyclo-
phosphamide (MMpC), or methotrexate, mercaptopurine, cyclophosphamide and arabinosyl
cytosine (MMpCA). The results indicate superior efficacy for the MMp combination.
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ceiving methotrexate alone. On the other hand, patients receiving cyclo-
phosphamide or cyclophosphamide and arabinosyl cytosine in addition to
methotrexate and mercaptopurine tended to have shorter remissions and
fewer lengthy remissions than those in the two-drug group. These results
indicate that addition of simultaneous cyclophosphamide or cyclophospha-
mide and arabinosyl cytosine did not improve the efficacy of the metho-
trexate and mercaptopurine combination. Whether a cyclic or sequential
schedule of two two-drug combinations might prove superior needs to be
determined.

The morbidity and mortality of the one, three and four-drug regimens
were greater than those of the two-drug combination (Table 3). Children on
methotrexate alone received two to three times higher doses of this drug
than those receiving the combinations. Nine out of 20 suffered leukoence-
phalopathy during initial complete remission while none of the other 218
children developed evidence of this complication during initial remission.
In the three- and four-drug groups immunosuppression was more pronounced
and was accompanied by higher risk of varicella-Zoster infection and
Pneumocystis carinii pneumonia, more frequent hospitalizations and deaths
during complete remission. Thus the most efficacious treatment regimen
also had the least morbidity.

The most significant opportunity for improving the treatment of ALL in
the past five years has been its biological and clinical classification by
immunological cell surface markers (Table 4) [5,7]. This allows species
identification of the leukemia cells, the first step toward developing specific
cytocidal or cytostatic therapy. This may also provide further specific bio-
logical and chemical correlates of sensitivity and resistance of ALL cells to
current drugs and may lead to new concepts of control of ALL. For ex-
ample, the relatively good prognosis of common type ALL could be related
to increased glucocorticoid receptors on the common type leukemic
lymphoblasts [22]. Other speculations for the good prognosis of common
type ALL include: its origin in the bone marrow where drug diffusion is
probably superior than in the visceral masses characteristic of thymic cell
and B-cell ALL; its low mitotic rate and less DNA synthesis, which might
reduce the risk of mutation to drug resistance; its lower number of leu-

Table 3. Morbidity during initial complete remission. Study VIII

M MMp  MMpC MMpCA

No. Patients 20 68 70 70
Cases of Leukoencephalopathy 9 0 0 0
Cases of Pneumocystis pneumonia 0 1 7 19
Cases of Varicella-Zoster 0 8 16 17
Total No. Hospitalizations 13 25 49 72

See table 2 legend for explanation of abbreviations. The two-drug regimen was accompanied
by the least morbidity during initial complete remission. This suggests that efficacy and
morbidity of a chemotherapy regimen may be unrelated.
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kemia cells and therefore greater susceptibility to chemical eradication and
less possibility of a drug resistant variant; the better stimulation of normal
lymphocytes by common type lymphoblasts in mixed leucocyte cultures
and therefore greater susceptibility to a theoretical immune control. An-
other speculation is that common type ALL is a developmental disorder of
lymphocytes. Children normally experience rapid lymphocytic proliferation
from age two to six years, the most frequent age for common type ALL. Is it
possible that factors controlling lymphocytic proliferation after age six
years contribute to control of common type ALL? Does leukemia therapy
simply repress common type lymphoblast replication until normal controls
take over as the child becomes older?

Table 4. Immunologic classification, childhood lymphocytic leukemia

Common Null Tcell B cell
Frequency 60% 15% 22% 3%
Sex, Age M=F 2-6yrs. ? M., > 8 yrs. ?
Origin Marrow ? Thymus Alimentary
Mitotic Rate Low ? High High
Initial white blood cell count Low High High Low or High
Remission Long Less Less Least
Surface immunoglobulin — — — +
Erythrocyte rosettes — — : + —
Thymic antigens — — + —
Common ALL antigen + — — +
Ia antigen + + — +

This tentative classification of ALL is based on immunological cell surface markers of the
leukemic lymphoblasts. For valid determination of species, leukemic lymphoblasts of the bone
marrow need to be studied prior to chemotherapy. The table was prepared by Dr. Luis Borella.

Summary

ALL in children cannot be considered incurable. Approximately one-half
of children receiving modern therapy survive free of leukemia 5-10 years
after cessation of treatment and at little or no risk of relapse.

The value of any treatment program must be measured by the propor-
tion of children surviving free of leukemia off therapy and at little or no
risk of relapse, that is, the proportion that is apparently cured. This cannot
be projected or extrapolated from preliminary data.

The classification of ALL into biological species by immunological
markers may lead to the development of more specific and effective treat-
ment as well as to better understanding of its origin and nature.

Most important, it must be emphasized that the majority of children in
the world do not benefit from advances in treatment of ALL because of
their complexity. hazards, expense and inaccessibility. Therapeutic research
needs to be directed away from more complex, expensive technology such
as bone marrow transplantation and sophisticated radiotherapy. Effort
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should be concentrated on understanding the fundamental biology of child-
ren’s ALL and on its practical application for specific, effective, simple, safe
and cheap treatment. In this way we can assure that all children in the
world will benefit from our science and we can best fulfill our obligations as
scientists and physicians.
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Demography

In studying etiology it is important to learn not only who is most susceptible
but also who is least susceptible to certain forms of leukemia. Chronic
lymphocytic leukemia (CLL) has a peculiarly low frequency in Chinese and
Japanese, and is not induced by ionizing radiation [21]. CLL comprises only
1.5% of adult leukemias in Chinese and Japanese as compared with 30% in
Europeans [10], and the frequency does not rise with migration to Hawaii
[9]. These observations separate CLL etiologically from other forms of
leukemia and indicate the extent to which inherent susceptibility may vary.

Acute lymphocytic leukemia (ALL) in childhood has a peak frequency
at about 4 years in white children, but not in Blacks. The peak emerged in
Great Britain in the 1920, in the U.S. in the 1940’ and in Japan in the
1960’s [24], but not yet in the People’s Republic of China [25]. Thus ALL
appears to be related to “industrialization” or development of the nation,
but Blacks seem not to be susceptible. In the United States the peak rose
progressively until the late 1950’s, when a decline set in before the era of
chemotherapy (Fig. 1). Since 1972 the decline has steepened as new treat-
ments have taken hold. Studies of cell surface markers indicate that the
peak is due to ALL of the non-B non-T cell type [29].

Environmental Agents

Ionizing radiation: X-ray was the first environmental agent implicated in
leukemogenesis. Case reports in the 1920’s were followed by retrospective
studies in the 1940’s and a prospective study of atomic-bomb survivors in
Japan since the 1950s [21]. Myelogenous leukemia, either acute or chronic,
is the predominant type induced by radiation, but ALL was occasionally
induced, usually when the age at exposure was under 20 years. An increas-
ed frequency of CML persisted until 1965, but the rates for acute leukemia
continue to be elevated [4,16]. Recently leukemia has been observed as a
complication of radiotherapy for Wilms’ tumor [28), indicating the need to
seek a lower dose that would cure the original cancer without causing leu-
kemia.

Emphasis is now being placed on the leukemogenic potential of low-
dose radiation in the general population. The question is more likely to be
resolved by understanding the biologic mechanisms involved than by argu-
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ments about threshold and linearity of dose-response — at levels below
which epidemiologic studies are impractical because of the large sample
sizes required.

Beginning in 1956 Dr. Alice Stewart published data which seemed to
indicate that each form of childhood cancer could be induced by small diag-
nostic x-ray exposures of the mother during pregnancy. The fullest presen-
tation of her findings appeared in 1975 [3]. One by one she had dealt with
the criticisms of her original study. The largest remaining puzzle was the
constancy of the increase in relative risk (1.5-fold), regardless of the form of
cancer, be it leukemia, lymphoma, Wilms’ tumor, cerebral tumors, neuro-
blastoma or all other childhood cancer [21]. This finding seemed biological-
ly implausible [21]. Recent studies have failed to duplicate her findings
except possibly for the increased risk of leukemia [8,15,17]. A lingering
doubt thus remains about the interpretation of her results.

Chemicals: Among chemicals known or suspected to be leukemogenic
are benzene in persons occupationally exposed [1,31], and alkylating agents
used for cancer chemotherapy [5]. Maternal exposure during pregnancy
could conceivably induce leukemia in the offspring transplacentally. This
possibility seems enhanced by a Swedish report that after occupational
benzene exposure during pregnancy, an increased frequency of sister
chromatid exchanges was observed in both mother and child [12] — a find-
ing which needs to be confirmed elsewhere.

LEUKEMIA MORTALITY IN
WHITE CHILDREN
1950-1975

(AGE SPECIFIC RATES)

8 8 35
7

AGE SPECIFIC RATES
(PER MILLION)

Fig. 1. Annual leukemia mortality rates for U.S. white children, 1950-1975. by 3-year age-
intervals
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In the treatment of multiple myeloma with melphalan, the predominant
subtype of leukemia induced has been acute monomyelogenous (AMML)
[19].

Leukemia Clusters: In the mid-1960’s leukemia clusters were taken by
virologists as evidence for horizontal transmission of the disease. Creative
statisticians were stimulated to develop dispassionate procedures to deter-
mine if clustering of such rare events in time and space was attributable to
chance. When applied to leukemia, these methods showed no striking
excess of clusters suggestive of an infectious mode of transmission [6]. In-
dividual clusters may nonetheless be environmentally induced, as by ioniz-
ing radiation in Hiroshima and Nagasaki [16], and by benzene in Italian
shoemakers [31]. Clusters are more likely to be meaningful if they are of a
particular subtype as in Ankara, Turkey, where AMML accounted for 40%
of childhood leukemia [7] as contrasted with 4% in Boston [11].

Host Susceptibility

Inborn Chromosomal Abnormalities: It is now well known that leukemia,
principally ALL, occurs excessively in Down’s syndrome, but it is not well
known that the childhood peak occurs three years earlier than in the gener-
al population [22]. An increased risk of leukemia might also exist in other
autosomal trisomies, but may be less apparent because of the short life-
span. The risk of leukemia is markedly elevated in two recessively trans-
mitted chromosomal fragility disorders, Bloom’s syndrome [13] and
Fanconi’s anemia [26]. In Fanconi’s anemia the cell type has almost invari-
ably been AMML. It should be noted that this rare form of leukemia is the
predominant form that occurs not only in this syndrome, but also after
multiple myeloma treated with melphalan, and as a cluster in Ankara.

In ataxia-telangiectasia (AT) there is both chromosomal fragility and
immunodeficiency, and a predisposition especially to lymphoma, but also
to ALL [14]. Each of the foregoing constitutional disorders, as well as ex-
posure to ionizing radiation or benzene, has as a feature in common chro-
mosomal abnormality before the onset of leukemia [23]. With the develop-
ment of banding techniques for the examination of chromosomes, leukemia
in the general population is increasingly being associated with particular
chromosomal aberrations (Rowley, this volume). The piecing together of
clinical and epidemiological rarities has thus led to a more broadly appli-
cable understanding of cytogenetics of leukemia in the general population.
It now becomes a challenge to explain the exceptions in which no connec-
tion is yet known between leukemia and chromosomal abnormality.
Among inborn diseases with a predisposition to leukemia but as yet without
characteristic chromosomal abnormalities are Poland syndrome [32],
Rubinstein-Taybi syndrome [18] and multiple neurofibromatosis, in which
childhood leukemia is of the non-lymphocytic type [2].
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A DNA Repair Defect in Familial AML?

The discovery of DNA repair defects in xeroderma pigmentosum and AT,
two disorders with acute sensitivity to radiant energy, led us to seek such
defects in disorders with sensitivity to a delayed effect of radiation; namely,
neoplasia. An extension of this reasoning led us to studies of persons with
multiple primary cancers or familial cancer of types that could be radio-
genic, but in these cases were not. In one instance a boy with hereditary
retinoblastoma and multicentric osteosarcoma of the limbs, not due to ther-
apy, showed diminished survival of skin fibroblasts in culture after x-irradi-
ation. Another such case is under study.

Study was also made of a family in which four siblings and three mater-
nal relatives had acute myelogenous leukemia, and two other maternal rela-
tives had malignant reticuloendotheliosis [30]. The occurrence of AML in
the most recent sibling affected seemed to be predicted by increased trans-
formation of skin fibroblasts in culture by SV40 seven years before the on-
set of leukemia [20]. This response was similar to that seen in Fanconi’s
anemia (FA) or in heterozygotes for the disease, but no stigmata of FA was
observed in the family. The available skin fibroblasts, from two of the af-
fected siblings and the mother, showed diminished cell survival, but those
from healthy twin brothers and the father did not [27]. The cells are now
being studied for DNA repair defects. These observations illustrate once
again the importance of an interaction among epidemiology, clinical ob-
servations and laboratory research.
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A. Introduction

The renewed interest in the study of chromosome abnormalities in hemato-
logic malignancies, particularly in the leukemias, is the result of technical
improvements which permit the precise identification of each human
chromosome, and of parts of chromosomes as well. The information
obtained raises a number of questions regarding the validity of older no-
tions, such as the variability of the chromosome pattern (karyotype) in
acute leukemia, or the rarity of associations of specific chromosome ab-
normalities with particular types of leukemia. One of the surprising obser-
vations of the last few years has been the frequent occurrence of consistent
translocations in a variety of hematologic malignancies. The challenging
questions at present are how and why nonrandom changes, particularly
consistent translocations, occur.

B. Methods

An analysis of chromosome patterns in malignancy must be based on a
study of the karyotype of the tumor tissue itself. In the case of leukemia, the
specimen is usually a bone marrow aspirate that is processed immediately
or is cultured for a short time [29]. Cells in metaphase from a 24-hour
culture of peripheral blood will have a karyotype similar to that of cells ob-
tained from the bone marrow. The chromosome analysis may be performed
by means of one of several pretreatments prior to staining with Giemsa [34],
or the slides can be stained with quinacrine mustard for fluorescence, as
previously described [3,29]. The chromosomes are identified according to
the Paris Nomenclature [22], and the karyotypes are expressed as recom-
mended under this system.

C. Chronic Myelogenous Leukemia

1. Chronic Phase

Nowell and Hungerford [20] reported the first consistent chromosome ab- -
normality in a human cancer; they observed an unusually small G-group
chromosome, called the Philadelphia (Ph!) chromosome, in leukemic cells
from patients with chronic myelogenous leukemia (CML). Bone marrow
cells from approximately 85% of patients who have clinically typical CML
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contain the Ph! chromosome (Ph!+) [38]. Chromosomes obtained from
PHA-stimulated lymphocytes of patients with Ph'+ CML usually are
normal.

Chromosome banding techniques were first used in the cytogenetic study
of leukemia for identification of the Ph! chromosome. Caspersson et al. [2]
and O’Riordan et al. [21] reported independently that the Ph! chromosome
was a No. 22q —. The question of the nature of this chromosome was an-
swered in 1973, when Rowley [24] reported that it represents a translocation,
rather than a deletion as many investigators had previously assumed. The
first report in 1973 presented data on nine Ph! patients, in all of whom there
was additional dully fluorescing chromosome material at the end of the
long arm of one No. 9 (9q+). The amount and staining characteristics of
this material were similar to those of the distal portion of the long arm of
No. 22. The abnormality in CML is, therefore, an apparently balanced
reciprocal translocation, t (9;22) (q34;q11). Measurements of the DNA con-
tent of the affected pairs (9 and 22) have shown that the amount of DNA
added to No. 9 is equal to that missing from the Ph! [14]; thus there is no
detectable loss of DNA in this chromosome rearrangement.

The karyotypes of 569 Phl+ patients with CML have been examined
with banding techniques by a number of investigators, and the 9; 22 trans-
location has been identified in 529 cases (94%) (reviewed in Rowley [27]).
Unusual or complex translocations were identified in 40 patients, in 17 of
whom the translocation involved No. 22 and one of several other chromo-
somes. In two patients, the translocated material could not be detected and
was presumed to be missing. Twenty-one cases have also been reported in
which the rearrangement involved three or more chromosomes; in all of
these cases, with one exception [13], two of the chromosomes were Nos. 9
- and 22 with breaks in the usual bands.

The great specificity of the translocation involving Nos. 9 and 22 re-
'~ mains an enigma. At present, patients with a variant translocation appear
not to differ clinically from those with the usual Ph! [32].

II. Acute Phase

When patients with CML enter the terminal acute phase, about 20% appear
to retain the 46, Ph!+ cell line unchanged, whereas other chromosome ab-
normalities are superimposed on the Ph'+ cell line in 80% of patients
[27.28]. In a number of cases, the change in the karyotype preceded the
clinical signs of blast crisis by 2-4 months.

Bone marrow chromosomes from 178 patients with Phi+ CML, who
were in the acute phase, have been analyzed with banding techniques [27,28].

Thirty-five showed no change in their karyotype, whereas 143 patients
had additional chromosome abnormalities. The most frequent gains or
structural rearrangements of particular chromosomes observed in 136
- patients who underwent relatively complete analyses are summarized in
~ Table 1. These changes frequently occur in combination to produce modal
numbers of 47 to 52.
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Table 1. The most frequent chromosome changes determined with banding in 136 Phl-positive
patientsin-the acute phase. of CML

Number of chromosome
Type of 8 9 10 17 19 21 Ph!
chromosome change
Number of patients
Gain 53 8 11 8 24 11 48
Loss 5 1 2
Rearrangement2 3 4 3 36b 2 1 4c

Total 56 12 14 49 27 12 54

2 Includes translocations, deletions, inversions, and ring chromosomes.
b Thirty of these were said to be an isochromosome for the long arm, i (17q)
¢ All of these were said to be a dicentric Ph.

The single most common change in the acute phase of CML is the addi-
tion of a second Ph! chromosome. Prior to the use of banding, the most
commonly observed abnormality was an additional C-group chromosome;
of 64 patients whose cells contained additional C’s, 53 had an additional 8.

The 1(17)q, which was observed in 30 patients, appears to be the second
most common structural rearrangement, after the 9;22 translocation. It was
the only abnormality in addition to (9;22) in 16 cases, whereas in 14 it was -
associated with an extra C, identified as No. 8 in every patient. Fifty-one
other structural rearrangements, such as balanced reciprocal translocations,
deletions, and unidentified additions to chromosomes, were identified in
combination with i(17q) and the dicentric Ph!. In 13 cases, a second bal-
anced reciprocal translocation (separate from the 9;22 translocation) was
the only change noted in the acute phase as compared with the karyotype in
the chronic phase. With one exception, the additional F noted in 25 cases
was a No. 19; it was never seen as the only new abnormality in the acute
phase of CML. ' |

III. Identity of Ph*-positive Cells

The identity of the cells that contain the Ph! chromosome has recently be-
come a topic of considerable interest. This problem has at least two facets;
one concerns the nature of the blast cells in the acute phase of CML and
the other, the proper classification of patients with Ph!+ acute leukemia.

In regard to the first aspect, Boggs [1] noted that the blast cells in some
patients in the acute phase of CML appeared to be lymphoid rather than
myeloid, and that some patients in the acute phase achieved a remission -
with vincristine and prednisone, which were usually effective primarily in.
lymphoid leukemias. Several laboratories are currently examining the sur-
face markers of cells from patients in the acute phase of CML; unfortunate-
ly, the cytogenetic analyses are frequently not done with banding techni-
ques, and often the karyotype is obtained only from the initial sample.
Since Whang-Peng et al. [39] have identified the Ph! chromosome in two of
four Ph1+ ALL patients as a 21q —, banding is essential.



46 Rowley, J. D.

In regard to the second question, of 13 patients [26] with Ph'+ ALL who
had a 22q — chromosome identified with banding, six had a translocation of
22q to 9q34; two others had variant translocations, one to 14q and one to
21q. The presence of a translocation was not determined for the other five.
Ten of the 13 patients were studied a second time; two of these had no re-
mission and continued to have an abnormal karyotype. The remaining
eight patients achieved a remission and had a normal karyotype in cells
from the bone marrow or from unstimulated peripheral blood. It remains to
be determined whether it is logical, or correct, to classify all Phl+ leu-
kemias as CML, or whether we are dealing with two different diseases.

D. Acute Nonlymphocytic L.eukemia (ANLL)

1. Nonrandom Patterns

Little information is available regarding the chromosome pattern determin-
ed with banding in acute lymphocytic leukemia; therefore this section in-
cludes the data available for ANLL only. Cells from approximately 216
patients with ANLL have been analyzed with banding; 113 patients (51%)
had a chromosome abnormality, which was identified precisely in 100 [26,36].
The chromosome gains, losses, and rearrangements are summarized in
Fig. 1. There is evidence that some portion of the apparent chromosome
variability is related to evolution of the karyotype in ANLL. In an attempt
to distinguish primary from secondary events, we have indicated the aber-
rations noted in 90 patients who had minimal changes, i.e., modal chromo-
some numbers of 45-47, in the shaded area of the figure. Although a gain
of No. 8 and a loss of No. 7 are the most frequent changes in either case,
other aberrations, such as a gain of Nos. 1, 6, or 7, are seen only in patients
with higher modal numbers.

In some patients, it is possible to follow the development of other
chromosome changes in the course of serial analyses of bone marrow sam-
ples. In a series of 90 patients with ANLL [35], 17 showed a change in their
karyotype as the disease progressed. In 11 patients, this involved the gain of
a chromosome, which was a No. 8 in nine cases. Thus, an additional No. 8§
1s a common occurrence both in the evolution of ANLL and in CML in the
acute phase.

Two structural rearrangements are sufficiently important to merit special
mention. The first occurs in acute myeloblastic leukemia (AML) and is seen
in about 10% of all patients with aneuploidy. Prior to banding, it was de-
scribed as ~ C,+ D,+E,— G (37); Rowley [25] showed that this is a trans-
location, presumably reciprocal, involving Nos. 8 and 21, t(8;21) (q22; q22).
This translocation is unique in that its presence is frequently associated with
the loss of a sex chromosome, an X in females (33%) and the Y in males
(59%); such loss is otherwise a rare occurrence.

The other consistent rearrangement has been identified only recently
(30) as a 15;17 translocation, t(15;17) (q25;q22), in acute promyelocytic
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leukemia (APL). Our first two patients with APL were found to have a de-
leted 17q [10]. Metaphase chromosomes from a third patient had clearer
bands, and a structural rearrangement involving No. 15 as well as No. 17
was noted. Nine of 17 patients with APL included in data from the Work-
shop on Chromosomes in Leukemia had a 15; 17 translocation [7].

II. Clinical Significance of Chromosome Abnormalities

About 50% of patients with ANLL are found to have a normal karyotype
even with the use of banding techniques. Sakurai and Sandberg [31] were
the first to note (prior to banding) that the presence, in the initial bone sam-
ple, of even one cell with a normal karyotype was associated with a
substantially better prognosis. In our first series of 50 patients studied with
banding [11], particularly among those with acute myeloblastic leukemia
(AML) who had a normal karyotype, 85% achieved a complete remission
(median survival 18 months), compared with 25% of those with only ab-
normal cells (median survival 2.5 months). The difference in survival for
patients with acute myelomonocytic leukemia (AMMoL) was not signif-
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icantly related to the karyotype. In an enlarged series of 90 patients, we noted
the same relationships [12]. These observations have also been confirmed
by Nilsson et al. [19] and by data correlated by the Workshop on Chromo-
somes in Leukemia [7].

The significance of these findings is not clear. It may be that leukemic
cells with a normal karyotype have not yet evolved to the same state of
malignancy, and that patients with normal cells therefore have a better
prognosis. Alternatively, it may be that the mechanism associated with
leukemogenesis in cells with a normal karyotype is different and does not
require chromosome changes for the malignant transformation. These pa-
tients may, therefore, represent a different etiologic category in which the
cells could be more readily reversible or more sensitive to chemotherapy. In
any event, hematologists might consider whether chemotherapeutic proto-
cols should be specifically tailored to patients with normal karyotypes,
whereas a different protocol may be appropriate for patients who have only
chromosomally abnormal cells.

E. The Production of Consistent Translocations

The mechanism for the production of specific, consistent reciprocal trans-
locations is unknown. Possibly, specific translocations are the result of cell
selection. In such a model, chromosome breaks and rearrangements occur
continuously at a low frequency. Many of these rearrangements do not lead
to changes in cell metabolism, and the cells therefore do not proliferate pref-
erentially; other rearrangements may be lethal to the cells. Still others
provide the cell with a proliferative advantage, and cells with these changes
not only persist, but eventually become the predominant cell type. In such a
model, the chromosome change is the fundamental, initial event that leads
to the neoplastic nature of the cell.

Other possible explanations depend on either [1] chromosome proximity,
since translocations may occur more frequently when two chromosomes are
close together, or [2] regions of homologous DNA that might pair preferen-
tially and then be involved in rearrangements. The fact that many of the
affected chromosomes, e.g., Nos. 1,9, 13, 14, 15, 21, and 22, are involved in
nucleolar organization supports these proposals.

On the other hand, proximity of homologous DNA sequences should
lead to an increased frequenced of these rearrangements in patients with
constitutional abnormalities, but this has not been observed. It is possible
that either or both of these mechanisms are subject to selection; a transloca-
tion might occur because the chromosomes are close together, but only
certain specific rearrangements may have a proliferative advantage which
results in leukemia and thus leads to their detection.

Another genetic mechanism that may account for consistent chromosome
changes is related to transposable elements, called controlling elements in
maize [6,15] and insertion sequences in bacteria [4]. Transposable elements
have been detected in every organism in which the genetic structure is known
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with reasonable precision. In maize, for example, there are at least three
distinct controlling elements, each with its own characteristics and with dif-
ferent chromosome locations that influence the production of anthocyanin
pigment in each kernel of an ear of corn [6,15]. Similar genetic systems that
modify the action of host genes may be present in mammalian cells. If so,
these transposable elements may play a role in malignant transformation.
The following features of transposable elements are relevant to the “how”
and “why” of consistent translocations: 1. Change in location within the
DNA, 2. the transferring of adjacent DNA in this change, and 3. the altera-
tion of the normal mechanism for genetic regulation, depending on the site
and orientation of the inserted sequences. These properties, plus a selective
system for removal of changes that do not have a proliferative advantage in
hematologic cells, are just those required to explain consistent transloca-
tions occurring as somatic mutations.

F. The Role of Nonrandom Changes

There is good cytological [8] and biochemical [5] evidence that, in an indi-
vidual patient with chronic myelogenous leukemia or Burkitt lymphoma,
the tumor cells have a clonal origin. In CML, initially only a single cell has
the 9:22 translocation, and when the patient comes to the physician, fre-
quently all cells in division contain the Ph! chromosome. It is necessary to
examine the kinds of genetic mechanisms that can provide the cell contain-
ing the 9; 22 translocation with this proliferative advantage.

Two points that should be emphasized are the genetic heterogeneity of
the human populatlon and the variety of cells involved in malignancy.
There is convincing evidence from animal experiments that the genetic con-
stitution of an inbred strain of rats or mice plays a critical role in the fre-
quency and type of malignancies that develop [23,33]. We are much more
aware now than formerly of certain genes in man that.predispose to cancer,
such as the genes for Bloom syndrome, Fanconi anemia, and ataxia-telangi-
ectasia [9]. We are completely ignorant of the number of gene loci in man

which, in some way, control resistance or susceptlblhty to a particular
malignancy.

The second factor affecting the karyotypic pattern relates to the different
cells that are at risk of becoming malignant, and the varying states of ma-
turation of these cells. There is good evidence that the same chromosomes
may be affected in a variety of tumors; No. 8 is a good example [18]. On the
other hand, some chromosomes seem to be involved in neoplasia involving
a particular tissue; the involvement of No. 14 in lymphoid malignancies is
an example.

When one considers the number of nonrandom changes that are seen in
a single malignancy such as ANLL, it is clear that not just one gene, but
rather a class of genes is involved. Our knowledge of the human gene map
[17] has developed concurrently with our understanding of chromosome
changes in leukemia. It is now possible to try to correlate the affected chro-
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mosomes with the genes that they carry. Clearly, these efforts must be very
tentative, since relatively few genes have been mapped, and since some of
the chromosomes that are most frequently abnormal have few genetic
markers.

Preliminary data suggest that chromosomes which carry genes related to
nucleic acid biosynthesis may frequently be abnormal in hematologic
malignancies. Moreover, specific chromosome regions associated with these
genes may also be involved. Thus, the most frequent abnormalities of No. 17
result either in an isochromosome for the long arm or in a translocation
with No. 15 in which the break in No. 17 is in band 17q22. This region of
No. 17 contains genes for thymidine kinase, galactokinase, and a site that is
particularly vulnerable to AD-12-induced breakage [16]. Furthermore,
induction of host cell thymidine kinase and a high frequency of breaks in
17922 are early functions of this virus, as is the synthesis of a tumor antigen
which may play a role in the control of DNA synthesis.

Thus it is possible that nonrandom chromosome aberrations, when they
occur, change the level of some enzymes related to nucleic acid metabolism,
either through a change in location or through duplication of gene loci.
Nonrandom chromosome changes, particularly consistent, specific trans-
locations, now seem clearly to be an important component in the prolifera-
tive advantage gained by the mutant cell in neoplasia. The challenge is to
decipher the meaning of these changes.

G. Summary

The consistent occurrence of nonrandom chromosome changes in human
malignancies suggests that they are not trivial epiphenomena. Whereas we
do not understand their significance at present, one possible role which they
may fulfill is to provide the chromosomally aberrant cells with a prolifera-
tive advantage as the result of alteration in the number or location of genes
related to nucleic acid biosynthesis. The proliferative advantage provided
by various chromosome aberrations is likely to differ in patients with differ-
ent genetic constitutions.
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Use of Glucose-6-Phosphate Dehydrogenase Markers
to Study Human Myeloproliferative Disorders
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In accordance with inactivation of one X-chromosome in each somatic cell,
females heterozygous at the X-chromosome linked glucose-6-phosphate
dehydrogenase (G-6-PD) locus for the usual B gene (GdP) and a common
variant allele such as Gd* have two populations of cells — one producing
type B G-6-PD and the other, type A. Thus, normal tissues from a Gd®/Gd*
heterozygote manifest both B and A isoenzymes (a double-enzyme pheno-
type), but a tumor with a single cell (clonal) origin shows B or A G-6-PD
(a single-enzyme phenotype). The same rationale allows delineation of
stem-cell relationships. If a tumor arises in a multipotent stem cell of type
A, all descendants of that stem cell will type as A.

In this communication G-6-PD studies are reviewed that indicate that
chronic myelocytic leukemia and related disorders have clonal origin at the
time of study and involve stem cells pluripotent for granulocytes, erythro-
cytes, platelets and monocytes/macrophages. The questions of whether
marrow fibroblasts or blood lymphocytes arise from the leukemia pro-
genitor and of whether there are any residual normal stem cells are
emphasized.

I. Chronic Myelocytic Leukemia (CML)

A. Clonal Origin in Pluripotent Marrow Stem Cells

Thus far, 12 women with Philadelphia-chromosome (Ph')-positive CML
and heterozygous at the G-6-PD locus have been studied. Both B and A
isoenzymes were found in normal tissues, but only one type of G-6-PD was
seen in the CML granulocytic cells (8 patients typed as B and 4 as A) [8,9].
The fact that single-enzyme phenotypes occur in CML granulocytic cells,
whereas granulocytes from G-6-PD heterozygotes without hematopoietic
diseases have double-enzyme phenotypes [6], strongly favors a clonal origin
of CML. This postulate is also supported by studies with other isoenzyme
and chromosomal markers (references given in [9]). However, the con-
clusion that CML has a clonal origin applies only to the stage of the disease
at the time of study. Conceivably, at a very early phase many cells may be
affected, but by the time CML is evident one clone has evolved. The fact
that at the time of diagnosis all CML cells are of clonal origin virtually ex-
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cludes any hypothesis of pathogenesis based on continuous recruitment of
hitherto normal cells.

In G-6-PD heterozygotes with CML, single-enzyme phenotypes are
found in erythrocytes, platelets and blood monocytes/macrophages as well
as in granulocytes [8]. Thus, the disease involves a multipotent marrow stem
cell. a conclusion supported by studies with other markers (references given
in [7]). In contrast to the blood cells, cultured marrow fibroblasts from 3
patients with CML displayed both B and A enzymes, indicating that at least
in these cases. these cells do not arise from the CML clone. Similar con-
clusions were reached using Ph'! as a marker [5,11,14]. One of the patients
we studied had myelofibrosis [8]. The facts that marrow fibroblasts grown
from this patient lacked Ph! and had a normal double-enzyme phenotype
suggest that the myelofibrosis is not part of the CML clonal proliferation
and is probably a secondary phenomenon.

B. Do Blood Lymphocytes Arise from the CML Stem Cell?

To investigate the origin of different lymphocyte populations we studied
three G-6-PD heterozygotes with CML. The CML myelocytic cells in each
patient showed a single type: B.

Simple preparative methods all failed to separate lymphocytes from
granulocyte precursors and other immature forms. Thus we adopted com-
plex multistaged preparative protocols. These methods and the procedures
used to identify T or B lymphocytes are described in detail elsewhere [10].
The results provide evidence for at least two and possibly three lymphocyte
populations.

1. T-lymphocytes which do not Arise from CML Stem Cells

In each of the three patients there is a population of E-rosette forming
lymphocytes which has a normal double-enzyme phenotype in marked
contrast to the single-enzyme phenotypes found in the CML clones. These
T cells were most easily demonstrated when the patient was in complete
clinical remission.

2. Non-T lymphocytes which Arise from CML Stem Cells

A population of non-E-rosette forming lymphocytes was identified which
had the same single-enzyme phenotype as did the CML clone. This popula-
tion was demonstrated when the patient was in relapse or in clinical remis-
sion. These cells had complement receptors and many of them manifested
B-lymphocyte characteristics such as cell-surface and intracytoplasmic Ig,
and Ig synthesis.

3. T-lymphocytes which may Arise from CML Stem Cells

Preliminary studies suggest that there may be a population of lymphocytes
which has a single-enzyme G-6-PD phenotype and T-cell characteristics
including lack of cell-surface Ig and formation of E-rosettes. In contrast to
the non-clonal T-cells which were most easily demonstrated m clinical
remission, these “clonal” “T”-cells have thus far been demonstrated only
when the disease is in relapse. However, conclusions based on these find-
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ings must be guarded. For example, since the disease was active at the time
of study, the difficulties of isolating and characterizing lymphocyte popula-
tions were increased. In addition, it cannot be concluded firmly that this
clonal subpopulation 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 evolution of leukemia.

The likely demonstration in CML of clonal lymphocytes 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 leu-
kemia. These data may explain why in some cases of blast crisis, the cells
have characteristics which resemble those found in the common type of
acute lymphoblastic leukemia (e.g., see Chapters by Boggs and Greaves,
this volume). The demonstration of E-rosetting cells from patients with
CML in remission that do not arise from the leukemia stem cell may reflect
persistence of restricted stem cells committed to differentiate only into
T-lymphocytes.

Mitogen-stimulated mitoses within the lymphocytes having single-enzyme
phenotypes and thereby presumably arising from the CML stem cells
generally lacked Ph!. One possibility is that the cells in metaphase are not
representative of the vast majority of enzyme-producing cells, but a more
intriguing possibility is that cells which are clonally derived only acquire
Ph! at a later stage in leukemogenesis (see below).

C. Are there any Residual Normal Stem Cells in CML?

The fact that during remission in CML, the single-enzyme G-6-PD pheno-
types persist provides no evidence for residual normal stem cells [8]. How-
ever, it was possible that a minor isoenzyme component had been missed if
it had contributed less than 5% of the total G-6-PD activity. To study this
problem at a more sensitive level, we analyzed granulocytic colonies grown
in semi-solid medium. Such colonies from normal G-6-PD heterozygotes
have single-enzyme phenotypes and arise from single cells. Thus, analysis
of a single colony is equivalent to study of the one progenitor cell from
which it was derived. Of almost 1000 granulocytic colonies studied, one
colony had a G-6-PD phenotype different from that observed in the CML
blood clone [9]. These data provide no evidence for residual, normal
granulocyte colony-forming cells (CFU-C) in patients with CML, a situa-
tion which contrasts with that found in polycythemia vera (see below).

On the other hand, some studies using Ph! as a marker do suggest per-
sistence of normal stem cells. For example, the presence of some normal
stem cells in CML was suggested by the observation of Phl-negative
granulocytic colonies in 3 of 5 patients in one study [3]. (However, other
investigators have found such colonies to be uniformly Phl-positive [2,15,17]).
Further evidence favoring persistence of some Ph!-negative cells in CML
derives from the appearance of such cells in patients treated with cycle-
active intensive therapy [4]. How are these chromosome observations sug-
gesting persistence of normal stem cells in CML reconciled with the failure
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using G-6-PD as a marker to detect granulocytic colonies arising from non-
CML progenitors? One possibility is that only some patients have Ph!-
negative CFU-C, but not the ones we studied. Alternatively, there may be
some Phl-negative CFU-C in all patients. If this hypothesis is correct, then
our failure using G-6-PD to find evidence of stem cells that do not derive
from the CML clone suggests that cells which are clonally derived acquire
Ph! at a later stage in leukemogenesis. According to this hypothesis, CML
would be a multi-staged disease. As indicated above, the possibility that
some clonally derived lymphocytes lack Ph! would be in accord with this
hypothesis.

II. Polycythemia Vera and Myeloid Metaplasia with Myelofibrosis

A. Clonal Origih in Pluripotent Marrow Stem Cells

Studies of two G-6-PD heterozygotes with polycythemia vera [1] and two
with agnogenic myeloid metaplasia with myelofibrosis [12,13] indicate that
at least in the patients investigated, the disorders involve multipotent hema-
topoietic stem cells and suggest that at the time of study, the diseases have
a clonal origin. According to some theories of pathogenesis, polycythemia
vera and agnogenic myeloid metaplasia result from proliferation of normal
stem cells in response to unknown myeloproliferative stimuli. The G-6-PD
data do not support these hypotheses and are more compatible with neo-
plastic origin.

B. Are there any Normal Stem Cells in Polycythemia Vera?

As described in detail elsewhere in this volume (see Chapter by Adamson),
in contrast to CML, analyses of granulocytic and erythroid colonies from
patients with polycythemia vera indicate that there are stem cells which do
not arise from the polycythemia vera clone detected in the blood and there-
fore are presumably residual normal stem cells [16]. However, these cells
are demonstrable in vitro only in the presence of erythrocyte or granulocyte
stimulating factors. Thus, although there are normal stem cells in patients
with polycythemia vera, their expression is suppressed in vivo. This contrast
between polycythemia vera and CML suggests a basic difference in the
regulatory abnormalities in the two disorders although they may involve
the same or a similar multipotent hematopoietic stem cell.

C. Myelofibrosis in Agnogenic Myeloid Metaplasia

The factors underlying the marrow fibrosis, the predominant clinical
feature in this disease, are unknown. Many workers feel that it is part of the
same process as that which affects the myeloid cells. Our results suggest that
this hypothesis, which predicts finding the same single-enzyme phenotype
in the marrow fibroblasts as the one observed in the blood cells, is not
correct.
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In the G-6-PD heterozygote with agnogenic myeloid metaplasia who
had equal amounts of B and A isoenzymes in cultured skin fibroblasts and
only type A in blood cells, both B and A isoenzymes in equal proportions
were found in cultured marrow fibroblasts [12]. This patient also had a
distinctive chromosome abnormality (47, XX, +8) in the blood cells which
was not detected in a single marrow fibroblast. These G-6-PD and cyto-
genetic findings strongly suggest that the marrow fibrosis in this patient was
not part of the basic process which led to clonal proliferation of hemato-
poietic stem cells and that the myelofibrosis was a secondary abnormality.
Similar conclusions were reached from chromosome studies of a patient
with acute myelofibrosis [18].
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Histopathology of Bone Marrow in
Human Chronic Leukemias
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Chronic myelogenous leukemias have arisen a considerable new interest,
since lymphoblastic crises recently turned out to complicate and terminate a
primary myeloproliferative disease (Beard et al.,, 1976; Janossy et al., 1977,
Rosenthal et al.,, 1977). Ways of stem cell differentiation (Metcalf, 1973,
1974, 1977; Boggs, 1974; Moore, 1976; Greenberg, 1976, 1978) as well as
biological markers of leukemic cells (Fialkow et al., 1977, 1978a, b) give
sufficient proof for the suggestion that hematopoietic stem cells have been
primarily involved in this disease. :

The morphology of leukemias is based on histopathology, cytochemistry
and electron microscopy, whereas gross pathology 1s of lesser importance
for their determination. There is a large variety of subgroups from chronic
leukemia — CML — which may be classified comprehensivly only by the
histopathology of biopsies from bone marrow cores. Thus it is not clearly
known which pathogenetic relationships are existing between the numerous
subgroups, as erythro- and megakaryocytic leukemias for instance, and how
they are related to each other and to CML. Moreover the pathways are not
sufficiently understood by which CML and its subgroups or other myelo-
proliferative diseases, as Polycythemia vera, terminate into final stages of
myelofibrosis and myeloid metaplasia (Gralnick et al., 1971; Ward and
Block, 1971; Buyssens and Bourgeois, 1977).

A more detailed morphology of chronic myelogenous diseases ought to
bring up new insights to these basic questions, provided histopathology is sup-
ported by electron microscopy (Thiele et al., 1977a, b, ¢), chromosome analy-
sis (Sandberg and Hossfeld, 1970; Rowley, 1976, 1978) and completed with re-
sults of enzyme markers (McCaffrey et al., 1975; Gallo, 1975) and membrane
phenotypes (Greaves, 1975) and compared with clinical findings.

The acute leukemias, however, can be characterized according to their
cellular composition by methods of membrane (Janossy et al., 1977; Catov-
sky and Galton, 1977; Catovsky et al., 1978; Gordon and Hubbard, 1978)
and enzyme markers (Hoffbrand etal., 1977; Mertelsmann et al., 1978)
alone with more reliability than morphological methods are able to do.
Even the enzyme cytochemistry (Leder, 1975; Bennett and Reed, 1975;
Bennett et al., 1976; Loffler, 1978; Schmalzl et al., 1977) electron micro-
scopy (Bessis, 1973, , 1975) and chromosome analysis (Golomb et al., 1976;
Alimena et al., 1977) are only of a supporting value to characterize acute
leukemias but do not offer a final diagnostic clue.
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For these reasons this study will be restricted to the histopathology of
biopsies from bone marrow cores in chronic myelogenous leukemias and
other myeloproliferative diseases and is supported by findings from
chromosome analysis and by former results of electron microscopy as well
as clinical findings in these same patients.

Material and Methods

Results of this study are based on core biopsies of bone marrow from the
anterior iliac crest by the method of Burkhardt (1966a, b) and Georgii and
Thiele (1976) of the posterior iliac crest by the method of Jamshidi and
Swaim (1971). Resin embedding was done using methacrylate, semi-thin
sections of 3 p were stained with the usual procedures of hematopathology
as elsewhere reported (Georgii and Thiele, 1976; Vykoupil et al., 1976).
Electron microscopy by thin section and freeze-fracture techniques was
formerly described (Georgii and Thiele, 1976) as have been methods of
chromosome analysis in short term cultures from bone marrow cells which
were obtained from the puncture sites after withdrawing the core of the
biopsy (Krmpotic et al., 1968; Golomb et al., 1976). All biopsies were done
before any therapy and selected from routine samplings out of a pool of
7,000 patients, among which, 718 cases with chronic leukemias or myelo-
proliferative diseases and 190 with acute leukemias were found.

Results

The own material shows a prevalence of chronic to acute diseases in a rela-
tion of 3:1, which is another reason to restrict this study to chronic myelo-
proliferative disorders. These disorders can be classified into 9 subtypes
including the Polycythemia vera and unclassifiable entities (Table 1).

Table 1. Distribution of chronic myeloproliferative disorders in a total of 718 patients found in
7,000 sequential biopsies of bone marrow: There is a conspicuous group of myeloses with
mixed cellularity, so called chronic megakaryocytic granulocytic myelosis - CMGM

Chronic leukemias n %
Chronic granulocytic leukemia — CGL - 133 19
Smouldering leukemia 5 1
Mixed myeloses -~ CMGM la. I - 187 26
Myelofibroses - CMGM Ila. IV - 238 33
Primary myelofibroses 14 2
Thrombocythemia 11 2
Myelo-monocytic leukemia 3 0
Polycythemia vera 65 9
Unclassified 62 9

Total 718 100
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Among chronic myelogenous leukemias — CML — the chronic granulo-
cytic leukemias — CGL — are those with a neoplastic proliferation of
granulopoiesis. This atypical granulopoiesis is gradually replacing the fat
tissue of the bone marrow space (Fig. 1a). The erythro- and megakaryo-
poiesis are not seriously reduced, but left in a sufficient amount, which is in
contrast to the acute leukemias of ALL, AML or ANLL-type. The cellular
differentiations of granulopoiesis is fairly preserved whereas precursors as
promyelocytes and myelocytes are increased. Myeloblasts are not
proliferating in remarkable amounts and their increase points towards a
beginning transformation into a blastic crisis. Following this description the
CGL may be defined as a neoplastic growth of only one cell lineage, while
the other 2 or 3 lines remain at least superficially unchanged or may turn
into a reactive hyperplasia of megakaryocytes in rare cases. This subgroup
of typical CGL’s amounts to 19% in our series of 718 patients (Table 1).
From the CGL the group of myeloses should be distinguished which are
characterized by an additional neoplastic proliferation of the megakaryo-
poiesis, thus resulting in a mixed cellularity from 2 cell lineages involved.
The histology shows a remarkable numerical increase of megakaryocytes
and their precursors (Fig. 1b). These cells are atypical with enlarged pleo-
morphic, non-pyknotic nuclei which differ from typical megakaryocytes
even in CGL (Figs. 1¢, d). The immature nuclei in a well developed mature
cytoplasm cause a dissociation of the differentiation as formerly demon-
strated in ultrastructural studies of bone marrow biopsies (Georgii and
Thiele, 1976; Thiele et al., 1977a, b). The granulopoiesis is altered likewise,
but mostly not to the same extend as in typical CGL. The erythropoiesis
can be increased in some cases of early stages. The marrow mesenchyme
with sinuses and reticulin fibers remains unchanged during the early stages
of development, which was designated as stage I (Fig. 1b).

Based on the neoplasia of two cell lineages which do proliferate in a slow
and fairly well differentiated way, we have called this entity a “chronic
megakaryocytic granulocytic myelosis” — CMGM - in contrast to the one-
line neoplasia “chronic granulocytic leukemia” — CGL — (Georgii and
Thiele, 1976; Thiele et al., 1977b, ¢). The usual term of chronic myelogen-
ous leukemia — CML — may probably include both entities the CGL and the
CMGM too; since the latter can only be detected by a core biopsy of the
bone marrow.

There are 2 other myeloproliferative diseases that should be strictly distin-
guished from this entity CMGM: Polycythemia vera and Idiopathic Thrombo-
cythemia. The latter is a one cell line neoplasia of megakaryopoiesis while
the other lines show an inconspicuous growth. The histopathology of bone
marrow in Polycythemia vera is very similar to the CMGM, in spite of its
very different clinical findings. Only by hyperplasia of erythropoiesis and of
sinuses, which are increased in number and size, by the complete absence
of stainable iron in histocytes and a lesser atypia in granulo- and mega-
karyopoiesis the experienced observer may reach the diagnosis of Polycy-
themia vera in non-treated cases.

The pathogenesis of CMGM may be observed by repeated biopsies dur-
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ing the course of this disease. An increase of fine reticulin fibers in a dis-
crete patchy pattern may be found by investigating silver stained slides in
the polarizing light microscope. With an increasing number of reticulin
fibers the disease is classified as stage II of CMGM; this shows a slow prog-
ress which may take many months, sometimes exceeding one year and
more (Fig. 2a). This stage continues to proceed into a diffuse reticulin lattice
which is extended all over the marrow space, polymerizing into collagen
bundles which represent the onset of fibrosclerosis; this is defined as stage
I of CMGM. The stage IV finally includes an additional endophytic
growth of bone trabeculi while the reticulin changes into complete fibro-
sclerosis. Even in these final stages the neoplastic proliferation of mega-
karyocytes and granulocytes can be seen, which is, in regard to the prolifer-
ating cells, still similar to stages I and II (Fig. 2d).

Lymphonoduli aggregati consisting of loose assemblies of small lympho-
cytes, mostly localized in the centers of the marrow space and not at para-
trabecular sites, can be found frequently in these CMGM’s of the first 3
stages (Fig.2a). These lymphonoduli are rare in the final stage IV of
CMGM and very rare in pure CML’s.

Chromosome Analysis

In these studies the Phl-chromosome was found in 75% (15 from 20) of CGls
and in about 70% (15 from 23) CMGM’s of the stage I and II (Table 2). The
myelofibroses and osteomyelofibroses, which are classified as CMGM III
and IV, do show the same frequency as CGLs, i.e. 75% (15 from 20). The
technique of Giemsa-banding displays a 9:22 translocation as the most
frequent aberration. Besides there are some minor anomalies as aneuploidy
and breaks without clonal evolution. The primary idiopathic myelofibrosis
and Polycythemia vera were found to lack a Ph'-chromosome with one ex-
ception in Polycythemia vera (Table 2).

Clinical Findings

The CGL differs from CMGM in clinical finding especially of the cell counts
from the peripheral blood (Table 3). The values of leukocytes in CGLs are

Fig. 1a—d

a Chronic granulocytic ieukemia — CGL — weil ditferentiated granulopoiesis and normal iook-
ing but increased megakaryocytes. b Chronic megakaryocytic granulocytic myelosis - CMGM
— megakaryocytes are very increased, display severe atypias and are dislocated from their usual
sites to paratrabecular areas. closely to the terminal sinuses. ¢ CGL, higher magnification
from Fig. a. neutrophil granulocytes metamyelocytes and eosinophils can be seen. Mega-
karyocytes do not show striking alterations. d CMGM with severe polymorphism of mega-
karyocytes and precursors: they are enlarged in size and abnormal (compare with same mag-
nification as Fig. 1¢)

Magnifications: a,b X350; c¢,d X 875. Staining: Giemsa
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Table 2. The Philadelphia-chromosome in chronic granulocytic leukemia (CGL) compared
with chronic megakaryocytic granulocytic myelosis (CMGM), primary myelofibroses, and
polycythemia vera in a total of 74 patients

. Ph!- Structural .
Histology positive anomalies Aneuploidy No changes
Chronic granulocytic 15/20 1720 1/20 3/20
leukemia
Mixed myeloses
(i.g. CMGM Ia. 1) 15/23 1723 2/23 5723
Polycythemia vera 1710 0/10 8/10 1710
Myelofibroses
(i, CMGM Illa. IV) 15720 0/20 0/20 5/20
Primary myelofibroses 0/1 0/1 1/1 0/1

significantly higher than in CMGM of stage I and II, and even compared
with stages III and IV which resemble myelofibrosis and osteomyelo-
fibrosis. The thrombocytes seem to be conspicuously increased, but this is
not significant statistically. The leukocytic alkaline phosphatase is elevated
in CMGM’s compared with CGLs, which seems to be important. — There is
a significant difference of the mean age from CGL to CMGM patients but
not among the CMGM’s themselves. The prolonged prediagnostic time
points to an insiduous onset and retarded natural course of CMGM’s which
must be ascertained by further clinical studies.

The difference of some clinical complications may be understood from
the varying cell counts in the peripheral blood and by the divergent cellular
growth shown by histopathology of the bone marrow. Bleedings to a severe
and sometimes letal extent were observed in CGLs only — 6/24 — whereas
they are missed in all CMGM’s — 0/47 —. A thrombotic diathesis was found
in CMGM’s stage I and II only — 5/24 — while stages IIl and IV - 0/23 — as
the pure CGL — 0/24 — were free of this complication.

Blastic crisis of CMGM (see Fig. 2¢) can occur during all of their four
stages but they are much more frequent in pure CGLs: in a mean of 13,7%,
i.e. = 41/298 patients — of all stages from CMGM compared to 48% — 55/115
—in CGL patients blastic crises were observed.

Fig. 2a—d

a CMGM, this is stage I with slight, scattered increase of reticulin fibers, which can be detect-
ed even in Giemsa staining by the widening of sinuses. Noticeable are the lymphocytes form-
ing a nodular infiltrate (lower half of the illustration). b Idiopathic, primary myelofibrosis
with hyperplastic erythropoiesis with maturing arrest, but no hyper — or neoplasia of granulo -
or megakaryopoiesis. This should not be termed a myeloproliferative disorder. ¢ Blastic crisis
of CMGM with precursors of megakaryocytes and to a lesser amount of granulopoiesis. d
CMGM stage IV, usually called osteomyelofibrosis with newly formed bone trabecula, fibro-
sclerosis, widened sinuses, atypical megakaryocytes, there are rests of erythropoiesis and almost
no granulopoiesis is shown in this area.

Magnifications: a,b,d X350; ¢ X875. Staining: Giemsa
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Table 3. Values of cell counts from peripheral blood compared with histopathology of bone
marrow from CGLs and myeloses of mixed cellularity, chronic granulocytic megakaryocytic
myelosis (CMGM); also age of patients and time between beginning of clinical symptoms and
diagnostic biopsy are compared

CGL CMGM CMGM CMGM IIfa. IV
Stage 1 Stage I a. Il i.g. Myelofibrosis

Leukocytes
mean 160 26.6 253 15.5
range 8.6-780 1.1-270 1.1-270 1.3-77
n 24 32 75 76
Thrombocytes '
mean 364.5 762 551 241
range 45-986 29-3000 8-3000 1.7-1321
n 24 30 64 68
Erythrocytes
mean 4.26 4.32 4.16 3.28
range 22-53 1.4-6.5 14-7.1 1.6-5.7
n 24 29 70 63
Alkal. phosphat. in leukocytes
mean 249 121 144 116
range 0-188 3-343 0-360 0-393
n 21 23 49 37
Age
mean 53.1 634 60
range 15-84 26-85 25-84
n 79 87 91
Time — month '
mean 174 29.1 384
range 1-74 1-146 1-264
n 24 63 64
Discussion

The myeloproliferative disease described here as a chronic megakaryocytic
granulocytic myelosis — CMGM — has been known for a long time under
the term of a leukemic megakaryocytic myelosis or leukemia and was de-
scribed mainly in case reports (Rappaport, 1966, cit. in Georgii and Vykou-
pil, 1972, 1976). The majority of these cases were only detected in acute
blastic phases and therefore most frequently counted among acute leukemias
as could be shown by Bain etal. (1977). Modern techniques of obtaining
the biopsies and processing the bone marrow with semithin section have
changed this opinion. The chronic diseases are very frequent (Table 1). We
conclude from our personal experience that most acute looking cases are
actually blastic crisis of chronic diseases. Real acute megakaryocytic mye-
loses are extremely rare, if they do exist anyway. Furthermore the semithin
sections as well as electron microscopy have shown that granulopoiesis is
also involved in this myeloproliferation.
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The demonstration of Philadelphia chromosomes in metaphases from
bone marrow cells implies a specific aberration associated with chronic
myelogenous leukemia — CML — (Rowley, 1976). In about 90% of patients
the Phl-chromosome should be found, which is the result of a 9:22 trans-
location in over 90%, as Dr. Rowley has stated during this meeting. The
chromosome analysis from these patients substantiate the pathogenetic
relationship between CMGM and CGL. Indeed, this shows remarkably
fewer Phl-positive patients in our material compared with standard find-
ings. This result may probably be explained by our method of obtaining the
specimens: this was done after extracting the core from the site of biopsy
and not be squeezing the core itself. But the corresponding values of this
marker chromosome between the CGL and CMGM-groups point toward
the same pathogenetic pathway.

The terms myeloid metaplasia, myelofibrosis and osteomyelosclerosis
(reviews by Gralnick et al., 1971; Rappaport, 1966; Ward and Block, 1971;
Burkhardt, 1971; Lennert etal, 1975) and also the one of agnogenic
myeloid metaplasia (Ward and Block, 1971) are enclosed in our concep-
tion of stages III and IV from CMGM (Fig. 2d). The terms hyperplastic
panmyelopathy (K. Rohr, 1960, quoted from Lennert et al., 1975), pan-
myelopathy (Fischer and Schifer, 1971) or panhyperplasia (Ward and
Block, 1971) is covered by our definitions of stages I and II of CMGM
(Figs. 1b, 2a). — However, here is no space to enter into a more detailed dis-
cussion concerning the relationships between myeloproliferative diseases
with a secondary on the one and the so called primary myelofibrosis on the
other side (Fig. 2d, versus 2b). If our suggestion is correct that there is a
specific pathogenic pathway leading from chronic myelogenous diseases
with mixed cellularity, i.e. CMGM, to myelofibrosis then it is only reason-
able to summarize and head these terms under the four stages of one dis-
ease - CMGM.

In addition clinical findings extend and confirm our morphological
results mentioned above. There are different courses and different compli-
cations of both these entities: there is a faster and inevidently leukemic
course in CGL complicated by bleedings and blastic crises, not usually by
myelofibroses. In CMGM there is a slow, inapparent, often a- or sub-
leukemic course which can be complicated by thromboses and even by
blastic crises, and is always terminated by myelofibroses. It is of great inter-
est to investigate whether the lymphoid blastic crises are related to the
CMGM’s since histopathology frequently shows lymphonoduli in the bone
marrow, while this can not be detected in CGLs.

Summary

Among the patients with chronic myeloproliferative diseases including
clinical symptoms of chronic myelogenous leukemia — CML — two varying
compartments with substantially differing histology of hemopoiesis were
found: one with predominating granulopoiesis for which the usual term of
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chronic granulocytic leukemia — CGL - seems adequate. The other with
proliferation of granulopoiesis and megakaryopoiesis as a neoplasia with a
mixed cellularity is observed to be different in its clinical course: there are
often a leukemic or subleukemic cell counts, but mostly considerable in-
creased platelets in the peripheral blood; there is a prolonged penod of
latency, a higher age group, an infrequent occurrence of blastic crisis and
a regular outcome into myelofibrosis. This entity of chronic megakaryo-
cytic granulocytic myelosis — CMGM - can be seen very frequently among
myeloproliferative diseases. Among a total of 718 core biopsies from the
bone marrow the CMGM-patients are up to 29% compared with 21% of the
typical one-cell-line disease CGL. The Ph!-chromosome may be presented
in the CMGM-entity likewise.
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Introduction

Acute leukemia is a neoplastic disease characterized by the abnormal pro-
liferation and accumulation of immature hematopoietic cells. Progress in
our understanding of this disease is reviewed in this volume. Significant
recent advances in the therapy of acute leukemia include high remission
rates in both acute lymphoblastic (ALL) and acute myelogenous leukemia
(AML), the prevention of central nervous system leukemia in ALL, and
development of moderately effective remission maintenance programs,
particularly in ALL. Despite this progress, approximately 50 per cent of
patients with ALL and over 95 per cent of those with AML will eventually
die of resistant leukemia.

Recent studies at our institution and others have clearly demonstrated
the feasibility of transplantation of normal hematopoietic stem cells in man.
In view of this, and because of the disappointing results of chemotherapy in
patients with acute leukemia who relapse, we studied the potential role of
bone marrow transplantation in resistant acute leukemia. In this chapter I
will briefly review some basic aspects of the biology and immunology of
marrow transplantation and discuss its applicability to leukemia.

Cell Biology and Immunology of Bone Marrow Transplantation

The hematopoietic system is derived from pluripotent stem cells. These
cells have several inherent characteristics relevant to marrow transplanta-
tion including self-renewal potential, differentiative capacity, and the pres-
ence of histocompatibility antigens (HLA) on their surface.

It is clearly possible to transplant hematopoietic stem cells in man. Re-
quirements for engraftment include histocompatibility matching between
donor and recipient, immunosuppression to prevent graft rejection, and a
critical dose of marrow cells. The latter may relate to the clinical setting
under which transplantation is performed rather than an inherent charac-
teristic of stem cell(s) since a single cell may be capable of repopulating a
congenitally anemic non-irradiated mouse under appropriate conditions.

1 These studies were supported under Grants CA-23175, CA-12800, and CA-15688 from the
National Cancer Institute, and Grant RR-00865 from the U.S. Public Health Service.
2 Robert Peter Gale is a Scholar of the Leukemia Society of America.
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The human major histocompatibility complex (MHC), referred to as
HLA, has been assigned to chromosome 6. The HLA locus has been further
subdivided into the HLA-A, B, C, and D subloci. The first three are com-
monly defined by serologic technics while the HLA-D region is convention-
ally studied in the mixed lymphocyte culture (MLC) test (for review see
[1]). Successful marrow transplants in man have been restricted to HLA-
identical siblings with few exceptions. While HLA is of prime importance
in determining graft outcome, other histocompatibility systems are un-
doubtedly involved. Little is known regarding these non-HLA systems and
no attempt has been made to match for non-HLA antigens in clinical trans-
plantation. This factor probably accounts for the high incidence of graft
rejection and graft-versus-host disease (GVHD). There is a high degree of
polymorphism in the HLA system. Since these antigens are inherited in a
Mendelian fashion as codominant alleles, there is a reasonable possibility
(25 per cent) of finding an HLA-identical donor within a family. In the
general population the probability is in the range of one in 10.000. Because
of this, most transplants have been performed between HLA-identical
siblings. _

Despite profound hematopoietic suppression, patients with aplasia and
acute leukemia are capable of rejecting allogeneic grafts. Immunosuppres-
sion is therefore necessary to achieve sustained marrow engraftment. Pre-
transplant immunosuppression, referred to as conditioning, has utilized
chemotherapy and radiation either singly or in combination. Since doses
used in these regimens are supralethal, rescue with normal marrow is essen-
tial for survival.

The transplant procedure is relatively simple. Approximately one liter of
bone marrow is removed from the donor by aspiration from the posterior
iliac crests. A single cell suspension is prepared and infused intravenously to
the recipient. The infused cells home to the marrow after a brief delay in the
lungs and spleen. The usual dose is 1-5X 108 nucleated marrow cells per
kg. In most instances discrete clusters (colonies) of hematopoiesis are ob-
served in the marrow with the first 2 weeks following transplantation [3].
These clusters are usually either erythroid or granulocytic, but mixed pop-
ulations are occasionally observed. Peripheral white blood cells and platelets
begin to rise within 2-3 weeks following transplantation and may return to
normal levels by 1-2 months. Cytogenetic and gene marker studies clearly
indicate that red cells, granulocytes, lymphocytes, platelets, monocytes, and
hepatic and alveolar macrophages are of donor origin [4, 14,16].

Following successful engraftment, the recipient is at risk to develop
several immune-related problems including graft rejection, graft-versus-
host disease (GVHD), post-transplant immunodeficiency, interstitial pneu-
monitis, and infectious complications (Table 1). Recurrent leukemia is an
additional potential complication in leukemic recipients.

Graft rejection probably results from histoincompatibility between
donor and recipient and may be facilitated by immunization of the recip-
ient via blood transfusions. In some instances defects in the marrow micro-
environment may be responsible for graft failure [5]. Graft failure occurs in
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Table 1. Areas of investigation

Graft rejection

Resistant leukemia
Graft-vs-host disease
Immunodeficiency

Interstitial pneumonia
Infectious disease complications

2040 per cent of patients with aplastic anemia but is rare in patients with
leukemia. This may relate to either inherent differences between the two
diseases or to the more intensive conditioning used in leukemics. Storb and
coworkers have reported a correlation between graft rejection and both
recipient anti-donor immunity and marrow dose [15], and we have reported
a correlation with pre-transplant lymphocytotoxins [6]. Transfusions also
contribute to graft rejection.

Graft-versus-host disease results from the introduction of immunocom-
petent donor cells into the immunosuppressed recipient. Principle target
organs of GVHD include the lymphoid system, skin, liver, and gastrointes-
tinal tract [17]. GVHD in man results from incomplete matching for non-
HLA histocompatibility antigens. The loss of normal immune regulatory
mechanisms and autoimmunity may also contribute. While GVHD initially
results from immune stimulation, the end result is immunodeficiency. The
incidence of GVHD following HLA-identical marrow transplantation is 70
per cent, and over one-half of these cases are fatal. The prevention and
treatment of GVHD are problematic. Methotrexate is routinely given pro-
phylactically to modify GVHD, but this is not completely effective. At-
tempts to prevent GVHD with antithymocyte globulin (ATG) or to treat it
with ATG, corticosteroids, and other immunosuppressive drugs have been
largely unsuccessful. While complete histocompatibility matching would
theoretically prevent GVHD, this approach would further limit the number
of potential candidates for bone marrow transplantation. The removal of
immunocompetent cells from the marrow inoculum prior to transplantation
by either physical or immunologic technics has appeal but has not been
critically evaluated in man. The complete prevention of GVHD is not
necessarily desirable since GVHD may have anti-leukemic effects.

Allogeneic marrow transplantation is followed by a period of immuno-
- deficiency lasting several months to 1-2 years [7,20]. The cause of the
immunodeficiency is multifactoral and includes abnormal or delayed lymphoid
differentiation, GVHD, and the effects of immunosuppressive drugs. Post-
transplant immunodeficiency is characterized by abnormalities of both T
and B lymphocyte function including decreased antibody synthesis,
decreased responsiveness to polyclonal mitogens, and inability to be sensi-
tized to dinitrochlorobenzene (DNCB). Reactivity to alloantigens and skin
graft rejection are normal. This immunodeficiency is correctable with time.
This suggest that either a small number of lymphoid precursors are engraft-
ed, or that their development is delayed. We have found no evidence of
suppressor cells or factors in these patients [7].
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Approximately 60-70 per cent of marrow graft recipients develop inter-
stitial pneumonitis [11]. The incidence is higher in leukemic patients than in
aplastics. One-half of cases are related to cytomegalovirus (CMYV), 10 per
cent to pneumocystis, and 10 per cent to other viruses. No etiology is iden-
tified in the remaining cases. It is likely that immunologic factors including
immune stimulation, immunodeficiency, and GVHD play a critical role in
the development of interstitial pneumonitis. Radiation and/or chemo-
therapy are probably not primary factors but may compromise resistance.
In CMV pneumonitis, it 1s likely that both reactivation of latent endogenous
infection and exogenous infection are important factors. Attempts to pre-
vent or treat interstitial pneumonitis with antiviral chemotherapy (ara-A)
have been unsuccessful. Studies of CMV immune globulin, or plasma and
interferon, are currently underway at several centers.

Bacterial and fungal infections are an important complication of bone
marrow transplantation [19]. These usually occur during the period of
granulocytopenia immediately following the transplant and their magni-
tude is related to the intensity of the conditioning regimen. Most patients
receive oral non-absorbable antibiotics for gastrointestinal tract steriliza-
tion, systemic antibiotics, and granulocyte transfusions. The value of pro-
phylactic granulocyte transfusions and laminar air flow environments is
controversial, but recent data suggest they may decrease the incidence of
infection without a substantial effect on survival [2].

Current Results in Acute Leukemia

The survival of patients with resistant acute leukemia is poor with median
survival of less than 6 months in several large series. Because of this, we and
others have studied the potential role of allogeneic bone marrow trans-
plantation in patients with resistant disease.

Transplantation in acute leukemia is difficult. In addition to the previ-
ously described immunobiologic problems, it is necessary to permanently
eradicate the leukemic clone(s). A variety of chemotherapy-radiation ther-
apy regimens have been developed to achieve this goal. Three representa-
tive regimens are indicated in Fig. 1 and remission and survival data in
Figs.2 and 3 [8,9,13,18]. Several important points emerge from these
studies:

1. Leukemic relapse is common despite the use of supralethal levels of
drugs or radiation; 2. The risk of relapse is high during the first 2 years but
lower thereafter; 3. That with the possible exception of SCARI (see legend
Fig. 1), more intensive conditioning has not been associated with a lower
relapse rate; and 4. 15-20 per cent of patients with resistant disease may
become long-term disease-free survivors. While this survival rate is not a
satisfactory end result, it is probably superior to chemotherapy alone. It is
noteworthy that immunologic problems rather than resistant leukemia are
the major cause of death in some series. These problems may ultimately
prove more soluble than resistant leukemia.
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Major features of bone marrow transplantation in leukemia are review-
ed in Table 2. It should be emphasized that 98 per cent of relapses occur in
recipient cells so that progress is dependent upon the development of more
effective conditioning regimens. Potential approaches to this problem are
indicated in Table 3. Perhaps the most promising are the development of
more effective regimens and transplantation in remission. Preliminary data
from Thomas and coworkers has indicated a low relapse rate in patients
transplanted in remission. Finally, the introduction of new myelosuppres-
sive drugs or innovative uses of radiation may improve the results of trans-
plantation in acute leukemia.
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Table 2. Leukemic recurrence following bone marrow transplantation

Indefinite time at risk

Predominantly in recipient cells

Maintains genetic markers of original disease
Residual normal hematopoiesis of donor origin

Table 3. Approaches to decreasing the rate of leukemic relapse

More effective chemoradiotherapy

Intensive chemoradiotherapy with optimal support facilities
Treat leukemic “sanctuaries”

Transplant before “resistance™ develops

Combination of approaches

Future Directions

Future research in this field must concentrate on two critical problems:

1. More effective leukemia eradication and, 2. solutions to immunologic
problems including GVHD, immunodeficiency, and interstitial pneumonitis.
With regard to the first area, I have discussed the development of more
effective conditioning regimens and transplantation in remission. GVHD is
a difficult problem and it now seems clear that prevention is critical. Based
on animal data. the selective elimination of immunocompetent cells from
the graft by either physical or immunologic technics seems a logical step.
Immunodeficiency is probably best approached by steps to facilitate the
rate of lymphoid maturation. These might conceivably involve transplants
of thymic epithelium of the use of thymic hormones. Progress in the area of
interstitial pneumonitis will depend on an understanding of the etiologic
and pathogenic mechanisms involved. Trials of CMV immune plasma and
interferon are currently in progress. Development of more effective anti-
viral chemotherapy such as phosphonoacetic acid for CMV infection is
clearly needed. Progress in GVHD and immunodeficiency may have a
beneficial effect on interstitial pneumonitis. Finally, the possibility of lung-
shielding should be considered in non-leukemic patients.

A recent area of considerable interest is autotransplantation using cryo-
preserved remission bone marrow (for review see [10]). Preliminary studies
have clearly indicated that cryopreserved marrow can reconstitute a lethally
radiated recipient but leukemic relapse has been a major obstacle. Whether
this relates to residual leukemia in the patient or in the cryopreserved mar-
row is as yet uncertain. The concept of autotransplantation is of consider-
able theoretical interest since these patients would not be at risk to develop
many of the immunologic problems associated with allogeneic transplanta-
tion such as GVHD. Autotransplantation could expand the applicability of
marrow transplantation since most patients with leukemia lack an HLA-
identical sibling donor. Leukemic relapse remains the major problem in
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autotransplantation, and attemps to deplete clinically undetectable
leukemic cells from remisston marrow using either physical or immunologic
technics need to be critically evaluated.

A final consideration is the use of HLA-matched unrelated donors for
patients without HLA-identical siblings. Recent advances in histocompatib-
ility testing, particularly HLA-D typing, make this a possibility. Opelz and
coworkers have recently reviewed theoretical consideration involved in the
development of donor pools for unrelated marrow transplantation [12].

Summary

Bone marrow transplantation is an experimental approach to the treatment
of patients with acute leukemia, aplastic anemia, and other neoplastic and
genetic diseases. To date, long-term disease-free survival has been achieved
in a small proportion of carefully selected patients with resistant acute
leukemia. While results are not optimal, they are acceptable in late stage
patients where there are no effective alternates. Major problems in marrow
transplantation for leukemia include tumor resistance and a spectrum of
immunologic complications including GVHD, immunodeficiency, and
interstitial pneumonitis. Potential approaches to these problems have been
suggested. Progress in any one area would have a substantial impact on
improving survival and extending the applicability of marrow transplanta-
tion to patients at an earlier stage of their disease.
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Introduction

During the last ten years immunotherapy has become an important tool in
the treatment of human leukemias. Mathé etal. [1,2] demonstrated the
therapeutic value of irradiated allogeneic myeloblasts in combination with
BCG in treating childhood lymphoblastic leukemia. Similar studies were
conducted by Powles et al. [3] and Gutterman et al. [4] in patients with
acute myelocytic leukemia involving chemotherapy with or without irradi-
ated allogeneic myeloblasts plus BCG. These studies consistently show that
immunized patients sustain a somewhat longer remission duration than
those without immunization. Also, after the first relapse immunized patients
are reported to have higher frequency and greater “ease” of reinduction.
BCG has been used in conjunction with cultured leukemia cells in the im-
munization of patients with chronic myelocytic leukemia by Sokol et al. [5].
Under optimal conditions prolongation of median survival of CML patients
was attained in patients who were treated with busulfan and immuno-
therapy as compared to controls who received busulfan alone. In an attempt
to find a more standardized immunological adjuvant, Weiss et al. [6] con-
ducted extensive studies with MER, the methanol extraction residue of
BCG. They were able to demonstrate therapeutic advantage of MER,
especially in murine leukemias.

Neuraminidase of Vibrio Cholerae origin has been used successfully in
increasing the expression of tumor specific antigenicity of autochthonous
and syngeneic tumors. This phenomenon is exclusively due to the enzym-
atic cleavage of surface membrane bound N-acetylneuraminic acid from
the tumor cells [7]). The effectiveness of neuraminidase (N’ase) modified
spontaneous and transplantable tumors as immunogen in both immuno-
prophylactic and chemoimmunotherapeutic experiments in syngeneic mice
was positively established [8—11]. We have demonstrated that neuraminid-
ase-treated E,G leukemic cells which, like the AKR leukemia, are Gross
virus induced, but are completely different at the Hy genetic locus from the
AKR mice, were as effective as the syngeneic leukemic cells in prolonging
the survival of leukemic AKR mice [12]. This suggests the existence of a cross-
reacting common viral membrane antigen, and would suggest that if similar
etiology existed for human acute leukemia, it would not be essential to use
autologous leukemia cells for immunization. These data provided the basis
for using neuraminidase-treated allogeneic myeloblasts in human immuno-
therapeutic investigations. It will be demonstrated here that combined with
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an effective remission inducing and sustaining chemotherapy in patients
with acute myelocytic leukemia, neuraminidase modified allogeneic
myeloblasts have an important therapeutic value when administered in a
systematic program of chemoimmunotherapy.

Remission and Sustaining Chemotherapy

The chemotherapy protocol on this study is based in maximal chemothera-
peutic reduction of leukemic burden. This is achieved by induction therapy
with a regimen of cytosine arabinoside continuously administered intraven-
ously for 7 days at 100 mg per square meter of body surface area per day,
and daunorubicin at a dose of 45 mg per square meter of body surface area
per day by direct injection on days 1, 2 and 3. This regimen has induced
approximately 70 per cent of patients into remission. All patients were be-
tween the ages of 15 and 70. All received cyclical maintenance chemo-
therapy every 4 weeks. This consisted of 5 day courses of AraC in addition
to 6-thioguanine, cyclophosphamide, CCNU, or daunorubicin sequentially
with each course repeated at 4 months cycles.

Collection of Allogeneic Myeloblasts for Inmunotherapy

Patients became eligible for collection of myeloblasts after satisfying the
following criteria: Negative HA-A as determined by radioimmunoassay, no
previous chemotherapy, total WBC higher than 25000/pl, and higher than
70% myeloblasts in the peripheral blood. The myeloblasts were obtained by
leukophoresis. In the last five years we collected myeloblasts from 93 pa-
tients between the ages of 14 and 72 years and have not encountered any
important side-effects during the two to four hour procedure. After leuko-
phoresis, the myeloblasts were separated from contaminating red blood
cells by sedimentation at 37°C. After sedimentation leukemic cells were
mixed with special freezing media (free of calcium and magnesium) con-
taining 15% autologous or AB plasma and 10% DMSO. The final cell con-
centration was 0,3—-1,0x 10® cells/ml. Myeloblasts were frozen by pro-
grammed freezing at a temperature drop of 1,5°C per minute until - 38°C
was reached. and then rapidly to 80°C. The frozen cells were immedia-
tely stored in the vapor phase of liquid nitrogen.

Treatment of Allogeneic Myeloblasts with Neuraminidase

Myeloblasts were thawed and were washed twice with mixed salt and
glucose media at 4°C and further purified on a 22 per cent human albumin
gradient, layered over 45% surcrose for the separation of viable from non-
viable blast cells. After purification, blast cells were washed and incubated
with N’ase at a concentration of 50 units of enzyme per 5X 107 cells/ml in
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sodium acetate buffer, for 45 minutes at 37°C. The cells were then washed
and resuspended in physiological saline and used as immunogen within
30 minutes.

Immunization with Allogeneic Myeloblasts and MER

Immunization with neuraminidase treated allogeneic myeloblasts was per-
formed by intradermal injections. In order to get maximum exposure to the
immunogen, sites were widely spread in the supraclavicular, infraclavicular,
arm, forearm, parasternal, thoracic, suprainguinal and femoral regions
draining into several node bearing areas.

Dose dependent cellular titration was performed with each immuniza-
tion with 0,5, 1,5, 2,5% 108 and 0 cells. The total immunization load was
about 1010 cells at 48 body sites. The injections of neuraminidase treated
myeloblasts produced no local lesions other than the delayed type cutane-
ous hypersensitivity reaction (Table 1) and none of the patients developed
chill, fever, or adenopathy. No hypersensitivity reaction was apparent at the
site of injection of physiological saline, heat denatured neuraminidase, or
supernatant of cell incubation media. In patients randomized to receive
MER too, we used ten intradermal sites of 100 pg/.1ml each totaling
1,0 mg of MER.

Table 1. Delayed hypersensitivity response to X-irradiated or neuraminidase treated myeloblasts

Immunization Induration?
Cycles
Number of n’ase treated myeloblasts Number of X-irradiated
injected per site myeloblasts injected per site
X 108 X 108
0.5 1.0 20 30 1.0 20 30
l 3515 62+2 14+4 18+3 301 54+15 78+£2
6 T1+£2  129+3 198+6.1 24+6 42+21 75+£3 84+12
12 83+24 14.1£29 2035 251%7 46+16 72+24 81%25

& Mean induration in mm obtained from at least 40 injected sites. measured 48 hours after
the intradermal injection of myeloblasts.
Standard error of mean

Impact of Specific Inmunotherapy in Patients with
Acute Myelocytic Leukemia

Based on experimental observations, a successful chemoimmunotherapy
trial was conducted in patients with acute myelocytic leukemia. The interim
analysis presented below is calculated by standard life table methods and is
subdivided into several subsets. The data represents 91 patients with AML
who were allocated in three groups following successful remission induction
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using cytosine arabinoside and daunorubicin. Patients designated to receive
immunotherapy were injected (1.d.) in approximately 48 sites every 28 days
with 101° Nase treated allogeneic myeloblasts. For 27 of the 91 acute
myelocytic leukemic patient, the remission duration on the chemotherapy
alone was 243 days; for those receiving N'ase modified allogeneic myelo-
blasts as immunogen the mean remission was 686 days (Fig. 1). The differ-
ence in remission duration between the two treatment groups is highly
significant: p = .001 using Breslow’s, Logrank and Cox regression analysis.
Combination of specific plus adjuvant immunotherapy did not act syner-
genistically in the treatment of AML patients. Fig. 2 shows the behavior of
patients immunized with N’ase treated myeloblasts plus the full prescribed
dose of MER with a mean remission duration of 336 days. This was com-
pared to another group of patients, in whom, based on the demonstration
of .the presence of suppressor cells and supporting clinical evidence, the
MER dose was attenuated or omitted. This modality provided considerable
improvement in the remission duration (of 630 days) but still not has re-
ached the level attained with Nase treated myelobasts alone (see Fig. 1).
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However the difference between the control vs. cell + MER is significant at
p = .03. It appears that inclusion of MER in this immunotherapy protocol
adds no value to chemoimmunotherapy when added to N’ase treated allo-
geneic myeloblasts as immunogen in AML patients.

Response to Recall Antigens

The in vivo immunological status of the immunotherapy patients at various
stages of their treatment was measured by DCH response to five recall anti-
gens: PPD, mumps, candida, varidase and dermatophytin. Interpretation of
the skin tests was based on the induration as measured in millimeters in two
directions at 48 hours and considered positive if the diameter of induration
exceeded 5 mm. Fig. 3 shows that there were significant improvements in
the response to recall antigens in patients immunized with N’ase treated
myeloblasts. However, patients who received N’ase treated myeloblasts plus
MER. after an initial improvement, the DCH response to recall antigens
gradually declined and was ultimately eradicated. The decline of in vivo
response to antigens often preceeded subsequent relapse of those
individuals who received full dose of MER in addition to Nase treated
myeloblasts.

Impact of Inmunotherapy on the Inmunological Status of AML Patients

On each immunization day, remission lymphocytes were isolated from
freshly drawn heparanized blood by the Ficoll-Hypaque gradient method
for the following in vitro assays: Surface markers by E and EAC rosettes,
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Fig. 3. Change of delayed hypersensitivity response to re-
PO MUMPS CANDIDA VARIDASE DERMATO- 4 ]] antigens during the course of chemoimmunotherapy
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phytohemagglutinin (PHA) and pokeweed mitogen (PWM) induced lym-
phoblastogenesis and tumor leukocyte culture (MLTC) with immunizing
allogeneic myeloblasts.

Although the quantification of E and EAC rosette forming lymphocytes
from AML patients in the protocols were routinely performed, we are only
showing in Table 2 two test periods: a) The initial E and EAC values at the
time of randomization, and b) the impact of immunotherapy on the T and
B lymphocyte surface markers. The median value for normal donors of E-
rosetting PBL is 74,4%. with 1,986 as the number of absolute T-lymphocytes.
For EAC rosetting the normal PBL values are 22,1% with 521 as the
number of absolute lymphocytes. Patients at the time of randomization, still
under recovery from induction and consolidating chemotherapy, have
shown significantly lower percentage (49,2 and 51,7) and absolute number
(412 and 487) of T-cells as well as lower percentage (16,2 and 16,5) and
absolute number (169 and 195) of EAC rosetting lymphocytes.

Patients in both chemotherapy regimen showed a significant increase of
T- and B-lymphocytes as compared to values at the time of randomization
both in percentage and in absolute number.

Maximum lymphocyte blastogenesis was attained at 0,15 pg per well for
PHA and 30 pg per well for PWM, for normal donors, as well as for the
remission lymphocytes from patients in either of the therapeutic regimen.
Lymphocytes obtained from patients receiving chemotherapy alone showed
consistently lower degree of stimulation to both mitogens all through the
observation periods. Lymphocytes obtained from AML patients who have
been immunized with Nase treated myeloblasts showed, despite the fact
that they have been receiving chemotherapy, nearly normal lymphocyte
function (Table 2). Countraiwise, patients immunized with Nase treated
myeloblasts plus MER have shown in the first six months of immunother-
apy a continuous improvement in their response to mitogens but not to
tumor cells. This was followed by a gradual decline in lymphocyte function.
The fact that patients treated with Nase treated myeloblasts plus MER
have similar E-rosetting PBL as patients treated with cells alone, but have
significantly altered in vivo and in vitro lymphocyte function (Fig. 4), raised
the possibility of the presence of an inhibitory mononuclear cell population
in the blood of such immunized patients. This hypothesis was tested and
the data are summarized in Fig. 5. Isolated enriched T-cell fractions from
normal donors or from patients immunized with N’ase modified myelo-
blasts gave similar uptake of H3TdR as the unseparated PBL. However,
isolated enriched T-cell fraction from AML patients who received Nase
treated myeloblasts plus MER, and have shown dec ining in vivo and in
vitro immunological responses, gave 3-7 times greater H3TdR incorpora-
tion in response to PHA than their unseparated PBL. The response of the
enriched T-cells was strongly inhibited by addition of autologous but not
normal donors’ adherent mononuclear cells. These findings suggest that
depression of cell mediated immunity is seen in most of the tested AML
patients who received Nase treated myeloblasts plus full dose of MER, but
not among the patients immunized with N’ase modified myeloblasts alone,



Table 2. Lymphocyte function and surface membrane markers of remission lymphocytes in AML patients in the immunotherapy study

PHA PWM MLTC? MLTC? E-Rosettes EAC-Rosettes
max. stimul. SI max. stimul. SI max. stimul. SI max. stimul. SI % absolute % absolute
c.p.m. X 103 c.p.m. X 103 c.p.m. X 103 c.p.m. X 103 number number
Normal subjects 1022 257 95.1 194 744 1986 221 521
N79 +8.7 +64 +251 +52
Randomization 412 93 378 67 15.1 29 192 36 491 412 175 146
Chemotherapy +5.1 +53 +34 +49 +17 +6
N 25 After 8th course 517 117 493 89 196 37 223 39 563 725 213 274
+6.1 +59 +42 +6.1 +17 +14
Randomization 37.1 90 358 73 18.3 32 215 35 492 429 185 161
Immunotherapy with cells +44 +64 +6.1 +6.9 +21 +82
N 34 After 12th course 795 212 753 142 28.7 59 20.5 29 7001 1122 202 323
8.2 +76 +85 +32 +120 +27
Randomization 383 85 37.1 79 176 28 18.7 31 517 487 223 210
Immunotherapy cells+ mer  +£354 +49 +4.1 +3.5 +45 +21
N 19 After 12th course 512 113 46.6 68 209 29 213 37 701 1,099 215 337
+6.0 63 +2.7 +5 +118 +37

Allogeneic myeloblasts 2 used for immunotherapy or ® not used for immunotherapy. the mixed tumor-leukocyte culture was performed: Myeloblasts
incubated with mitomycin-C at 30 pg/ml of 2X 108 cell suspension for 30 minutes at 37°C. After washing 2X 105 myeloblasts were distributed in
each of the replicate wells of the falcon microplates containing 10° responding lymphocytes per well in RPMI 1640 media supplemented with 20%
heat inactivated autologous plasma. After 90 hours of incubation 1pci 3H-Tdr was added per well. Cultures were harvested 18 hours later with

the addition of excess cold thymidine.
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Fig. 5. Appearances of suppressor cell activity in AML patients treated with Nase treated
myeloblasts plus MER
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Fig. 4. Impact of N'ase modified myeloblasts plus MER on various immunological parameters
in AML patients

maybe due to the suppression of certain T-cell functions by circulating
monocytes affected by MER. The time of appearance of the apparent sup-
pressor cell activity was different from patient to patient and omission of
MER from the treatment in most cases prompted recovery of the patients’
in vivo and in vitro immunological parameters and a gradual decrease of

suppressor cell population.

Summary

Our studies clearly show that significantly longer remission duration was
attained in groups of AML patients immunized with neuraminidase treated
allogeneic myeloblasts as compared to patients who received chemotherapy
alone or neuraminidase treated myeloblasts plus MER. It is clear that
MER, albeit apparently active alone in certain other clinical studies impairs
the immunotherapeutic value of neuraminidase treated allogeneic myelo-
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blasts in AML patients. The in vivo and in vitro immunological test results
reflect the host’s immunological status in each arm of the protocol and cor-
relate well with the duration of remission achieved with specific vs. com-
bination of specific plus adjuvant immunotherapy.
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The introduction of combination chemotherapy in the treatment of adult
acute leukemia has had a profound impact on the response and duration of
survival of patients with adult acute myeloblastic leukemia. In the past
decade, the combination of cytosine arabinoside with an anthracycline anti-
biotic, either daunorubicin, adriamycin, or rubidazone, has been respon-
sible to a large degree for the success.

In a study done at the M.D. Anderson Hospital in 1973, a combination
of adriamycin, vincristine, Ara-C and prednisone (Table 1) was utilized for
initial induction therapy for 58 adults between the age of 15 and 76 with a
diagnosis of acute myeloblastic leukemia. 43 (74%) of the patients achieved
a complete remission with 31 of 35 (89%) patients under the age of 50
achieving a complete remission {4]. Median duration of survival in this group
of patients was 58 weeks. Nine patients remain alive between 4 and 5 years
from diagnosis. These 9 are all in their original first complete remission and
represents 9 of 31 Patients (29%) under the age of 50 who achieved remission.

Table 1. AD-oap. Acute myeloblastic leukemia

Entered 58
Complete remission 43 (74%)
Complete remission <50 31735 (88.5%)

>50 1223 (51%)

Because of the initial success of this program, the same combination
of agents was utilized in the Southwest Oncology Group for remission
induction therapy. A total of 420 patients were entered, 224 achieved com-
plete remission (54%). The survival of all patients and survival of those
patients achieving a complete remission is shown in Fig. 1. The vertical
lines on these survival curves represent patients still alive and can still ef-
fect the overall survival of these patients. The median duration of survival
of all patients entered is 50 weeks and the projected median duration of
survival of the patients who achieved complete remission is almost double
this to 2 years [5].

* Supported in part by Grants CA11520. CA05831. CA19806 and CA 14528, National In-
stitutes of Health. Bethesda. Maryland.
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In addition to adriamycin, rubidazone, a new anthracycline antibiotic
related to daunorubicin, has been utilized in combination with cytosine
arabinoside in the management of patients over the age of 50. The program
is shown in Table 2. A total of 56 patients have been entered on this pro-
gram with an overall response rate of 49% which is similar to the response
rate seen in patients utilizing a combination of adriamycin, Ara-C, vin-
cristine and prednisone [3].

Table 2. Roap. Acute myeloblastic leukemia.
>50 years of age

Entered 57
Complete remission 28 (49%)

In an attempt to prolong remission, a late intensification program has
been used in patients who have been in maintained complete remission for
one year or longer. Late intensification therapy utilizes drugs that they have
not been previously exposed to, the majority of the patients in this program
received a combination of 6-mercaptopurine, methotrexate, vincristine and
prednisone. A total of 62 patients have undergone late intensification ther-
apy and 29 (47%) remain in unmaintained complete remission. The major-
ity of the patients that relapsed, relapsed in the first six months and 31 of
the 33 patients that have relapsed have done so within the first 24 months
following discontinuous of chemotherapy (Table 3). The risk of relapse sub-

Table 3. Late intensification therapy in acute leukemia

Patients entered 62
Patients still in CR 29 (47%)
Relapsed by 6 months 21 (64%)

Relapsed by 24 months 31 (94%)
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sequent to this time is less than 10% [1]. Of the 36 patients who are in
continuous complete remission one year from complete remission, 9 (25%)
had relapsed whereas 12 patients now have been discontinued from chemo-
therapy four years or longer from the late intensification and none of these
have relapsed (Table 4). The overall nisk of subsequent relapse after one year
of continuous complete remission without chemotherapy is less than 10%.

Table 4. Duration of unmaintained remission
after late intensification therapy

Duration of CR Number of Subsequent

(Yrs from LI) Patients Relapses
1 36 9 (25%)
2 25 2 (8%)
3 18 1 (6%)
4 12 0

The survival in AML after relapse is short, the median duration of sur-
vival of patients with AML who have achieved a complete remission and
subsequently relapsed. the survival from relapse is less than 20 weeks (Fig. 2).
Only 5% of these patients are projected to be alive in one year. Because of
these poor results following relapse, a program of autologous bone marrow
transplantation has been introduced using marrow collected and stored
from patients with acute myeloblastic leukemia during periods of remis-
sion. This therapy offers a viable alternative to reinduction chemotherapy.
We have used a combination of piperazinedione and total body irradiation
therapy.
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This program has resulted in clearing of the leukemia and evidence of
engraftment with normal myeloid recovery in 5 of 11 patients [2]. Survival
of these patients, duration of remission and duration of bone marrow stor-
age in months and interval between storage and relapse and the number of
cells and the number of colony forming unit$ reinfused is shown in Table 5.

Table 5. Autologous bone marrow

transplantation

Number of Evaluable Patients 11

Number Showing Evidence of

Engraftment 9

Number Achieving Complete

Remission 5

Survival (days) 17-320+

Interval Between Remission and 2-5

Storage (months) Median 12

Interval Between Storage and 10-30

Relapse (months) Median 19

Cells Transfused/kg b.w. 6.8 X 108-3.2x 108
~ Median 1.2 X 108

CFU-C/10° Cells 0-15

Median 5
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Introduction

There have been many attempts to predict the outcome of antileukemic chemo-
therapy by characterizing the kinetic status or the drug uptake characteristics
of a patient’s leukemic cells. These attemps have for the most part been un-
successful [1-4]. In this paper we will present recently acquired data from our
laboratories which appears to be useful in predicting the outcome of therapy
and will discuss some of the reasons for the failure of previous studies.

Methods

Patients were treated with a combination of adriamycin (ADR) (30 mg/m?
IV d 1, 2, 3) and cytosine arakinoside (ara-C) (100 mg/m?/d for 7 days by
continuous infusion) [5,6]. Exjerimental methods are described in the refer-
enced publications.

Results

Pharmacologic Assessment of Therapeutic Sensitivity
Cytosine Arabinoside Phosphoryiution and Retention in Vitro

The 4-hour retention of cytosine .:rabinoside by the leukemic cells of 28
patients was measured (Rustum aud Preisler, Cancer Res., submitted 1978).
Patients could be divided into two groups: a high retention group-patients
whose leukemic cells retained after 4 hrs >30% of their initial levels of ara-
CTP, and those whose leukemic cell retention of ara-CTP was low (<20%).
Table 1 gives the treatment results for these patients. Both groups were in-

Table 1
Patients Nc.  CR  Cause of remission Med. dur.
induction failure CR-Wks.
Entire population 28 0 — 72
High ara-CTP retention (>30%) 13 11 2 pts. died during induction ~ >78
u o mapy

Low ara-CIPretention (<20%) i5 9 3 pts. with resistant disease (7)., 28
3 pis. died during induction
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distinguishable with respect to characteristics such as age, initial white blood
cell count, etc. Itis clear that while the advantage of the high retention group
over the low retention group with regards to remission rate was marginal
(p =0,05), the duration of remission for the former patients was much greater
than for the latter (p <0,001).

Estimation of Ara-CTP Levels Achieved in Vivo with Leukemic Cells

Methods have not as yet been developed which permit direct accurate assess-
ment of the intracellular levels of ara-CTP which are reached during chemo-
therapy. The intracellular level of ara-CTP achieved during therapy has
been determined indirectly by measuring the inhibition of 3H-CdR
incorporation into DNA (Rustum et al., unpublished data). An in vitro
standard curve is generated for each patient’s bone marrow cells prior to ini-
tiation of therapy using 0,0625 to 1,0 ng/ml ara-C. The intracellular ara-CTP
level achieved in vitro at each concentration is correlated with the extent of
inhibition of CdR incorporation into DNA and a standard curve drawn.
Twenty-four hours after the initiation of therapy, bone marrow myeloblast
cells are obtained from the patient and incubated with CdR-3H to determine
the extent of incorporation of CdR into DNA. The rate of incorporation of
CdR into this specimen is then related back to the pretherapy in vitro stand-
ard curve and an estimation is made of the intracellular level of ara-CTP
achieved after 24 hrs of therapy. The results summarized in Table 2 indicate
that at an in vitro concentration of 0,0625 pg/ml ara-C the extent of inhibi-
tion varied from 8% to 93% in different patients. At 1,0 pg/ml this inhibition
varied from 42% to 95%. These results also show that there is a close correla-
tion between the amount of ara-CTP achieved intracellularly in vitro and the
extent of inhibition of CdR-3H incorporation into DNA prior to therapy and
24 hrs after the initiation of chemotherapy.

Biological Assessment of Determinants of Response

The development of in vitro clonogenicity assays has permitted the character-
ization of a population of progenitor cells which have hitherto been impos-
sible to study directly. Since the leukemic CFU-c are a minority progenitor
population hidden within the recognizable leukemic cells, studies carried out
on the latter population of leukemic cells may not be reflective of the proper-

Table 2

In vitro percent Inhibition at In vivo Ara-CTP2
Patient 0,0625 pg/mlc 0,1 png/ml Inhibitionb (pm/107 cells)
| 8 45 22 28
2 60 83 68 18
3 94 96 93 30

2 ara-CTP formed intracellularity when bone marrow myeloblasts were incubated with
0,0265 pg/ml ara-C.

b 24 hrs. after initiation of therapy.

¢ Ara-C concentration.
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ties of the leukemic progenitor cells. Support for this proposition has been
found in our comparison of the labeling index of the recognizable leukemic
marrow cells with the suicide index of the leukemic CFU-c (Preisler and
Shoham, submitted to Cancer Res., 1978). Fig. 1 demonstrates that a simple
relationship does not exist between the labeling index and the suicide index
except in that the labeling index is consistently lower than the suicide index

(usually ¥%-14).

Estimation of Effects of Adriamycin in Vivo

Hoechst 33342 is a supravital dye which can be used to stain DNA for flow
cytometric studies. While comparing leukemic cell DNA histograms before
and 24 hrs after the initiation of antileukemia chemotherapy, we found that
the degree of DNA fluorescence produced by H33342 was diminished in
some patients (Preisler, H.D., Cancer Treat. Rep., in press). In vitro studies
were carried out to further characterize this phenomenon. Fig. 2 illustrates
one such study. With exposure to increasing concentrations of ADR, there
was a progressive decrease in the DNA fluorescence produced by H33342.
The effects of exposure to as little as 0,2 ug of adriamycin for lhr could be
detected. As with CdR uptake, we plan to construct a pre-therapy in vitro
dose response curve to assess the potential sensitivity of a patient’s leukemic
cells to ADR. We will also incubate marrow cells with H33342 24 hrs after
the initiation of therapy, measure the fluorescence produced and using the
pretherapy dose response curve, estimate the in vivo effects of therapy.
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Discussion

The effectiveness of antileukemia chemotherapy depends upon delivery of
the drugs to the target cells, the uptake and activation (if necessary) of the
drugs, and the presence of a sensitive metabolic pathway (the latter being
dependent in some cases upon the cell cycle characteristics of the leukemic
cells). We are attempting to obtain this information by measuring the uptake
and activation of ara-C in vitro, deriving an estimate of the in vivo uptake of
ara-C and ADR during therapy, and by measuring the labeling index and
leekemic CFU-c suicide index prior to and 24 hrs after the initiation of ther-
apy. The latter provides a measure not only of the kinetic status of leukemic
CFU-c but also their sensitivity to the antileukemic therapy being employed.
Hence, we are attempting to measure the relevant parameters which deter-
mine response to therapy.
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Two theoretical but practical considerations warrant further discussion.
Does measurement of drug uptake by leukemic marrow cells in toto accur-
ately reflect the properties of the leukemic stem cell? This not a moot point
since in all likelihood the majority of leukemic cells are end stage cells which
are irrelevant with respect to therapeutic attack. The dissociation between
the labeling index of the leukemic cells and the suicide index of the clono-
genic cells clearly points out that the properties of the easily observable mar-
row leukemic cells are not necessarily reflective of the properties of the few
but crucial stem cells. In our studies to date (and described in this paper), we
have found an excellent correlation in previously untreated patients between
response to therapy (remission duration — vide infra) and ara-CTP retention
by marrow leukemic cells. By contrast, the correlation between ara-C metab-
olism and response for relapsed patients is not nearly so good and, in fact, in a
few cases, high levels of ara-CTP retention have been associated with clinical
refractoryness to therapeutic regimens which included ara-C. One possible
explanation for this could be a discordance between the drug sensitivity of
the leukemic stem cells and the easily observable leukemic cells — a discord-
ance which developed during maintenance therapy. Alternatively, the leu-
kemic cells of these patients may still activate and retain ara-C quite well but
may no longer have a sensitive metabolic pathway. Measurement of DNA
synthesis (using CdR incorporation) in the presence of ara-C will test this
possibility.

The second point requiring discussion relates to evaluation of response to
therapy. The end point of all previous studies has been an assessment of
whether or not remission has been attained. Considering the aggressive
therapeutic regimens currently in use, remission induction rate is an in.p-
propriate end point since marrow aplasia is produced in the vast majority ¢
patients and once this occurs, intercurrent problems relating to infection play
a major role in determining whether or not a patient will survive for a suffi-
ciently long period of time to permit regrowth of his bone marrow. Many
patients whose leukemic cells are sensitive to therapy die during remission
induction [6]. One of us has proposed a system for classifying failure to re-
spond to remission induction therapy so that a distinction can be made with
respect to patients who fail remission induction therapy because of leukemic
cell resistance to the therapy employed as opposed to those patients who die
of intercurrent problems and whose leukemic cells were sensitive to chemo-
therapy [7]. By contrast the duration of remission appears to be primarily
determined by two factors: the number of leukemic cells persisting once re-
mission occurs and the effect of maintenance therapy on residual disease —
both of which are reflective of the drug sensitivity of the leukemic cells.
Hence, the duration of remission and not the percent remission induction
rate is a better measure of leukemic cell sensitivity to drugs. This theoretical
construct agrees quite well with our data on ara-CTP retention.

Previous attempts to predict the outcome of antileukemia therapy have
not been successful probably because they were based upon the measure-
ment of a single parameter [3,4] (labeling index for example) or used the
wrong clinical endpoint [1,2] (remission induction rate). We hope that by
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simultaneously determining the relevant cell cycle parameters along with
measurements of drug metabolism and the use of appropriate clinical para-
meters, we will avoid the pitfalls of previous studies and be able to predict the
clinical responses of individual patients.
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Prognostic Factors in
Adult Acute Lymphoblastic Leukemia
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Introduction

The introduction of three and four drug combination chemotherapy into
the treatment of acute lymphoblastic leukemia (ALL) in adults has re-
sulted in complete remission being achieved in approximately 70% of
cases (Willemze, Hartgrink-Groeneveld, 1975; Jacquillat and Weil, 1973;
Gee and Haghbin, 1976; Muriel and Pavlovsky, 1974; Atkinson and Wells,
1974; Einhorn and Meyer, 1975; Rodriguez and Hart, 1973; Whitecar and
Bodey, 1972; Spiers and Roberts, 1975). In spite of the use of early central
nervous system prophylaxis and continuous maintenance chemotherapy,
however, the duration of complete remission remains considerably shorter
than in childhood ALL. It is well documented that certain presentation
features influence the prognosis in childhood (Henderson, 1969; Simone
and Holland. 1972). We have, therefore, analysed the data from 42 adults
in whom complete remission was achieved to determine which presentation
features influence the prognosis in adults.

Materials and Methods

A. Patients

Between November 1972 and December 1976, 62 consecutive previously
untreated adults with ALL were treated with combination chemotherapy at
St. Bartholomew’s Hospital. All patients received adriamycin, vincristine,
prednisolone and L-asparaginase, as previously reported (Lister, White-
house. 1978), and complete remission was achieved in 43 (69%). One
patient returned to India without maintenance therapy and subsequently
relapsed. The remaining 42 cases form the basis of this analysis. All reciev-
ed early central nervous system therapy and continuous maintenance
chemotherapy until relapse or for three years, whichever was shorter.

B. Diagnostic Criteria

The diagnosis of ALL was based upon conventional morphological criteria
(Bennett and Catovsky, 1976) for May-Grunwald-Giemsa stained bone
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marrow smears, which showed at least 30% infiltration by agranular, Sudan
Black negative blast cells. The periodic-acid-Schiff (PAS) stain was
performed in all cases and considered positive if more than 5% of the blasts
exhibited block or coarse granular activity. Cases with an occasional fine
granular or negative reaction were also negative for napthol-As-Acetate
esterase activity. Cytogenetic analysis showed that all patients were nega-
tive for the Philadelphia chromosome.

C. Treatment Programme

The treatment programme included three main elements: the induction and
consolidation of remission, treatment of central nervous system (CNS) or
CNS prophylaxis, and maintenance treatment.

1. Induction and Consolidation of Remission

At the start of the study we planned to give doxorubicin (adriamycin) and
vincristine every week for a minimum of four courses regardless of the peri-
pheral blood count. But the incidence of pancytopenia after the 2nd injec-
tion was so high that the schedule was modified and the 2nd course of
doxorubicin and vincristine was given at least 14 days after the first. The
interval between the later courses of doxorubicin and vincristine depended
on the bone marrow findings.

Table 1. Treatment given for inducing and consolidation remission (OPAL®)

Drug Administration Dose Intervals

of Treatment
Doxorubicin Intravenous 30 mg/m? Days 0. 14.28. 42b
Vincristine Intravenous 1.4 mg/m? (max 2 mg) Days 0. 14,28, 42b
Prednisolone By mouth 40 mg Daily
Colaspase Intravenous 10,000 TU/m? Days 0-14
Allopurinol By mouth 200 mg three times a day Daily until blasts

cleared from blood

4 Oncovin (vincristine), prednisolone, adriamycin (doxorubicin). and L-asparaginase (colas-

pase).
b Bone marrow was assessed on day 49: if leukaemic infiltration persisted two further injec-
tions of doxorubicin and vincristine were given about 14 days apart.

2. CNS Prophylaxis and Treatment

In the early part of the study lumbar puncture for CSF cytology was not
performed until clinical and haematological remission had been achieved.
Patients with no evidence of infiltration then proceeded to CNS prophylaxis.
This consisted of cranial irradiation (2400 rads) given in 15 fractions over
three weeks with concomitant intrathecal methotrexate 12,5 mg twice week-
ly for five doses during the same period. Analysis of the CSF findings in the
first 28 patients who achieved complete remission indicated a high incid-
ence of asymptomatic leukemia disease (Lister and Whitehouse, 1977).
The first injection of intrathecal methotrexate was therefore introduced
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during the induction of remission, when the platelet count reached 50X 10°/1
in the absence of circulating blast cells. The total number of doses of metho-
trexate was also increased to seven. Patients with proven CNS disease who
were in clinical and haematological remission received more intensive
radiotherapy and intrathecal chemotherapy. Cranio-spinal irradiation
(2400 rads) was given in 20 fractions together with 5 doses of intrathecal
methotrexate 12,5 mg followed by five doses of 1ntrathecal cytarabine
50 mg given over four weeks.

3. Maintenance Treatment

This consisted of oral 6-mercaptopurine 75 mg daily, starting when com-
plete remission had been achieved and always after allopurinol had been
stopped. Once CNS therapy had finished oral cyclophosphamide 300 mg
weekly and oral methotrexate 30 mg weekly were started together. The
doses of all the drugs were adjusted to maintain the total white cell count at
3% 10%/1 and treatment was continued for three years and then stopped.

D. Cell Surface Marker Studies

The panel of membrane markers used included spontaneous sheep red
blood cell rosette formation (for T cells), reactivity with anti-human im-
munoglobulin (for B cells) and with anti-ALL serum (for “common ALL”
cells). Ficol-Triosil density gradient separation of peripheral blood or bone
marrow samples was used to separate blasts and mononuclear cells.

The sheep red blood cell rosette (E-rosette) tests was performed by addi-
tion of a suspension of 1X 108 test cells in 50 pl of medium with 50 ul of
foetal calf serum (absorbed with sheep red blood cells) to 100 pl of a 2%
suspension of sheep red blood cells which were neuraminidase treated
(15 U/ml at 37°C for 30 minutes). The cells were centrifuged at 400 g for
5 minutes and left undisturbed at room temperature for 1 hour before
gentle resuspension and counting in an haemocytometer.

The anti-immunoglobulin serum was a fluoresceinated F(abl), prepara-
tion of sheep antibody to human IgG (courtesy of Dr. I. Chantler, Well-
come Research). It was used in a direct immunofluorescence technique by
incubating X 108 test cells in 50 pl of medium containing 0,02% sodium
azide. with the anti-immunoglobulin at a 1 in 10 final dilution for 30 min-
utes at 4°C. washing cells 3 times and counting in suspension on a slide
with a Zeiss Standard 16 phase contrast microscope with epifluorescence
and narrow band FITC filters.

The anti-ALL serum has been previously described in detail (Brown and
Capellaro, 1975). It was raised in rabbits against non-T, non-B ALL cells
coated with antilymphocyte serum. After extensive absorption with normal
haemopoietic cells. lymphocytes and acute myeloid leukemia cells, it was
functionally specific for the majority of cases of non-T, non-B ALL and
some cases of chronic myeloid leukemia in “lymphoid” blast crisis
(Roberts and Greaves, 1978). This antiserum was used in an indirect im-
munofluorescence technique by incubation for 30 minutes at 4°C with
1 X108 viable cells in suspension, washing cells twice and then incubation



102 Lister. T. A. et al.

for 30 minutes at 4°C with a goat anti-rabbit immunoglobulin antiserum
which was fluorescein labelled. The cells were then washed 2 times before
counting in suspension as above.

E. Statistical Analysis

Remission duration curves and graphic presentations were developed by
standard life table formulae (Armitage 1971) and statistical significance was
determined by the Log Rank analysis method (Peto and Pike, 1977). The
significance of clinicopathological correlations was determined by the
Mann Whitney U test.

Results

A. Overall Duration of Remission

The data from 42 patients are evaluable. Twenty two have relapsed. One
elected to stop maintenance after 8 months and relapsed shortly thereafter.
He has been analysed as not having relapsed, but as being in continuous
complete remission for 8 months. One patient died at home during an in-
fluenza epidemic whilst in complete remission. The remainder continue in
complete remission between 7 and 64 months. The median duration of
complete remission was 21 months. Seven patients have already been in
continuous remission more than 3 years.

B. Influence of Presentation Features on Remission Duration

1. Age

The age of the patients at presentation did not influence the duration of
remission. The number of older patients is small, so statistical analysis
would be unwise. However, only 2 patients out of 9 over the age of 40 have
relapsed, both at 4 months: the remainder continue in remission between

4 and 46 months.

2. Bulk of Disease at presentation

I. Hepatosplenomegaly (Fig. 1)

Both the liver and spleen were clinically enlarged in 20 patients. Only
6 of these patients remained in complete remission, compared with 15 out
of 22 patients in whom there was not hepatosplenomegaly. The duration of
complete remission was significantly shorter for patients with hepatospleno-
megaly (p = < .001).

II. Blast count at presentation

All 4 patients in whom the presentation blast cell count was greater than
100 x 10°/1 had relapsed by six months. However, comparison of the duration
of remission for patients with blast cell counts above and below 10X 10°/1
reveals no statistically significant difference.

3. Cytochemistry
The PAS reaction was positive in 20 cases and negative in 22. There was no
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Fig. 1. Duration of complete remission in acute lymphoblastic leukemia. Influence of reactiv-
ity with anti-ALL serum

difference in the duration of complete remission between the 2 groups. Ten
out of 20 patients in whom the reaction was positive have relapsed, the re-
mainder being in complete remission between 12 and 64 months. Eleven
out of 22 patients in whom it was negative have relapsed, the remainder be-
ing in complete remission 2 and 25 months.

4. Cell Surface Marker Studies

These were performed in only 29 cases in whom complete remission was
achieved. The remaining 13 cases were not studied because they were treat-
ed before the techniques necessary were in routine use in our laboratory
and not enough viable cells were stored to allow frozen samples to be
tested. Thus the duration of follow-up of these cases is shorter than that of
the whole study and the median duration of complete remission has not yet
been reached.

Complete remission was achieved in only 3 out of 5 cases of Thy-ALL.
Two have relapsed at 5 and 10 months, and the third continues in complete
remission at 35 months. :

The blasts from 16 of the remaining cases of unclassified or null ALL
reacted positively with the anti-ALL serum. The duration of remission was
significantly longer than that of the 10 cases of which did not react with the
antiserum. Only 3 out of 16 anti-ALL positive common ALL cases have
relapsed. The remainder continues between 7 and 46 months. Six out of the
10 anti-ALL, non-T, non-B cases have relapsed and only 4 remained in
remission between 8 and 41 months (Fig. 2).
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Fig. 2. Duration of complete remission in acute lymphoblastic leukemia. Influence of
hepatosplenomegaly

Discussion

These results support the contention that the prognosis in ALL in adults is
influenced by the extent of disease at presentation. The presence of hepato-
splenomegaly was associated with a very short duration of remission. All
patients with a very high blast count (greater than 100 X 10%/1) had relapsed
within six months, even though the previously significant adverse influence
of a presentation blast count above 10X 109/1 has not been confirmed.

The cell surface marker studies demonstrate a significant advantage for
patients whose blast cells reacted with the anti-ALL serum. The number of
patients was small and the findings should be interpreted with caution.
However, the fact that the results are identical with those reported in child-
hood ALL reported by Chessels et al. Chessels and Hardisty (1977) sug-
gests that our observations are valid. |

The response to the initial therapy remains the most important prognos-
tic factor, with survival being very significantly longer for patients in whom
complete remission was achieved than for those in whom it is not. The re-
cognition that the same prognostic factors apply to both childhood and
adult lymphoblastic leukemia makes it possible to develop treatment pro-
grammes for adults on the basis of data obtained from childhood studies.
This is most important since the number of adults with lymphoblastic leu-
kemia is small and data are hard to obtain. The recognition that presenta-
tion features influence the prognosis must lead to the intensification of ther-
apy for patients with adverse prognostic factors and also the avoidance of
intensification of therapy for those patients in whom adverse prognostic
factors are not found.
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Ultrastructure and Cell Marker Studies
in Lymphoproliferative Disorders
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Surface marker studies have been shown to provide new objective criteria
which help to define normal and leukemic cells. Methods for recognizing
different subpopulations of lymphocytes are in sharp contrast to conven-
tional morphological techniques, e.g. Romanowsky stained films and paraf-
fin sections, which not only do not allow such distinction to be made, but
fail sometimes even to demonstrate the lymphoid or myeloid nature of a
neoplastic process. Transmission electron microscopy (TEM) increases the
precision of morphological analysis of cell types by demonstrating in great-
er detail, and with less artefacts, such cell characteristics as nuclear
chromatin condensation, nuclear shape, details of cytoplasmic organelles,
inclusions, etc. The combination of TEM and surface marker studies is
bound. therefore. to increase our power of identification and characterisa-
tion of the cells involved in lymphoproliferative disorders.

Materials and Methods

TEM and surface markers were performed in peripheral blood and/or
bone-marrow samples from acute and chronic leukemias; lymph node
biopsy specimens from non-Hodgkin’s lymphomas were also tested. The
disorders studied were: chronic lymphocytic leukemia (CLL), leukemic
phase of diffuse poorly differentiated lymphocytic lymphomas (PDLL) and
follicular lymphoma (FL), hairy-cell leukemia (HCL), prolymphocytic
leukemia (PLL). acute lymphoblastic leukemia (ALL), and Sezary’s syn-
drome. The B- and T-cell markers, namely, surface membrane immuno-
globulins (Smlg) and rosetting tests with mouse and sheep RBC celis [2,4]
were investigated in 194 cases. Cases of ALL were also investigated with an
anti-ALL serum to detect the “common-ALL” antigen (Dr. M. F. Greaves,
Imperial Cancer Research Fund) [5], and for the enzyme terminal trans-
ferase (TdT) (Professor A.V. Hoffbrand and K. Ganeshaguru, Royal Free
Hospital) [7]. TEM was performed in 80 cases. In several instances cyto-
chemical techniques for acid phosphatase, myeloperoxidase and immuno-
peroxidase were also studied at TEM level. For TEM the specimens were
fixed in 3% glutaraldehyde and processed according to standard techniques. -
The material was embedded in Araldite and ultrathin sections were viewed
with an AE1 6 B electron microscope.
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Results

The terms “differentiated”, “poorly differentiated” and “undifferentiated”
used to define certain conditions, will refer only to the morphological ap-
pearances.

Differentiated B-cell Disorders

These include B-cell leukemias: CLL, PLL, HCL and FL. In all the cases
one or both of the B-cell markers used were positive.

Morphology

The predominant cell seen in B-CLL is a small lymphocyte with scanty
cytoplasm, heavily condensed nuclear chromatin and inconspicuous Golgi
apparatus (Fig. 1). Prolymphocytes predominate in B-PLL, they have a
prominent nucleolus in the presence of peripheral chromatin condensation
(Fig. 2). A spectrum of cells, depending on the degree of chromatin conden-
sation and the shape of the nucleus can be seen in B-PLL. FL is character-
ized by cells with cleaved (notched) nuclei with variable degrees of chro-
matin condensation. Small cleaved cells are seen particularly in the
peripheral blood in the cases associated with high WBC (Fig. 3); large
cleaved cells with less chromatin condensation were predominant in the
lymph nodes of the same cases.

Surface Markers

According to the density of Smlg, reflected in the intensity of the immuno-
fluorescence reaction with polyvalent and monovalent antisera, cases were
defined as having negative, weak, moderate or strong fluorescence. In
B-CLL. 80% of cases had a weak to moderate reaction, and in 17% of cases
SmlIg were undetected; in contrast, 90% of B-PLL cases had a strong reac-
tion. In FL. PDLL, and HCL, about half the cases had weak to moderate
intensity and the rest had a strong reaction.

Results with the mouse RBC rosette test (neuraminidase-treated
lymphocytes) are shown in Table 1. More than 50% rosettes were observed
in the majority of B-CLL cases. In contrast, this was rarely the case in the
other conditions where the common finding (73 to 87% of cases) was a low
binding (<30% rosettes) of mouse RBC; only 1% of CLL cases showed a
similar finding.

Differentiated T-cell Disorders

These include T-CLL (3 cases), Sezary syndrome (4 cases) and a case of T-
cell lymphoma.

Morphology

A common feature of the cells of these cases was the irregular nuclear out-
line. a prominent Golgi zone, and the presence (in variable proportion) of
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Figs. 14. TEM of B-lymphoproliferative disorders (Peripheral blood cells: lead citrate and
uranyl acetate stain)
I. Typical lymphocyte in CLL ( X 13000)
2. Prolvmphocyte in PLL: prominent nucleolus and peripheral chromatin condensation
(X 13000)
3. Small cleaved lvmphocyte in FL (X 13000)
4. B-ALL. lymphosarcoma type. Larger size and no peripheral chromatin condensation main
difference from PLL (X 11000)

electron dense granules in the cytoplasm, which showed acid phosphatase
reactivity. The granules seen at E/M correspond to the azurophil granules
seen at light microscopy [1]. In 7-CLL the nucleus was frequently, but not
always. irregular: rarely it resembled the Sezary cell (Fig. 5). In the Sezary
cells the main feature was the very convoluted (cerebriform) nucleus (Fig. 6)
with condensed chromatin with or without a prominent nucleolus. In the
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Table 1. Mouse RBC rosettes in 166 cases of B-lymphoproliferative disorders

Rosettes in peripheral blood samples?

. No. of
Disease o
cases <30% 30-49% >50%

CLL 100 1 (1%) 21 (21%) 78 (78%)
PLL 20 16 (80%) 4 (20%) —

FL 1 8 (73%) I (9%) 2 (18%)
PDLL & B-ALL 15 13 (87%) — 2 (13%)
HCL 20 10 (59%) 7 (41%) —

4 More than 50% leukaemic cells in the samples tested

case of T-cell lymphoma the cells in the blood and lymph node resembled
morphologically those seen in T-CLL and some had the cerebriform nucle-
us of Sezary cells (Fig. 7): electron dense granules were present. The fea-
tures of this condition, which has not been recognized in previous reports of
non-Hodgkin’s lymphomas. are reminiscent of those described as Adult T-
cell leukemia in Japan [10].

Surface Markers

In all cases the leukemic cells formed rosettes with sheep RBC cells. TdT
estimations showed that the enzyme was undetectable in the 3 T-CLL’s, the
case of T-cell lymphoma and in 2 out of 3 cases of Sézary syndrome tested.
One of the last-mentioned had elevated values: 22,4 U/10® cells (normal
values in bone marrow up to 1.5 U/10® cells) [7]. These findings contrast
with those seen in the less differentiated T-cell disorders (see below).
Similar results with TdT estimations in T-lymphoproliferative disorders
were recently reported by Penit et al. [8].

Poorly Differentiated or Undifferentiated Disorders

These include conditions characterised by the proliferation of blast cells
(with little or no heterochromatin): ALL. PDLL and lymphoblastic lym-
phoma.

Morphology

B-ALL cells have either features resembling those seen in Burkitt’s lymphoma,
namely. lack of nuclear maturation with fat globules and polyribosomes in
the cytoplasm (L3 in the FAB classification), or those of PDLL with an ir-
regular nuclear outline and a very large nucleolus (lymphosarcoma type)
(Fig. 4). The latter cells are distinct from PLL (Fig. 2) because they are larg-
er and have no nuclear chromatin condensation. In T-ALL and lympho-
blastic lymphoma the nucleus is frequently irregular or convoluted with a
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Figs. 5-8. TEM of T-lymphoproliferative disorders (Peripheral blood cells: lead citrate and

uranvl acetate stain)

5. Lymphocyte with prominent nucleolus and electron dense granules in the cytoplasm
in T-CLL (X 10000) '

6. Typical Sézary cell with a prominent nucleolus ( X 10000)

7. T-cell lymphoma cell with features resembling Sézary cells ( X 11000)

8. Blast cell in a case of T-ALL with indented nucleus and a prominent Golgi apparatus
(X 11000)

prominent Golgi zone (Fig. 8), where the acid phosphatase reaction is often
localized. Non-B, non-T ALL includes two types of cells: 1. Small cells with
a round or indented nucleus and inconspicuous nucleolus, some peripheral
chromatin condensation and clumps of heterochromatin inside the nucleus.
This type is seen more often in children and corresponds to L1 of the FAB
classification. 2. Large blasts with more abundant cytoplasm, irregular nu-
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clear outline. open chromatin and prominent nucleolus. This type is more
common in adult ALL and corresponds to L2 of the FAB classification.

Surface Markers

Detailed accounts of surface markers [5] and TdT estimations [7] in ALL
are given elsewhere. In the present study we observed high values of TdT in
non-B. non-T ALL. particularly in those cases positive with Greaves anti-
ALL serum [5.7]. The cells from 5 cases of adult ALL that were negative
with the anti-ALL serum had high TdT values in 3 cases, and TdT was not
demonstrable in 2. In T-ALL, TdT was elevated in the 3 cases tested (26,6
to 202 U/10® cells). In lymphoblastic lymphoma TdT values were not so
high (4.5 to 154 U/108 cells) irrespective of whether the E-rosette test was
positive (3 cases) or negative (1 case). In a fifth case with 80% E-rosettes,
TdT was negative.

Conclusions

Our studies showed that the combination of TEM and surface and enzyme
markers makes possible more accurate characterisation of neoplastic B and
T lymphocytes than can be achieved with routine morphological assess-
ment. B-CLL (the common form of CLL) can be distinguished clearly from
other conditions with peripheral blood lymphocytosis by the typical
morphology. the binding of mouse RBC rosettes and the weak pattern of
Smlg. B-PLL also has well defined features by morphology and cell markers;
its characteristic cells have not, so far, been found among the various B-cell
lymphomas studied. The other B-cell disorders studied, PDLL, FL, HCL
and B-ALL. have morphological features at TEM quite distinct from CLL
and PLL. Cells in the differentiated T-cell disorders have several features in
common in addition to the binding of sheep RBC: irregular nuclei, promi-
nent electron dense granules and acid phosphatase activity. The recent
report of Grossi et al. [6]. describing the morphological features of the helper
(Tw) and suppressor (Tg) T-lymphocyte subpopulations, is of great interest
as the findings in the Tg cells resemble those seen in T-CLL. Two of our
T-CLL cases were negative for the enzyme a-naphthyl acetate esterase,
which appears to be characteristic of Ty cells [6], and one of them was
positive for the Ia antigen, a finding also associated with Tg cells [9]. This,
and the preliminary data of Uchiyama et al. [10] suggest that T-CLL may
be a disorder of T-suppressor cells. TdT studies [7] help not only in distin-
guishing ALL from AML, but also between immature (poorly differentiat-
ed) and mature (differentiated) T-cell disorders. The combination of good
morphology (TEM). surface markers, including Greaves’s anti-ALL serum
[5]. TdT [7] and the acid phosphatase cytochemical reaction [3] permits a
better identification and subsequent classification of most leukemias and
non-Hodgkin’s malignant lymphomas.
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Abstract

We employed three courses of intermediate dose Methotrexate (IDM) added
onto a standard induction and maintenance program with the concept of
both central nervous system (CNS) prophylaxis and simultaneous systemic
intensification. Cranial radiation (RT) was not employed as CNS prophyl-
axis.

Fifty of 52 patients (to age 18) achieved complete remission. Time on
study now ranges from 22—-68 months with a median time of 33 months. We
separated the children into standard risk and increased risk. We defined
increased risk as a WBC over 30000/mm3 at presentation and an age of less
than two years or greater than 10 years at presentation. There have been 15
relapses on these 50 patients; 11 occurred in increased risk patients (of 22
increased risk patients) and four occurred in standard risk patients (of 28
standard risk patients). There were seven CNS relapses, six systemic re-
lapses, one simultaneous systemic and CNS relapse and one testicular re-
lapse. Toxicity to the IDM was small with the worst problem being muco-
sitis. No leukoencephalopathy occurred. The control of hematological re-
lapse is excellent and the avoidance of potential long-term complications
noted is even of greater importance.

Introduction

In the last 15 years there has been a remarkable improvement in the actual
“cure” of children with acute lymphocytic leukemia (ALL) [1-7]. Primarily,
this improvement has been due to the use of central nervous system (CNS)
“prophylaxis” as well as effective systemic chemotherapy [1-7].

In the early 1960’s, with the availability of effective Systemic therapy, but
prior to effective CNS prophylaxis, it became apparent that approxim-
ately 50% of these children would develop CNS leukemia [8]. Once they

This investigation was supported in part by Grant Number CA07918. awarded by the
National Cancer Institute, DHEW and the Association for Research of Childhood Cancer
(AROCQO)
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developed CNS leukemia, very few were cured. In the mid 1960’s, effective
methods of CNS prophylaxis were first employed to prevent overt CNS
leukemia and eventual systemic relapse and death. The technique of cranial
RT and intrathecal methotrexate (IT MTX) as CNS prophylaxis reduced
the incidence of CNS disease to approximately 10% [1-3,5,6]. In 1968,
Cancer and Leukemia Group B (CALGB) in Protocol 6801, utilized pro-
phylactic IT MTX and found that instead of 50% developing overt CNS
leukemia. only 23% of the children developed this complication [4].

However, cranial RT clearly has limitations, i.e., it cannot eradicate leu-
kemic cells in sanctuaries other than the cranial cavity, e.g., the gonads, etc.
The long-term toxicity from prophylactic cranial RT also was a growing
concern. Therefore in 1972, we began a study with the following objectives:
a) to prevent the development of CNS leukemia without employing cranial
RT. b) to intensify systemic therapy and thus eradicate leukemic cells in
other sanctuaries and thereby improve the “cure” rate. We based this study
on pharmacologic data which demonstrated that intravenous IDM at a dose
of 500 mg/m? was capable of adequately entering the cerebrospinal fluid
(CSF) [9], and hopefully simultaneously penetrate other sanctuaries to a
like degree. This report describes the clinical results of this study.

Materials and Methods

52 patients with newly diagnosed ALL were treated according to the proto-
col depicted in Fig. 1 which was instituted in the Department of Pediatrics
at Roswell Park Memorial Institute (RPMI) in August 1972. Following in-
duction with steroid, Vincristine, and L-Asparaginase, three courses of
IDM were administered at three weekly intervals. IDM was given at 500 mg
per m? one-third by intravenous (IV) push and two-thirds by IV infusion
over 24 hours. IT MTX at 12 mg/m? was given from one-half to two hours
after the initiation of IV MTX. 24 hours following completion of IV MTX,
a single dose of citrovorum factor (leucovorin) was given at 12 mg/m?2. With
moderately severe mucosal ulceration, the subsequent course of IDM was
delayed until there was complete healing. The next IDM was then given at
full dosage, but an additional dose of leucovorin at 12 mg/m? was given
72 hours from the start of IDM (48 hours after completion of IDM). Fol-
lowing high dose MTX, the patient received maintenance therapy consist-
ing of daily oral 6-mercaptopurine and weekly oral MTX and pulse doses
of steroid and Vincristine (Fig. 1).

All children with ALL or acute undifferentiated leukemia who could not
be identified as acute myelocytic leukemia or acute monomyelocytic leu-
kemia were entered on the study.

From August 1972 until August 1976, when the study was closed to
patient accrual, 52 patients were entered, ranging in age from 6 months to
17 years (Table 1). There were 26 females and 26 males at presentation.

Patients were classified as standard risk or increased risk in terms of age
or WBC at presentation, 1.e., those patients less than two years or greater
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Fig. 1. Schema of treatment in ALL employing IDM

117

than 10 years of age and those patients who had a WBC greater than 30000
per mm3 were defined as being increased risk (Table 1). In total, 24/52
children at diagnosis and 22/50 children who achieved complete remission
were increased risk. Two children probably had CNS leukemia at diag-
nosis — one presented with papilledema and one had a right facial palsy of
central type but when spinal taps were performed on these children two

weeks later, no blasts were detected in the CSF.

Bone marrow aspirates were examined prior to the onset of therapy and

Table 1. Patient analysis at presentation

Number 52
Sex M:F 26:26
Achieved Complete Remission 50
CNS Leukemia at Diagnosis 2
Age < 2years
> 10 years 11
WBC >100000/mm? 5
> 50000/mm3 8
> 30000/mm3 12
Total Number with Increased
Risk 22/50
(WBC >30000/mms3 or

Age <2 or > 10 years)
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again at completion of the induction therapy and every 2-3 months there-
after. or at any time the peripheral blood was suspicious of a relapse. A
remission bone marrow has normal granulopoiesis, thrombopoiesis, and
erythropoiesis with fewer than 5% lymphoblasts and less than 40% lympho-
cytes plus lymphoblasts. Induction failure was defined as those patients.not
achieving a remission bone marrow (less than 5% blasts) by day 42.

For purposes of analysis, complete remission status was terminated by:
1. Bone marrow relapse (greater than 25% blast cells), 2. development of
meningeal leukemia (> 2 blast cells on cytologic preparations of the CNS or
10 cells/ul not attributable to chemical meningitis), 3. biopsy proven leu-
kemic cell infiltration in extramedullary organs, and 4.death while in
remission. Patients are taken off chemotherapy after four years of continu-
ous sustained remission. There are now nine such patients.

All plots of remission duration were determined by actuarial life table
analysis.

Results

The time on study now ranges from 22-68 months with a median time on
study of 33 months.

Fifty of 52 patients (96%) achieved complete remission. The two induc-
tion failures were both in the increased risk group. To date, a total of 15
patients (30%) have relapsed (Table 2, Fig. 2). These included: 7 CNS re-
lapses, 6 systemic relapses, 1 simultaneous systemic and CNS relapse, and
1 testicular relapse. Eleven of 22 increased risk patients (50%) and 4/28
standard risk patients (14%) have relapsed.

Of the four standard risk patients who relapsed, there were two CNS
relapses, one systemic relapse and one testicular relapse. Two of the four
have died, the remaining two (a CNS and the testes) are both disease-free
at 15 months following retreatment.

Of the 11 increased risk patients who relapsed, five were in the CNS, five
were systemic, and one was a combined simultaneous systemic and CNS
relapse. Five are alive and six have died — all five deaths were in the group
who relapsed systemically, and their survival from diagnosis ranged from

Table 2. Currentanalysis6/1/1978

15 Relapses (of 50) — 7TCNS
— 6 Systemic
— 1 CNS and Systemic
— 1 Testes
Risk factor and relapse — 11 (of 22) Increased Risk

4 (of 28) Standard Risk
22 to 68 Months
3 Months

Time on study
Median time on study
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Fig. 2. Duration of complete remission employing IDM. The three curves are: Standard Risk
Patients (top). Increased Risk Patients (bottom), and the Overall (middle)

9-17 months with a median of 12 months. Of the 5/11 patients at increased
risk who suffered CNS relapse as the initial site of failure, 2/5 are currently
disease-free at 33 and 9 months following retreatment.

One of the increased risk children who developed CNS leukemia was a
22-month-old male who presented with a central right facial palsy at diag-
nosis which subsequently disappeared with induction therapy and was
thought to be due to CNS leukemia, but a spinal tap was not performed
until two weeks later and there was no lymphoblasts in the CSF at this time.
His CNS relapse occurred 23 months after diagnosis. A nine-year-old
female who presented 48 months ago with frank papilledema was also
thought to have CNS leukemia. The papilledema disappeared with induc-
tion therapy and again cytological confirmation from the CSF was lacking.
She has remained in continuous complete sustained remission following the
initial induction therapy.

Eight of the 50 children who entered complete remission have died and 84%
currently remain alive with a median of 33 months after diagnosis (Fig. 3).

At present, of the 15 relapses, four have been successfully retreated
and hopefully have a chance for cure. These four are comprised of three
CNS relapses and one testicular relapse. Two were in the increased risk
group and two in the standard risk group. Disease-free time intervals
following retreatment in the CNS relapse group are 9, 17, and 33 months,
and in the testicular relapse, 17 months. For CNS relapse, these patients
were intensively retreated with steroids and Vincristine and IDM as before
(i.e., 500 mg/m? on three occasions), but with simultaneous triple intra-
ventricular chemotherapy through an Ommaya reservoir consisting of
MTX at 12 mg/m? (maximal 15 mg/m?), AraC at 25 mg/m?, and Hydro-
cortisone at 6 mg/m? followed by maintenance intraventricular chemo-
therapy.
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Fig. 3. Survival in 50 patients. treated with IDM. who achieved complete remission

Toxicity

The toxicity (Table 3) from the IDM included: 1. Vomiting occurring in
20/50 patients (40%) and was most pronounced during the first 2-4 hours
after the institution of IDM, but occasionally persisting for 24-48 hours;
2. oral ulceration occurring in 20/50 patients (40%) with oral mucositis in 14
and pharyngitis in six patients. This was mild in 17/20, i.e., there were small
ulcers which did not substantially interfere with oral intake and salivation;
3. hematologic toxicity occurring in 12 patients (24%) which, however, was
minimal in its severity; there were no related clinical manifestations; 4. he-
patic toxicity occurring in 11 patients (22%) as evidenced by increase of
liver enzymes, particularly the SGOT. However, the peak SGOT was less
than twice the normal level and returned to normal in all cases; and 5. tran-
sient maculopopular rashes occurring in three cases (6%) and lasting for
several days. No case of renal toxicity was noted.

Table 3. Toxicity

Vomiting 20750
(with administration)

Hematological

WBC 2 (<3000/mm?3) 0(<1500/mm3)
Hgb 10 (<10 gm%) 0(<8gm%)
Platelets 0 (<100000/mm3)

Mucositis 14/50 (3 moderate and 11 mild)

Pharyngitis 6/50

Hepatic 11/50 (mild)

Skin 3/50

Renal 0/50
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The overall regimen has been very well tolerated. There has been no life-
threatening toxicity and no deaths secondary to IDM. Furthermore, there
have been no cases of leukoencephalopathy and no interstitial pneumonia
associated with IDM. One adolescent experienced anaphylaxis with the first
dose of L-Asparaginase. There have been neither infectious deaths nor
toxic deaths for any patient while in remission on this study.

Discussion

This study was clinically based on the early work of Djerassi who demon-
strated the effectiveness of high doses of MTX in ALL [10]. CALGB Proto-
col 6601 demonstrated that the greatest proportion of children remaining in
complete remission were those who received the intensive cycles of IV
MTX (18 mg/m?) daily for five days every two weeks (i.e., they received
90 mg/m? as a total dose every two weeks) and reinduction pulses of Vin-
cristine and Prednisone for a period of eight months [4]. In addition, CALGB
Protocol 6801 demonstrated that “prophylactic” IT MTX during induction
was important in preventing overt CNS leukemia [4]. Furthermore,
Haghbin, et al. reported data suggesting that intensive systemic chemother-
apy may decrease the incidence of CNS leukemia [11].

This study was pharmacologically based on the following: 1. Reports
showing that IV IDM resulted in MTX levels of 10-" M reaching the CNS
axis and diffusing into the CSF [9]; 2. the studies of Oldendorf and Danson
[12] using C' sucrose in rabbits and Bourke, et al. [13] using C'4-5-fluro-
uracil in monkeys demonstrated that the concomitant use of intrathecal
with intravenous injection led to higher levels of drug in the CSF and more
even distribution throughout the CNS than with either method alone, and
the findings that when MTX is given only via lumbar puncture the distribu-
tion of MTX throughout the CSF is very variable [14]. Studies in man cor-
roborate these animal observations, i.e., higher levels of CSF MTX are ob-
tained with concomitant administration of IT and IV MTX than with either
technique alone [14]. Thus, the technique employed in the present study of
simultaneous IDM plus IT MTX enables one to more effectively bathe the
CNS axis; and 3. the MTX levels following 500 mg/m? for 24 hours remain
at 105 M in the serum for the 24-hour infusion period [9,15]. It is thought
that such levels will effectively “hit” leukemic cells in other potential sanc-
tuaries such as the gonads, etc.

In large part, the clinical objectives of this study have been attained.
Only 2/28 standard risk patients developed CNS leukemia (7%) and 7/50
of the entire population experienced this complication (14%). A recent
study of children treated with prophylactic cranial RT and IT MTX or IT
Cytosine Arabinoside showed that 53% developed abnormal findings as
detected by computerized tomography (CT) [16]. These findings included:
dilated ventricles, intracerebral calcifications, demyelination and dilation of
subarachnoid space. Furthermore, a reduction in growth hormone secretion
in children treated with prophylactic cranial RT has also been reported [17].
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A comparable CT scan study has been undertaken in our population and
only one child of 43 studied was clearly abnormal. This child presented
with papilledema and probably had CNS leukemia at the time of diagnosis
and demonstrated mild ventricular dilatation, but no calcification and no
decreased attenuation coefficient was seen in any of the 43 cases.

The overall relapse rate in this study is 15/50 (30%) and the CNS relapse
rate as the initial site of failure is 7/50 (14%). Thus, 7/15 relapses occurred
in the CNS. This proportion is higher than that seen in studies where child-
ren received cranial RT plus IT MTX [18] or IT MTX alone because the
systemic control is excellent. One possible explanation is that IDM is more
effective in eradicating systemic leukemic rests in such areas as gonads,
bone marrow, and liver.

Only one male child (1/25) developed testicular relapse. We attribute
this to intensifying systemic therapy with IDM which presumably can erad-
icate disease in sanctuary sites such as liver, spleen and gonads.

A large study (CALGB Protocol 7111) recently reported by Jones [19]
has demonstrated a protective value of cranial RT and IT MTX over IT
MTX alone in preventing CNS leukemia, but no benefit in the overall com-
plete remission rate. This was the result of an increased incidence of hemato-
logical relapse in the patients who received cranial RT. The British Medical
Research Council also has observed a higher rate of hematological relapse
in these patients receiving prophylactic craniospinal radiation than in those
without CNS prophylaxis [20]. In the British study, the radiation-treated
group. either cranial or craniospinal, had a greater lymphopenia which may
reflect a perturbation of the immune system and thus lead to a greater sys-
temic relapse [21,22]. }

The toxicity from IDM was minimal and easily tolerated. The control of
bone marrow relapse (1/28) in standard risk patients, and in the entire
population, 7/50 of the patients with ALL under observation through 68
months, is excellent (Fig. 3), The absence to date of CNS complications
from this form of therapy, particularly when compared to the complications
of cranial RT [16,17,23-25] are of great importance to children now being
cured of this disease.
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dose of L-Asparaginase. There have been neither infectious deaths nor
toxic deaths for any patient while in remission on this study.

Discussion

This study was clinically based on the early work of Djerassi who demon-
strated the effectiveness of high doses of MTX in ALL [10]. CALGB Proto-
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from this form of therapy, particularly when compared to the complications
of cranial RT [16,17,23-25] are of great importance to children now being
cured of this disease.

References

1. Aur. R.J.A., Simone, J.V., Hustu, H.O.. Verzosa, M.S.: A comparative study of central
nervous system irradiation and intensive chemotherapy early in remission of childhood
acute lymphocytic leukemia. Cancer 29, 381-391 (1972)

2. Aur. RJ. A, Simone. J.V.. Hustu. H.O., Walters, T.. Borella. L. Pratt.L.. Pinkel. D.:
Central nervous system therapy and combination chemotherapy of childhood lymphocytic
leukemia. Blood 37, 272-281 (1971)

3. Aur, R.J.A.. Husto, H.O.. Verzosa. M.S.. Wood. A.. Simone. J.S.: Comparison of two
methods of preventing central nervous system leukemia. Blood 42, 349-357 (1973)

4. Holland. J. F.: Oncologists Reply. N. Engl. J. Med. 294, 440 (1976)

.Hustu. H.O.. Aur, R.J.A.. Verzosa. M.S.. Simone. J.V.. Pinkel. D.: Prevention of central

nervous system leukemia by irradiation. Cancer 32, 585-597 (1973)

w



Intermediate Dose Methotrexate in Childhood Acute Lymphocytic Leukemia 123

6.
7.

8.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24,

25.

Pinkel. D.. Hustu. H.O.. Aur. R.J.A.. Smith. K.. Borella. L.D.. Simone. J.V.: Radiother-
apy in leukemia and lymphoma in children. Cancer 39, 817-824 (1977)

Simone. J.V.. Aur, R.J.A., Hustu. H.O.. Verzosa. M.. Pinkel. D.: Combined modality ther-
apy of acute lymphocytic leukemia. Cancer 35, 25-35 (1975)

Evans. A.F.. Gilbert. E.S.. Zandstra, A.: The increasing incidence of central nervous
system leukemia in children (Children’s Cancer Study Group A). Cancer 26, 404-409
(1970)

. Wang. J.J.. Freeman. A.L. Sinks. L.F.: Treatment of acute lymphocytic leukemia by high

dose intravenous methotrexate. Cancer Res. 36, 1441-1444 (1976)

. Djerassi. L. Rominger. L.J.. Kin. J.S. et al.: Phase I study of high dose methotrexate with

citrovorum factor in patients with lung cancer. Cancer 30, 22-30 (1972)

. Haghbin. M.. Tan. C.T.C.. Clarkson. B.D. et al.: Treatment of acute lymphocytic leukemia

in children with prophylactic intrathecal methotrexate and intensive systemic chemother-
apy. Cancer Res. 35, 807-811 (1975)

Oldendorf. W.H.. Danson. H.: Brain extracellular space and the sink action of cerebro-
spinal fluid. Arch. Neurol. 17, 196-205 (1967)

Bourke. R.S.. West. C.R.. Chheda. G.. Tower. D.B.: Kinetics of entry and distribution of
5-fluoruracil in cerebrospinal fluid and brain following intravenous injection in a primate.
Cancer Res. 33, 1735-1747 (1973)

Shapiro. W.R.. Young. D.F., Metha. B.M.: Methotrexate: Distribution in cerebrospinal
fluid after intravenous. ventricular and lumbar injections. N. Engl. J. Med. 293, 161-166
(1975)

Freeman. A.1., Wang. J.J., Sinks, L.F.: High dose methotrexate in acute lymphocytic leu-
kemia. Cancer Treat. Rep. 61, 727-731 (1977)

Peylan-Ramu, N., Poplack. D.G.. Pizzo. P.A., Adornato, B.T.. DiChero. G.: Abnormal CT
scans in asymptomatic children after prophylactic cranial irradiation and intrathecal
chemotherapy. N. Engl. J. Med. 298, 815-819 (1978)

Shalet. S.M.. Beardswell, C.G., Jones, P.H.. Pearson. D.: Growth hormone deficiency after
treatment of acute lymphocytic leukemia. Arch. Dis. Child. 51, 489-493 (1976)

.Sallen. S.E.. Camitta. B.M., Cassady. J.R.. Nathan. D.G.. Frei. E.: Intermittent combina-

tion chemotherapy with adriamycin for childhood acute lymphoblastic leukemia. Clinical
results. Blood 51, 425-433 (1978)

Jones, B.: Treatment of childhood acute lymphocytic leukemia. Proc. ASH. Ped. Hem./
Onc. Subcommittee 1976

Medical Research Council: Working party on leukemia in childhood: Treatment of acute
lymphocytic leukemia: Effect of “prophylactic” therapy against central nervous leukemia.
Brit. Med. J. 2, 381-384 (1973)

Medical Research Council: Working party on leukemia in childhood: Analysis of treat-
ment in childhood leukemia I. Prolonged predisposition to drug induced neutropenia
following craniospinal irradiation. Brit. Med. J. 244, 563-566 (1975)

Medical Research Council: Working party on leukemia in childhood: Analysis of treat-
ment in childhood leukemia IV. The critical association between dose fractionation and
immunosuppression induced by cranial irradiation. Cancer 41, 108-111 (1978)

Fishman. N.L.. Bear. S.C., Cogan. D.G.: Opticatrophy following prophylactic chemo-
therapy and cranial radiation for acute lymphocytic leukemia. Am. J. Opthalmol. 82,
571-576 (1976)

Freeman, J.E., Johnson, P.G.B.. Volre. J.M.: Somnolence after prophylactic cranial ir-
radiation in children with acute lymphocytic leukemia. Brit. Med. J. 1973 IV, 523-525
Mclntosh, S., Fisher. D.. Rothman. S.G.. Rosenfeld. N.. Lebel. J.F.. O’Brien. R.T.: Intra-
cranial calcifications in childhood leukemia. J. Peds. 91, 909-913 (1977)



Marrow Terminal Deoxynucleotidyl Transferase
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Terminal deoxynucleotidyl transferase (TdT), a unique DNA polymerase
that does not require a template, is found in thymocytes and marrow T-
lymphocytes normally [1.2]. Shortly after these discoveries, McCaffrey et al.
[3] described the presence of this enzyme in the leukemic cells of patients
with acute lymphoblastic leukemia (ALL) and Sarin et al. [4] discovered
that some patients with chronic myelocytic leukemia in blast crisis have
TdT activity in leukemic cells. Currently, the data from a number of labora-
tories indicates that most patients with ALL have TdT-positive blasts and
most patients with acute nonlymphocytic leukemia (ANLL) have TdT-
negative blasts [5,6].

We have measured TdT in the bone marrow of 40 adult patients with
acute leukemia prior to any therapy, 30 with ANLL and 10 with ALL by
the method of Sarin and Gallo [4] as previously described. One unit of TdT
activity equals one (n) 3HdGMP incorporation/hr/10° marrow cells. In this
report, TdT results are correlated with the Wright’s stained morphology of
the bone marrow, Periodic acid-Schiff (PAS) reaction, Sudan black reaction
and response to therapy.

Results

Marrow TdT results prior to therapy in adult patients with ALL are given
in Table 1. All 10 patients had significant elevations of TdT ranging from
3.1 to 313,6 units, with a mean of 120 units. These results are consistent with
those of others [5,6]. In 6 of 8 patients studied the PAS reaction was positive,
and 5 PAS-positive patients achieved a complete remission with chemo-
therapy which always included vincristine and dexamethasone. Of 2 PAS
negative patients, 1 achieved complete remission and the other did not.
Twenty-four of 30 ANLL patients had TdT activity < 0,5 units in bone
marrow cells prior to therapy and 6 patients had levels ranging from
1.6 units to 26,3 units. The PAS reaction was studied in 15 TdT negative
patients (<< 0,5 units) and not done in 9. The reaction was positive in 5% to
75% of the marrow blast cells in 8 of the 15 patients studied and negative
in 7. Of the 7 PAS negative patients who were also TdT negative, 4 achieved
complete remission, one failed therapy, and 2 are currently undergoing
treatment. Six of the 8 PAS positive TdT negative patients achieved com-
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Table 1. Marrow terminal deoxynucleotidyl transferase in adult ALL

Patient TdT: PAS SB Response to
Therapy
1. 292 + + - CR
2. 3.1 + - CR
3. 124 - - CR
4. 83.5 + + - CR
5. 30 ND ND CR
6. 13.7 + ND NRb
7. 220 - - NRP
8. 313.6 ND ND NRb
9. 105 +++ - CR
10. 15.4 + - CR

a entries are (n) moles incorporation of SHdAGMP/hr/10° cells

b died of infection while showing significant response to treatment TdT=terminal deoxynucle-
otidyl transferase. PAS=Periodic acid-Schiff stain, SB=_Sudan Black stain. CR=Complete
remission, NR=no useful response. ND = Not done

plete remission and 2 failed therapy. Initial therapy consisted of an anthra-
cycline antibiotic and cytosine arabinoside for each patient.

The 6 TdT positive ANLL patients (> 0,5 units), patients 5, 11, 12, 20, 23,
and 26 in Table 2 were similarly studied. Four of the 6 were PAS positive,
and 2 were negative including the ANLL patient with the highest TdT
activity (patient 26). These patients are described in more detail below.

Patient 5: This 45 year old lady was referred with a diagnosis of acute
myelocytic leukemia on the basis of Wright’s stain bone marrow morpho-
logy. Her white blood cell count was 130000/mm3 with 92% blasts. The
platelet count was 67000/mm3. The spleen was palpable on physical exam-
ination and she had bilateral inguinal lymphadenopathy. Her blast cells
were agranular, had abundant cytoplasm, and large amphophilic well
defined nucleoli. The serum muramidase was 96 pg/ml, the PAS reaction
was positive with fine granules staining in 68% of the marrow blast cells.
The Sudan black reaction was positive in 80% of marrow cells. The correct
diagnosis was felt to be acute myelomonocytic leukemia. The pretreatment
bone marrow TdT determination was 7,9 units. The patient received 2
courses of daunorubicin and cytosine arabinoside without benefit. She then
was treated with radiotherapy for a small bowel obstruction secondary to
leukemic infiltration to which she responded. Subsequently she was treated
with vincristine, methotrexate, L-asparaginase, and dexamethasone. Mar-
row TdT was still elevated, 1,8 units, just prior to initiation of this therapy.
There was no response and the spleen increased in size. She was then treat-
ed with azacytidine and pyrazofuran to which she responded with a brief
complete remission of less than 2 months. She has received additional drugs
without benefit although she remains alive 9 months after her diagnosis.

Patient 11: This 48 year old man was referred with a diagnosis of acute
myelomonocytic leukemia with a WBC of 34700/mm3 with 62% blasts. The
platelet count was 154000/mm3. The marrow had 90% blasts with granules
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Table 2. Marrow terminal deoxynucleotidyl transferase in adult ANLL

Patient TdT® PAS SB Organomegaly Responseto  Miscellaneous
Therapy
1. <0.5 - + No CR
2. <0.5 - - No CR
3. <0.5 + + No CR
4. <0.5 - + No CR
5. 7.9 + + + S+N+ NR Normal Karyotype
6. <0.5 + + + No CR
7. <0.5 ND + No CR
8. <0.5 ND + No NR
9. <0.5 ND + S+ PR
10. <0.5 ND ND No CR
11. 1.9 - + No CR
12. 1.7 + + No CR Normal Karyotype
13. <05 - + No CR Auer Rods
14. <0.5 ND ND No NR
15. <0.5 + + No NR
16. <0.5 + + No CR
17. <0.5 ND ND No NR
18. <0.5 ND + S+ CR
19. <0.5 + + No CR
20. 24.1 + + + No CR
21 <05 + + No CR
22. <05 - - No NR
23. 1.6 ++ + S+ See Text Auer Rods
Normal Karyotype
24. <0.5 + + N+S+ NR Auer Rods
25. <0.5 ND ND No NR
26. 26.3 - + S+ See Text Normal Karyotype
27. <0.5 + + + No CR
28. <0.5 - + No TE
29. <0.5 ND ND No NR Auer Rods
30. <05 - + No TE

a See table 1. PAS. SB. ND, CR. NR=Same as table 1. S+ =splenomegaly. N+ =lymphade-
nopathy, TE=Too early to evaluate

and abundant cytoplasm. The PAS reaction was negative and virtually all
marrow blasts showed a fine granularity with the Sudan black reaction.
There was no organomegaly. Marrow TdT prior to treatment was 1,9 units
and serum muramidase was 50 pg/ml. The patient was treated with adria-
mycin and cytosine arabinoside and had a complete remission which con-
tinues for 2+ months.

Patient 12: This 66 year old man with acute myelomonocytic leukemia
presented with a WBC of 13800/mm? and 50% blasts. The platelet count
was 17000/mm3. There was no organomegaly or lymphadenopathy. The
marrow contained virtually 100% blasts and most were agranular but 15%
had fine granules on Wright’s stain. The blasts had abundant cytoplasm
and many had convoluted nuclei with large, amphophilic, well defined
single nucleoli. The PAS reaction was positive in 37% of marrow blasts (fine
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granules) and the Sudan black reaction was positive in 61%. Serum mur-
amidase assay was not done. The patient had a normal karyotype and a
pretreatment marrow TdT of 1,7 units. He achieved a 3 month complete
remission with adriamycin and cytosine arabinoside and is currently under
treatment for relapse.

Patient 20: This 57 year old female presented with acute myelomonocytic
leukemia with a WBC of 1300/mm?3 and 70% blasts. The platelet count was
134000/mm3. There was no organomegaly. The Wright’s stained bone
marrow smear showed 58% blasts with agranular abundant cytoplasm.
Serum muramidase was 29 pg/ml and TdT was 24,1 units. The PAS re-
action was strongly positive with 81% of the blasts showing fine granules or
clumps of PAS-positive material. Essentially all the marrow blasts were
Sudan black-positive. The patient was treated with daunorubicin and cyto-
sine arabinoside and obtained a complete remission of 5 months duration.
At relapse the marrow TdT was 1,9 units and she was retreated with dauno-
rubicin and cytosine arabinoside again, but showed no response. Sub-
sequently, she failed vincristine and prednisone therapy and she is currently
under treatment with azacytidine and pyrazofurin.

Patient 23: This 37 year old woman presented with acute myelomono-
cytic leukemia with a WBC of 9600/mm3 and 3% circulating blasts. The
platelet count was 32000/mm3. The marrow contained 63% blasts. These
cells examined with Wright’s stain showed convoluted nuclei and abundant
cytoplasm. Fine granules were seen in 10% of blast cells, and 25% of marrow
blasts contained Auer rods. The PAS reaction was strongly positive with
69% of marrow blasts containing clumped PAS positive material. The Sudan
black reaction was positive in 72% of marrow blasts. Serum muramidase
was not done. The marrow TdT activity was 1,6 units. The patient was
treated with vincristine and prednisone and had no response. However,
after 2 weekly courses of that therapy, the marrow TdT activity was < 0,5
units and only 18% of marrow blasts gave a positive PAS reaction. Sub-
sequently she was treated with daunorubicin and cytosine arabinoside and
had a good partial response with an M2 marrow after the third course which
lasted for less than 2 months. She was then treated with azacytidine and
pyrazofurin and died without response, 9 months after her diagnosis.

Patient 26: This 31 year old female had a refractory anemia of unknown
etiology for 3 months before the diagnosis of acute myelomonocytic leu-
kemia was made. At the time of diagnosis she had a WBC of 2900/mm?3,
with 2% circulating blasts, and a platelet count of 113000/mm3. Her spleen
was palpable. The bone marrow contained essentially 100% blasts with
abundant cytoplasm containing no granules. The nuclei of the blasts were
round and contained large, single amphophilic nucleoli. The PAS reaction
was negative and 43% of the marrow blasts gave a positive Sudan black re-
action. The patient had a normal karyotype and a serum muramidase of
50 pg/ml. The marrow TdT was 26,3 units. The patient achieved a com-
plete remission after 2 courses of adriamycin and cytosine arabinoside, and
is currently receiving maintenance therapy.
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Discussion

These data confirm the results of others [5,6] that patients with ALL usually
have marrow TdT activity and patients with ANLL usually do not. This
study indicates that, in a small series of adult ALL patients TdT activity was
uniformly present in PAS positive as well as PAS negative marrows. Fur-
thermore, results of treatment were independent of PAS results. Marrow
TdT activity in ANLL patients was also unrelated to PAS positivity. These
results are consistent with those of Hutton and Coleman [5]. It is interesting
to note, however, that all 6 ANLL patients with marrow TdT activity had a
diagnosis of acute myelomonocytic leukemia based on Wright’s stain mor-
phology and supported by elevated serum muramidase activity in 4 of 4
patients in which it was determined. Many [7,8] but not all [9], TdT-positive
ANLL patients previously reported have had acute myelomonocytic leuke-
mia. One of our TdT positive patients had Auer rods, which are universally
accepted as evidence for ANLL as opposed to ALL, and Hutton and Cole-
man found TdT marrow activity in some patients with Auer rods also [5].

The overall complete response rate for ANLL patients in this study was
61%. Four of the TdT positive patients with ANLL achieved a complete
remission (66%) and another achieved a brief good partial response. Thus,
in this study, TdT presence or absence did not influence the response rate
for patients with ANLL. TdT positivity did not indicate responsiveness to
vincristine and prednisone in patient 23 who failed that therapy and sub-
sequently had a good partial response to standard ANLL therapy. Patient
20 also failed vincristine and prednisone therapy for relapse. Thus, TdT
assays prior to therapy appear to be of no clinical value in ANLL patients.
The value of serial determinations in monitoring disease activity is currently
under study. It does appear, however, that ANLL patients with acute my-
elomonocytic morphology are more likely to have marrow TdT activity
than other ANLL patients.
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1. Introduction

Considerable progress has been achieved in recent years in the therapy of
human leukemias and lymphomas. However, the less than 100 percent com-
plete remission rates and the comparatively small number of long-term re-
missions in hematopoietic neoplasias of adults have stimulated efforts to
detect additional clinical and cellular prognostic factors. Characterization of
the cell phenotype in these disorders has proved to be a most promising ap-
proach in this context, based on the hypothesis that the neoplastic cell type is
the most important determinant of clinical behavior [1-3,5,10,11,13,14,24].
Furthermore, cell marker analysis might contribute to our understanding of
normal cellular differentiation assuming that most neoplastic cell types re-
present malignant proliferations “frozen” at distinct stages of the normal de-
velopmental sequence of the different cell lineages. Colony formation of
myeloid committed stem cells in agar (CFU-c, 19), terminal deoxynucleotidyl
transferase activity (TdT [4,6,7,12,15-18,22]) and cell surface marker analy-
sis [1-3,5,8-11,13, 14,24] have previously been shown to be of diagnostic and
prognostic significance in human hematopoietic neoplasias. The study lead-
ing to the results described here, has been designed to evaluate a possibly in-
creased discriminatory potential of multiple cell marker analysis in the diag-
nostic and prognostic evaluation of patients with hematopoietic neoplasias.

2. Materials and Methods

Studies on tissues from a total of 297 patients, predominantly from the adult
Leukemia-Lymphoma Service of Memorial Hospital, have been evaluated.
Diagnoses of leukemia were made on peripheral blood and bone marrow
smears and in most cases confirmed by cytochemical stains. TdT determina-
tions [18], CFU-c assays [19] and cell surface marker analysis [11] were carried
out as described previously. Lymphomas were diagnosed on lymph node
biopsies and classified according to Rappaport [20,21].

* Supported in part by ACS Grant PDT-95, NCI Grants CA-24476, CA-08748. CA-17353.
CA-17085 and the Gar Reichman Foundation. We would also like to thank Dr. G. Gold-
stein, Ortho Pharmaceutical Corp., Raritan, New Jersey, for a generous gift of thymopo-
ietin.
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3. Results and Discussion

3.1. 7dT Distribution in Normal Tissues

Highest levels of TdT activity were detected in normal thymocytes and low
activities in bone marrow mononuclear cells as has been described by others
[6]. TAT activity containing cells from bone marrow could be enriched by SRBC-
rosetting (X 2), dessity separation (X 5) and sedimentation at 1 X g (X 100).
The latter procedure consistently produced two separate populations of TdT
activity exhibiting cells at sedimentation velocities of 3.5 and 4.5 mm/h, with
the 3.5 mm/h peak expressing high levels of the HTLA marker [23] after
induction with thymopoietin (Fig. 1). Enriched human CFU-c and mouse
pluripotent stem cell (CFU-s) fractions (N. Williams, R. Mertelsmann, un-
published) consistently exhibited no detectable levels of TdT activity.
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Fig. 1. Separation of normal human bone marrow mononuclear cells by sedimentation velocity
at 1X g. Results are expressed in appropriate units per fraction per sedimentation velocity incre-
ment.

A. E* cells = cells forming rosettes with sheep erythrocytes: HTLA* cells = cells exhibiting
the HTLA marker [23] before and after incubation in the presence of thymopoietin (post TP).
B. TdT activity expressed as specific activity per 108 cells and as absolute milliunits of TdT activ-
ity recovered per fraction and sedimentation velocity increment.

C. Total number of nucleated cells recovered and distribution of cells forming rosettes with
sheep erythrocytes and of cells exhibiting the HTLA marker
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3.2. TdT, CFU-c and Cell Surface Markers in the Differential Diagnosis
of Leukemias and Lymphomas

Analysis of cell marker patterns, clinical diagnoses and TdT activities of 182
patients with acute leukemias (Table 1) and of lymphomas [16] demonstrated
highest TdT activities in 70 cases of T and null cell acute lymphoblastic leu-
kemia (ALL). These cases showed absent or low CFU-c formation with nor-
mal colony to cluster ratio, characteristic of lymphoid leukemias [19]. Twelve
of 32 cases of acute phase chronic myeloid leukemia (CML) also exhibited
high TdT activities and lymphoid cell marker characteristics (CML-LB) as
did 2 cases of leukemic diffuse histiocytic lymphoma (DHL), 1 acute undiffer-
entiated leukemia (AUL), 1 patient each with polycythemia vera and with a
refractory anemia (myelodysplastic syndrome, MDS) who developed an acute
leukemia (AL), and 5 cases with a morphological diagnosis of acute myeloid
leukemia. Four cases with a morphological diagnosis of acute myelomono-
cytic leukemia (AMML) and cell marker data consistent with both, ALL and
AML, probably represent a 2 “lineage” AL, as has been demonstrated by usin
one of these patients [17]. Similar observations have been made by others in
acute phase CML with simultaneous or subsequent demonstration of differ-

Table 1. TdT. cell surface markers and CFU-c in the differential diagnosis of acute leukemias?)

TdT
Surface TdT  CFU-c Clinical Cases Specific activity
pattern diagnosis studied PB BM
n mean (u/ 108 cells)
null + L ALL 30 12.8 10.9
LBL. leukemic 21 3.57 6.59
CML. LB 12 23.6 32.7
MDS. LB 1 — 15.7
DHL. leukemic 2 — 10.6
AUL 1 46.7 —
AML 5 5.19 5.82
mono + AML AMML. 2 clones? 4 — 348
T + L ALL 14 14.2 17.8
LBL. leukemic 5 11.4 —_
T - L ALL.LBL 2 < .05 < .06
null/mono — AML AML. AMML. AMOL. EL 57 < .05 <.05
null AML AUL 3 <.01 <.0l
null AML CML. MB 20 < .05 <.05
mono AML DHL 1 <.01 .01
B - L ALL 1 < .01 —
B (+) L ALL 2 .14 —
null (pre-B?) (+) L CML. LB 1 26 .15

4 for abbreviations see text
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ent phenotypes [8,9]. No TdT activity was detected in 81 cases of leukemias
exhibiting CFU-c and surface characteristics consistent with AML with clini-
cal diagnoses of AML, acute monocytic leukemia (AMOL), AMML, erythro-
leukemia (EL). AUL, myeloblastic acute phase CML (CML-MB), and one
case of “true” histiocytic lymphoma. No TdT activity was detected in 1 case
each of T-cell ALL and lymphoblastic lymphoma (LBL) in leukemic phase,
probably representing proliferations of more mature T cells. Two of 3 cases of
B-cell ALL as well as 1 case of acute phase CML exhibited a lymphoid CFU-c
pattern and low levels of TdT activity. Whether this represents low levels of
TdT activity in early B-cells [25] or an admixture of cells containing high levels of
TdT to a predominating Td T negative cell population is unknown at present.

No detectable TdT activity was observed in blood cells and, occasional-
ly. low normal values in marrow cells from all patients studied with clinical
and cell marker diagnoses of chronic lymphocytic leukemia (CLL), pro-
lymphocytic leukemia (PLL), hairy cell leukemia (HCL), multiple myeloma
(MM). Waldenstrom’s macroglobulinemia (WMG), chronic phase CML,
chronic myelomonocytic leukemia (CMMOL), and myelodysplastic syn-
drome. In several patients with CLL, HCL, CML, and myelodysplastic syn-
dromes also lymph node, spleen and cells from involved body fluids were
studied exhibiting very low to undetectable levels of TdT activity. One patient
with CML who developed a TdT-positive acute phase, did not show any TdT
activity in his peripheral blood cells 5 months prior to the acute phase. In the
differential diagnosis of malignant lymphomas [16], determinations of TdT
activity have been found most useful in confirming or ruling out a diagnosis of
T or null cell LBL [18]. We have observed two cases of DHL exhibiting high
levels of TdT activity [18] as has been reported by Donlon [4]. Most cases of so-
called DHL represent B-cell proliferations, while “true” histiocytic lym-
phomas are rare (Table 2). Morphology does not appear to allow discrimina-
tion between these 3 different cellular types of DHL, which probably require
different therapeutic approaches[10,11]. Most leukemias and lymphomas of
T-cell lineage are of immature T-cell type, exhibiting high levels of TdT
activity and carrying clinical diagnoses of ALL or LBL. While we have seen
rare examples of TdT negative ALL and LBL of mature T-cell type, mono-
nuclear cells from patients with Mycosis fungoides or Sezary’s syndrome con-
sistently do not exhibit TdT activity in blood, marrow or other involved tis-
sues. In addition, 1 case of diffuse poorly differentiated lymphoma (DPDL)
and DHL exhibiting a TdT-negative T-cell phenotype have been observed.
Sixty-two cases of B-cell lymphoma with morphological diagnoses of diffuse
or nodular histiocytic (DHL, NHL). mixed (DML, NML) or poorly differen-
tiated lymphocytic (DPDL, NPDL), diffuse well differentiated lymphocytic
lymphoma (DWDL), Burkitt’s lymphoma (BL) and Hodgkin’s disease (HD)
were negative for TdT activity (Table 2). Two cases of ALL of Burkitt’s type
exhibited low levels of TdT activity in peripheral blood mononuclear cells,
while 2 additional patients revealed undetectable levels in blood cells and on
lymph node biopsies. Whether this indicates low TdT activity in some cases
of Burkitt’s lymphoma or an admixture of a TdT positive progenitor cell
remains to be analyzed.
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Table 2. Cell phenotypes observed in 297 patients with hematopoietic tumors#

CFU-¢ Cell TdT Clinical diagnoses (n)
pattern surface
“lymphoid™ “null” + ALL (30). LBL (21). CML-LB (12). MPS-LB (2).
MDS-LB (17). DHL (2). AUL (1)
“null” + AMML (5). misleading morphology?
T + ALL (14). LBL (5)
T - ALL (1. LBL (1). DPDL (1). DHL (1). Sezary’s
Syndrome (2)
“null” (+) CML-LB (1). Burkitt's lymphoma (2)
B - DHL/NHL/DML/NML (17). DPDL/NPDL
(27). CLL/DWDL (14). PLL (1). MM (4). WMG
().BL(2)
“hairy” — HCL (8)
9 - HD (6)
myeloid “null™ - AML/AMOL/AMML (57). CML-MB (20).
AUL (3). DHL (1). CML (21). CMMOL (1).
MDS (8)
“null™ + AMML (4). 2 lineages involved?

& for abbreviations see text

3.3. Prognostic Significance of TdT in Leukemias and Lymphomas

In AL patients with inconclusive morphology who received vincristine and
prednisone because of some lymphoid features by morphology, and cyto-
chemistry, 0/8 responses were seen in TdT negative cases as compared to 5/6
responses in TdT positive cases. One patient with probable 2-“lineage” AL
achieved a complete remission (CR) on the ALL protocol (L-10M) while the
second patient, after a partial remission (PR) on vincristine and prednisone
achieved a CR on subsequent therapy with our protocol for acute non-
lymphoblastic leukemia [17]. In acute phase CML, only 1 of 18 patients with
myeloblastic CML by cell marker data and morphology, achieved a PR on
chemotherapy in contrast to 4 CR and 1 PR out of 10 patients with lympho-
blastic CML. Similar data of a controlled trial in acute phase CML have
recently been reported by Marks et al. [15].

In 60 out of 62 patients with ALL or leukemic LBL, high levels of TdT
were detected during active disease either before any chemotherapy was
started or during remission induction. The 2 cases of TdT negative ALL, both
of T-cell type, probably represent mature T-cell proliferations. It is of inter-
est. that these two patients, as well as the patient with TdT negative DPDL of
T-cell type, did not achieve a complete remission on vincristine and predni-
sone alone, but required cyclophosphamide and adriamycin. In 3 out of 6
patients with LBL without bone marrow involvement by morphological
criteria, elevated TdT activity was observed in initial marrow samples. Two
of these patients subsequently developed clinical marrow involvement
suggesting an increased sensitivity of the TdT assay for detection of subclini-
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cal marrow involvement as compared to cytological and histological techni-
ques. During remission induction, lowest bone marrow TdT activities were
observed in 7 patients who achieved long-term remissions (mean spec. act.
0.66 U/ 108 cells), while 6 patients who entered a CR of <1 year’s duration
showed a mean specific activity of 2.23 and 9 who did not enter CR of 5.25 U
per 108 cells. However, there was a considerable overlap between specific
activities from each group.

In continuous complete remission, 13 patlents off chemotherapy exhibited
a mean specific activity of 0.33 U/10® marrow cells, considerably higher than
seen in normal controls (< 0.1 U/ 108 cells). Patients with ALL in CR without
relapse on chemotherapy showed a mean specific activity of 0.37 U/ 108 cells
in contrast to patients who were studied during CR and relapsed subsequent-
ly, with a mean specific activity of 1.3 (p <0.05). We have previously shown
that marrow TdT activities in ALL in remission vary considerably over time,
even in patients in CR off chemotherapy [18]. Further sequential studies are
necessary in order to define criteria for impending relapse, because one
single determination exhibiting a high or low level of TdT activity does not
appear to allow prognostic conclusions.

Conclusions

1. TdT has been found to be a highly specific marker for immature cells of T-
cell lineage in over 1500 samples from 297 patients with leukemias and
lymphomas, and from normal controls. “True” exceptions must be rare.

2. Acute leukemias with cell marker and clinical features of ALL are not only
seen in acute phase CML, but also in myeloproliferative and myelodys-
plastic syndromes terminating in an acute leukemia.

3. The majority of patients with leukemias and lymphomas exhibiting high
levels of TdT activity will achieve complete remission on an ALL-type
protocol irrespective of morphology.

4. The majority of patients with acute leukemias exhibiting low or undectable
levels of TdT activity will not achieve complete remission on an ALL-type
protocol.

5. Preliminary observations suggest that determination of TdT activity allows
detection of subclinical bone marrow involvement in some cases of TdT
positive lymphomas and that sequential analysis of TdT activities in mar-
row cells during remission induction and in complete remission might al-
low to predict early relapse in ALL.
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The success or failure of chemotherapy for leukemia is determined bio-
chemically by a combination of biochemical aberrations in the leukemic
cells relative to their non-malignant counterparts, and biochemical pertur-
bations created by antileukemic drugs. Examples of recent developments in
our understanding of these factors include studies on the metabolism of
cytosine arabinoside, the use of high-dose methotrexate, the relationship
between “de novo” and “salvage” nucleic acid synthesis in leukemic cells,
and the development of new drugs such as the adenosine deaminase inhibitor,
2’-deoxycoformycin.

1-B-D-arabinofuranosyl cytosine (Ara-C) requires phosphorylation by
kinases to the triphosphate Ara-CTP, in order to exert its antileukemic
effect by inhibiting DNA polymerase. The deamination of Ara-C, catalysed
by cytidine deaminase, produces the inactive metabolite 1-B-D-arabinofur-
anosyl uracil. Early studies on the mechanism of action of Ara-C in man con-
centrated on enzymatic determinations of the kinases and deaminase, to
reflect the potential for Ara-CTP formation in any given cell population.
Steuart and Burke (1971) demonstrated an inverse relationship between
cytidine deaminase activity and overall response to Ara-C, and that the
development of resistance to this drug was associated with increased cytidine
deaminase activity. Conversely Tattersall et al. (1974) claimed a determining
role for deoxycytidine kinase activity, and Smyth et al. (1976) found no direct
correlation between the ratio of kinase-to-deaminase activities with clinical
response. It is likely that variation in experimental procedure accounts for
some of the controversies in these various studies, but there are inevitable
limitations inherent in indirect enzymatic studies of this nature. More recently
attention has been focused on the direct measurement of intracellular levels of
Ara-CTP. In a study of patients with acute and chronic leukemias, Chou et
al. (1977) found that blast cells from patients with acute myeloid leukemia
who were clinically responsive to Ara-C, produced two-fold more Ara-CTP
than did cells from chronic myelocytic, acute or chronic lymphocytic leuke-
mia, or normal subjects. Significantly increased levels of Ara-CTP were pro-
duced in the presence of tetrahydrouridine, a potent inhibitor of cytidine de-
aminase, but the development of acquired resistance to Ara-C was not associ-
ated with diminished formation of Ara-CTP. These findings indicate that the
mere production of high levels of Ara-CTP is not of itself sufficient to de-
termine therapeutic response to Ara-C. Recent studies by Rustum et al.



140 Smyth. J. F.

(1978) measured not only the formation of Ara-CTP in human leukemic
cells, but also the time for which adequate levels were retained in the cells.
Thus in 8 of 9 patients who achieved a complete clinical remission, high
initial levels of Ara-CTP were produced, and greater than 9.7 pmoles/107
cells were retained at 4 hours incubation. In contrast, in 8 patients whose cells
retained < 0,71 pmoles Ara-CTP/107 cells at 4 hrs, only 4 attained complete
remission, and the durations of the latter were shorter than with the former
groups of patients. Further work on Ara-CTP retention is clearly indicated,
but these results are encouraging in their potential for more accurate predic-
tion of response to Ara-C treatment, than has previously been shown with the
indirect enzymatic approach.

Methotrexate has long been known to be an active agent in the treatment
of acute lymphocytic leukaemia. Recent developments in understanding the
pharmacokinetics and mechanism of action of this drug, have led to its use in
sufficiently high dosage to require “rescue” of vital host tissues following
methotrexate infusion — either with folinic acid, or more recently with
nucleosides. The rationale behind the administration of high concentration
infusions of methotrexate is based on the concept of enhancing perfusion
into “sanctuary” sites such as the testes and central nervous system (Stoffel
et al., 1975) and enhancing the free intracellular methotrexate concentration
— a factor recently shown to contribute towards maximal cytotoxic effect
(Goldman, 1975; Bender and Makulu, 1976). Wang et al. (1976) have moni-
tored the pharmacokinetics of methotrexate administered as a 24 hr intra-
venous infusion to patients with ALL, at doses of 500 mg/m?2, followed 24 hrs
later by folinic acid. Methotrexate in the cerebrospinal fluid reached 1.2 10~/
M at 30 min, and remained constant for 24 hrs. Preliminary results indicate
that methotrexate used systemically in this way may be effective in the
prevention of central nervous system leukemia. Further results of these
studies are presented elsewhere in this workshop (Freeman, 1978).

From the biochemical standpoint recent research has focused on alter-
native — more selective — rescue techniques following methotrexate infusions,
than that provided by folinic acid. Evidence is accumulating to suggest that
vital host tissues may be able to utilise pyrimidine and purine nucleosides
preferentially over tumour tissues thus bypassing the metabolic lesion creat-
ed by methotrexate, and restoring nucleic acid synthesis in the normal bone
marrow and gastrointestinal tract, with less “rescue” of the tumour cells.
Tattersall et al. (1975) demonstrated that the delayed administration of
thymidine to BDF; mice bearing the L1210 leukemia was superior to
folinic acid in preventing lethal methotrexate toxicity, whilst maintaining
antitumour efficacy. Semon and Grindey (1976) using the L1210 system in
DBA/2J mice, infused thymidine simultaneously with methotrexate and
confirmed enhanced therapeutic selectivity. Extending these studies to man,
Ensminger and Frei (1977) have shown that continuous thymidine infusion
during and up to 48 hrs after methotrexate infusions, can prevent toxicity
from doses of the antifolate of up to 6 g/m?, although very large doses of the
nucleoside were required. The above studies relate only to replenishment of
thymidylate synthesis, but methotrexate is known also to inhibit de novo
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purine synthesis. Thus the consequences of methotrexate depletion of reduc-
ed folate cofactors in any given target organ or disease will depend on the
relative dependence of those tissues on pyrimidine and purine nutrition. Har-
rap et al. (1977) have recently published a study showing that the addition of
a purine source (hypoxanthine) to thymidine rescue of methotrexate treated
L12]10-bearing mice, was superior to rescue with thymidine alone or to
folinic acid. These studies indicate that nucleoside rescue is effective in
preventing methotrexate toxicity in both animals and man, but selective
rescue of host tissues versus tumour awaits confirmation in man. We are cur-
rently conducting a Phase I evaluation of pyrimidine-purine rescue in man,
for future therapeutic comparion with conventional folinic acid.

Critical to the ability of host or tumour cells being able to utilise exogen-
ous nucleosides is the activity of the “salvage” pathways for purine and
pyrimidine re-utilisation. The “de novo” synthesis of purine and pyrimidine
nucleotides — the immediate precursors of nucleic acid — involves multiple
energy-consuming reactions starting from small molecular weight com-
pounds such as glycine and aspartate, and resulting in the formation of ino-
sinate from which the purine nucleotides dATP and dGTP can be produced,
and uridylate the precursor of pyrimidine dCTP and TTP. The so-called
“salvage” pathways refer to the reutilisation of pre-formed purine or pyrimi-
dine nucleosides or bases, which by direct phosphorylation can yield the
corresponding ribonucleotides and hence deoxyribonucleotides, with energy
conservation to the cell. Controversy has existed for some time as to the reli-
ance of human leukaemic cells on one or both of these pathways, but recent
studies by Rustum and Higby (1978) and Rustum and Takita (1978) provide
useful information on this issue.

Rustum has measured radiolabelled precursor incorporation and the ribo-
nucleotide pools in cells from patients with chronic lymphocytic or myelo-
cytic leukemia, during different phases of the diseases. A low ratio of ATP/
IMP indicative of reliance on the salvage pathway was found in patients with
stable, chronic leukemia, whereas the development of blast crisis was associ-
ated in the same patients with a shift to high ATP/IMP ratios indicating a
change in metabolic dependence to the “de novo” synthetic route. Such in-
formation has a bearing on the choice of therapy for different stages of leu-
kemia, and contributes to our knowledge of possible targets for the design of
new antileukemic drugs. Interest in the design of inhibitors of salvage path-
way enzymes has been stimulated in particular, by recent work on adenosine
metabolism in malignant lymphocytes and the role of the enzyme adenosine
deaminase.

A specific association between the activity of adenosine deaminase (ADA)
and lymphocyte metabolism first became apparent with the description of
severe combined immunodeficiency disease arising in children born with a
congenital absence of this enzyme (Dissing and Knudsen, 1972; Giblett et al.,
1972). Although ADA is normally present in all mammalian tissues, activity
1s highest in the lymphoid system and increases in antigenically stimulated
lymphocytes (Hall, 1963; Hovi et al., 1976). The demonstration of greatly
increased ADA activity in malignant lymphocytes (Smyth and Harrap, 1975;
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Smyth, 1976; Smyth et al., 1978b) led to a search for effective inhibitors of
this enzyme, which might by analogy with the severe lymphoid depletion
associated with genetic deletion of the enzyme — exert a specific antilympho-
cytic effect of value in the treatment of lymphocytic leukemia. 2’-deoxy-
coformycin (DC) is the most potent inhibitor of ADA, with a Ki of 1x 10-12
M (Agarwal et al., 1977; Johns and Adamson, 1976). Toxicity studies in
normal animals confirmed the hypothesis that effective inhibition of ADA
results in severe lymphoid depletion (Smyth et al., 1978a) and led to a Phase I
clinical trial which is currently in progress. The preliminary data from this
toxicological evaluation indicates that inhibition of ADA with DCf exerts a
selective antilymphocytic effect in man. In 8 patients with non-haemato-
logical malignancies and normal pre-treatment peripheral blood counts,
administration of DCf at 0.25 mg/kg as a single dose resulted in greater than
50% decrease in circulating peripheral lymphocyte counts in 3 out of 4
patients, and greater than 90% decrease in all of 4 patients treated daily X 5.
Recovery to normal differential counts was seen by day 14. 4 patients with
relapsed ALL having failed all conventional therapy have been treated with
DCf at 0.25 mg/kg daily X35. In one of these heavily pre-treated patients
there was no response, and in another the peripheral blast count had decreas-
ed by 70% on day 5 with respect to the pre-treatment value. However in the
other two patients there was a complete clearing of peripheral blasts from
pre-DCf values of 644X 10°/1 and 82320 109/1 respectively. In the latter
case this dramatic change in peripheral activity was reflected by shrinkage of
previous splenomegally and clearing of blasts from the marrow. Full details
of this Phase I study will be published shortly.

In summary, recent research into the mechanism of action of existing anti-
leukemic agents, and their biochemical consequences within the host, has
yielded information that may improve the use of drugs such as cytosine ara-
binoside, and enhance the therapeutic selectivity of methotrexate. Studies of
alternative metabolic pathways for the synthesis of nucleic acid by leukemic
cells indicates that “de novo” synthesis or “salvage” reutilisation may operate
at different stages in the leukemic process, and suggests possible targets for
future development of antimetabolite drugs. Ongoing clinical trials with 2’-
deoxycoformycin demonstrate that inhibition of the salvage enzyme adeno-
sine deaminase results in selective lymphocytotoxicity, of potential value for
immunosuppression and the treatment of lymphoid malignancies.
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Single stranded polyribonucleotides are known to act as efficient templates for
the viral DNA polymerases in the presence of complementary oligo-deoxy-
ribo-nucleotide primer. Chemical modification of such templates would be
expected to alter the interaction between the template and the viral enzyme
[1-7]. This appears to be a very useful approach for designing specific in-
hibitors of viral DNA polymerases, which might find application in the
chemotherapy of cancer [8,9].

Our efforts to develop compounds that 1nh1b1t viral DNA polymerase by
interacting directly to the enzyme led to the discovery of polycytidylic acid
analog, containing 5-mercapto substituted cytosine bases (Fig. 1), a partially
thiolated polycytidylic acid [10-12]. This compound, abbreviated as MPC
(mercapto-polycytidylic acid) was found to inhibit the oncornaviral DNA
polymerase in a very specific manner {10-15]. The mode of action of this
compound as an inhibitor of viral DNA polymerase, its biological effects on
viral oncogenesis, and its clinical application in the treatment of childhood
leukemia will be described here.

1. Inhibition of Oncornaviral DNA Polymerase by MPC

The inhibition of DNA polymerases from RNA tumor viruses by MPC was
described earlier [10-15]. Partially thiolated polycytidylic acid preparations,
MPC I-1II (containing 1.7%, 3.5% and 8.6% 5-mercaptocytidylate units,
respectively) inhibited the DNA polymerase activity of Friend leukemia
virus (FLV) in the endogenous reaction as well as in the presence of poly-
rA.(dT)y4, or poly rC.(dG)y2.18; the inhibitory activities were directly pro-
portional to the percent of thiolation. A maximum inhibition was observed
with preparations containing 15-17% of the thiolated cytosine bases.

1.1 Mode of Action

The mode of action of viral DNA synthesis by MPC was investigated by
product analysis of the DNA polymerase reaction in the absence or in the
presence of MPC, as described elsewhere [11]. The reaction mixtures were
dissolved with Na-dodecyl sulfate (1%, wt/wt, final concentration), loaded
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CYTOSINE

Fig. 1: Schematic presentation of the chemical structure of a partially thiolated polycytidylic
acid (MPC)

on a hydroxylapatit column (1g, Bio-Rad Lab., Munich), eluted with a Na-
phosphate gradient (0. 05 — 0. 4 M), collected into about 40 tubes (total vol.
approx. 100 ml), and the TCA-insoluble radioactivity collected on GF/C fil-
ters (Whatman) and counted in a liquid scintillation counter.

Analysis of the endogenous products of the detergent disrupted virions
exhibits 3 DNA species: single stranded DNA (ss-DNA), RNA-DNA hybrids
(hy-DNA) and the double stranded DNA (ds-DNA). As follows from Fig. 2,
in the presence of MPC (open circles) there is an over-all inhibition of 3H-
dTMP incorporation, indicating that the formation of all the 3 species is
blocked. This is to be expected since the inhibitor binds to the enzyme. This
has been confirmed by ultracentrifugation studies in which the binding of
35S-labeled MPC to a purified FLV-DNA polymerase was investigated.

In view of the fact that all of the oncornaviral DNA polymerases
examined so far do require a primer-template-like double stranded second-
ary structure for the initiation of DNA synthesis, it is no surprise that single
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Fig. 2. Analysis of the DNA species synthesized by FLV-DNA polymerase by elution from
hydroxylapatit column. Experimental details are described in the text. The first species to be
eluted from the column contained ss-DNA, the second contained hy-DNA and finally. the ds-

DNA, eluted in the last peak. The concentration of MPC in the reaction mixture was 20 pg/
reaction mixture

stranded synthetic polynucleotides (unprimed templates) can act as inhib-
itors of the polymerization reaction. This, presumably, is due to hydrogen
bonding of the base sequences between the added polymer and the
functional template. Thus, the specificity of inhibition by such polymers is
not limited to the viral enzyme system only. On the other hand, minor modi-
fications in the chemical structure of synthetic polynucleotides might be
useful to develop inhibitors that interact directly with the enzyme but fail to
be transcribed, i.e. they function as a “dead template” for the enzyme. The
data from our laboratory have shown that the partially thiolated polycyti-
dylic acid is functioning as a “dead template” in the DNA polymerase sy-
stem of FLV [11]. The results of these studies can be summarized as follows:
1. The incorporation of 3H-dGMP into DNA by the viral enzyme is stimula-
ted to about 9-fold (compared to the endogenous value) in the presence
of Poly rC.(dG);s-1s. However, under similar conditions a hybrid of
MPC.(dG)y3.15 failed to stimulate the incorporation of 3H-dGMP into
DNA; 2. In the presence of MPC.(dG);s-1s, the increasing concentrations of
poly rC.(dG);2 in the reaction mixture have no effect on the activity of the
enzyme; however, at higher enzyme concentrations the stimulatory effect of
poly rC.(dG)y2-1s gradually reappears. These data indicate that the viral en-
zyme has higher binding affinity towards MPC than to its optimal template
poly rC. The presence of zinc in reverse transcriptase makes it attractive to
suggest that the mercapto group may undergo an interaction with zinc to
form a stable complex.
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Fig. 3. Binding of 33S-labeled MPC to a purified FLV-DNA polymerase. The specimen in 0.1 M
Tris/HCI buffer (pH 7.4) were layered on linear gradients of 10-40% sucrose (RNase-free) in the
same buffer and spun at 35,000 rpm (swingout rotor) at 4 °C for 20 hr. The gradients were drip-
ped from below, fractions collected and after dilution. were analyzed for their radioactivity or
absorbtion at 280 nm. The MPC preparation contained 10.1% of thiolated cytosine bases
(sp. Act. 141 c. p. m./pg MPC)

1.2 Selectivity of MPC Action

In order to determine the selectivity of MPC action, further studies were
conducted using DNA polymerases from different sources. As follows from
Table 1, the viral DNA polymerases are most sensitive towards inhibition by
MPC, whereas MPC is completely unable to inhibit the bacterial DNA poly-

Table 1. Evaluation of the inhibitory response of partially thiolated (SH = 13%). Polycytidylic
acid on DNA polymerase from various sources

Source of Type of Template - Compound required
DNA polymerase DNA polymerase used to inhibit 50% of the
Reaction (ng/ml)
Human lymphocytess | Poly(dA)-(dT)i2-18 30
(1788) 11 Poly(dA):(dT)12-18 38
Regenerating rat I CT-DNA >100
liver (38% inhibition at
78 pg/ml)
E. coli Kpp I Poly(dA-dT) No inhibition
>100
RMulLVva Reverse transcriptase  Poly(rA)-(dT)i2-18 20
FLV Reverse transcriptase  Poly(rA)-(dT)i2-18 19.2

2 These studies were done by Dr. R. Graham Smith at the Laboratory of Tumor Cell Biology
of the National Cancer Institute, Bethesda, Md.
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merase. Enzymes from human lymphocytes are more sensitive towards
MPC inhibition than the DNA polymerase I of regenerating rat liver. In spi-
te of the fact that the experiments were carried out in different laboratories,
a comparative evaluation shows that the viral enzymes are at least twice as
sensitive as DNA polymerase from another source.

The studies on the selectivity of MPC action were substantiated using the
cellular DNA polymerases (o, B and y) and a reverse transcriptase from
human spleen. We have recently discovered a reverse transcriptase in the
spleen of patient with myelofibrosis [16,17], a preleukemic disease. This re-
verse transcriptase is antigenically related to DNA polymerases of primate
RNA tumor viruses [16,17], the Simian sarcoma virus (SiSV) and Baboon
leukemia virus (BaLV). This observation implicates the viral origin of the
reverse transcriptase in myelofibrotic spleen (Fig. 4).

The effect of MCP (SH=15%) on the activity of cellular DNA polymer-
ases, and on the reverse transcriptase activity from human spleen is shown in
Fig. 4. At a concentration of 1 pg/reaction mixture [cf ref. 16], none of the
cellular enzymes was inhibited. In contrast, the reverse transcriptase activity
was inhibited to approx 20%. At a concentration of 16 pg, the reverse tran-
scriptase activity was inhibited to 80%, whereas the cellular enzymes lost only
25-40% of their activities. Kinetic studies on the DNA-polymerase reaction,
catalyzed endogenously by SiSV, revealed that MPC inhibition is of a non-
competitive nature (Fig. 5).

2. Effects of MPC on Oncogenesis by RNA Tumor Viruses

To measure the effect of MPC (SH=8.6%) on the production of spleno-
megaly by Friend leukemia virus (FLV), we first incubated the cell-free
extracts of spleen from mice (Groppel strain) with 100 ug/ml of MPC at
37°C for 1 hr. In the control group, where no compound was used, the cell-
free spleen suspension was preincubated with Tris/HCI buffer, pH 7.4, the
solvent for MPC. The aliquots of this suspension were injected (0.2 ml,
LDg,) into each group, consisting of 10 animals. The spleen weights were
analyzed on the 8th or the 12th day after infection [8]. There was a 60%
reduction of spleen weights (arithmatic mean of five individual values) in the
MPC-treated group, measured on the 8th day after FLV-infection. However,
no differences were observed on the 12th day. This is probably due to fact
that at this MPC concentration the whole of virus is not inactivated, so that
the residual active virus particles lead to potentiation of leukemogenesis.
The studies reported above were extended using MPC in-vitro and in-
vivo. The animals were divided into four groups of five each (donors): 1.
Group 1 was injected with a viral suspension (citrate plasma from FLV-
infected animals, dose LDgo) preincubated with Tris/HCl buffer, pH 7.6 for 30
min. at 37°C; 2. Group 2 was injected with the viral suspension, as in 1, but
preincubated with MPC (200 pg per 0.2 ml of suspension) at 37 °C for 30 min.
These animals received in addition, on day 5 and day 9 (post infection) 50 pg
of MPC, injected intraperitoneally; 3. Group 3 was treated similar to group
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Fig. 4. Effect of MPC (SH= 15%) on the activity of cellular DNA polymerases (o, and y), and on
the reverse transcriptase activity from human spleen of a patient with myelofibrosis. Bivalent
cation and template specificities for cellular DNA polymerases and reverse transcriptase from
human myelofibrotic spleen are described elsewhere [16]
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by Simian Sarcoma Virus (SiSV). The reaction conditions have been described by Chandra and
Steel [16]
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1, except that the viral suspensions were preincubated for 2 hrs.; 4. Group 4
was treated in a similar manner as group 2, except that the viral suspensions
were preincubated for 2 hrs at 37°C. On the 10th day, animals were sacrificed
and spleen extracts were prepared, as described elsewhere [8]. The spleen
extract from each mouse was then analyzed individually, with respect to their
leukemogenic potentiality. Each “donor” spleen specimen was reinjected to
a different “receipient” mouse (20 in total), and the leukemogenesis was
followed, as shown in Table 2. '

Table 2. Assay for leukemogenic potential of spleen extracts from FLV-infected mice after their
in-vitro/vivo treatment with MPC

Treatment of donor mice Leukemogenesis in recepient mice after infection with
spleen extract?
No. of positive Mean survival Mean spleen
Total no. of mice  Time (days) Weight (g)

Virus Suspension® (0.2 ml) 5/5 47 241

+ Tris buffer (37°C, 30 min)

Virus Suspension + 200 pg of MPC ~ 2/5 123¢ 1.05

(37°C, 30 min) (1.78.2.10.

+ 50 pg MPC, i.p. (day 5 & 9) 0.52,0.41.0.44)

Virus Suspension + Tris buffer 5/5 52.2 1.80

(37°C,2 hr)

Virus Suspension + 200 pg of MPC  1/5 110 0.38

(37°C, 2 hr) 4 (123)¢ (0.74,0.29,0.34.

+ 50 pg MPC, i.p. (day 5 & 9) 1 (97) 022.031)

2 Cell-free spleen extracts were prepared (see reference 8) from spleens of individual donors
on the 10th day after being challenged with the virus, or other treatments as shown.

b Citrate plasma from FLV-infected mice was used as the source of visus (LDgj).

¢ The experiment was terminated on day 123 and all animals were sacrified on this day. There-
fore, the term “mean survival period” does not apply to these animals.

All animals in groups 1 and 3 developed splenomegaly and died between
40-60 days; whereas, in the MPC treated groups, of the 10 animals only 3
showed signs of splenomegaly. In group 2, 2 animals had splenomegaly but,
in spite of that, all animals survived till the 123rd day, at which time our
experiment was terminated. Similarly, in the last group 4 animals survived
till the 123rd day; one died on the 97th day. The spleen weights, shown in the
last column, also exhibit large differences between the MPC-treated group,
and the control group. In another study we have analyzed the effect of MPC
on normal mice of the same strain. We failed to observe any effect of MPC on
the spleen weights of non-infected mice.

In another biological study we have analyzed the in-vivo effect of MPC on
leucocytes of mice infected with the active Friend virus (Fig. 6). Within 12-24
hrs. after MPC injection (50 pg/mouse) a dramatic fall in the leucocyte count
of animals infected with FLV was observed; MPC failed to reduce the
leucocyte number in mice not-infected with the virus. It is interesting to note
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Fig. 6. In-vivo effect of MPC (SH=15%) on the leucocyte number of mice infected with the
active Friend Leukemia Virus (FLV). Arrows indicate the day of MPC treatment. MPC was in-
jected intraperitoneally (50 pg per mouse). The MPC treatment was started on the 11th day
postinfection with FLV. The hatched line indicates the leucocyte number of a control mouse
treated with MPC. The control group (non-infected) had 5 animals, but the effect of MPC was
similar to the one represented by the hatched line

that in one of the infected animals MPC failed to suppress the leucocyte
number;on the contrary, there was a gradual increase in leucocyte number.
This animals died on the 13th day of MPC treatment. Unfortunatly, we
were not able to analyze the spleen of this animal. It is therefore difficult
to interpret the reasons for failure of MPC effect in this animal.

3. Clinical Trails with MPC in the Treatment of Childhood Leukemia

Clinical data of patients submitted to MPC trials are shown in Table 3. Of the
18 cases treated with MPC, were in the terminal phase of the disease. These
patients were resistent to all previous chemotherapeutic regimes which
involved drugs, such as prednisone, vincristin, daunorubicin, L-asparagin-
ase, Ara-C, 6-mercaptopurine, methotrexate, cyclophosphamide and actino-
mycin D.

MPC used in our clinical trials contained 15% of thiolated cytosine bases.
The lyophilized product (MPC) was dissolved in 0.1 M Tris/HCl buffer, pH
7.6, and diluted with 0.9% NaCl before use. This solution was sterilized by
passing through a membrane filter (Millipore GmbH, Neu Isenburg, Ger-
many). It was kept at 4 °C and used immediately, or within the next five days;
solutions older than 5 days were reprecipitated, purified on the column and
resterilized. In our clinical trials, MPC (sterile) was given intravenously at a
dose 0.5 mg/kg body weight. The injections were given once a week.
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Table 3. Clinical data of patients with ALL and AML submitted to MPC trials

No. Init. Age Sex Diag. Stage Results
1 D.M. 8 ? ALL 3rd rel. PR, WBC |
2 T.L 6 6/12 ? ALL 2nd rel, ?

3 B.M. 6 7/12 3 ALL 2nd rel, ?
4 M. M. 8 4/12 3 ALL 2nd rel, CR
5 J.O. 36/12 3 ALL 2nd ref, ?
6 N.A. 10 ? ALL 20d rel, CR
7 B.C. 5 8/12 ? ALL 3rd rej. CR
8 N.N. 7 11/12 3 ALL 3rd rel, ?
9 M.A. 12 3 ALL Ist rel. ?

10 M.L 8 6/12 a ALL 1st rel. ?

3 K.C. 11 3/12 ? ALL 4th rel, ?

12 K.K. 10 9/12 ? ~ ALL Sth rel, PR

13 L.J. 7 3 ALL ~ 3rdrel. WBC |

14 F.D. 2 3/12 3 ALL init. ph. WBC |

15 S.B. 7 11/12 ? ALL init. ph. "WBC |

16 H.B. 12 5/12 @ ALL init. ph. WBC |

17 S.N. 4 s AML init. ph. WBC |

18 W.H. 56/12 3 AML init. ph. WBC |

Of the 13 terminal cases, complete remission was achieved in 3, and a
partial remission achieved in 2 other cases. Fever, occasionally accompanied
by shivering, was frequently observed under MPC treatment in the first hour
after injection. However, these symptoms never lasted more than the first
hour, and no other sideeffects could be observed.

On the basis of our experience with MPC on terminal cases, we were
motivated to give MPC a clinical trial in the beginning of leukemia. A mono-
therapy with MPC, as devised for terminal cases is, however, not possible.
We therefore decided to introduce MPC (0.5 mg/kg body weight) therapy in
the beginning of treatment of cases which at the time of diagnosis had
leucocytosis. This initial treatment, a single injection of MPC, was then
followed up by polychemotherapeutic protocol, adopted by the university
hospitals in Berlin, Frankfurt and Miinster [see ref. 18]. As shown in Fig. 7, 24
hrs. after MPC injection, there was a significant reduction leukemic cells in
all the cases. Five of these seven children had ALL, and two AML.

The status of this drug in the chemotherapy of fresh leukemic cases is not
known, since monotherapy with MPC in such cases has not been done. The
fact that under the pressent polychemotherapeutic protocols one can
frequently achieve longterm remissions, hinders one ethically to use MPC as
a monotherapeuticum in fresh cases. However, its use in the initial phase of
the acute disease, and its use as a monotherapeutic agent in terminal cases are
quite encouraging. On the basis of our to-date experience with MPC we
could summarize by saying: a) MPC is useful to initiate the therapy in freshly
diagnosed acute leukemic cases, b) it has shown promise as an effective drug
in the treatment of leukemic cases in the terminal phase, and c) it could
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be used in the remission maintenance therapy. This aspect is yet to be
investigated. This, as a matter of fact, is the rationale for its therapeutic ap-
plication, since it is a potent inhibitor of reverse transcriptase.
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The first of six presentations in this poster session to be discussed is that of
Preisler and Rustum [1]. This paper demonstrates the efficacy of anthracyc-
line derivatives given as a pulse injection daily for 3 days in combination with
a continuous seven day infusion of cytosine arabinoside for the treatment of
acute nonlymphocytic leukemia (ANLL). This regimen and regimens similar
to it [2] are among the best treatments for this disease at the present time. A
number of investigators have achieved complete responses on the order of
65-70% with such treatment [3-5]. Preisler and Rustum attempt to determine
whether the intracellular retention of activated Ara-C in vitro by a patient’s
bone marrow leukemic cells correlates with remission rate and duration. Un-
fortunately, the authors did not find an improved remission rate in those
patients who retained phosphoralated cytosine arabinoside better than
others. However, there was a highly statistically significant correlation be-
tween phosphorolated cytosine arabinoside retention and remission dura-
tion. This is an important finding not only because it may allow one to
predict in broad strokes what remission duration is likely to be in a given pa-
tient, but the data strongly suggest that the induction therapy given to a
patient with ANLL is the most important determinant of remission duration.
Others have also suggested this may be so [6]. A number of investigators have
recently questioned the value of intensive maintenance therapy in this
disease and the results have been variable [7,8]. Perhaps further studies of
this kind will allow for more selective and therefore more successful therapy
in terms of remission induction and duration of response. Similar work by
others [9] suggests that this may already be partly true for solid tumors.

The paper by McCredie et al also concerns ANLL treatment [10]. This
paper further confirms the efficacy of the anthracycline-cytosine arabinoside
combination with different doses and schedules of the drug. The combina-
tion of adriamycin, vincristine, cytosine arabinoside, and prednisone
produced a 74% complete response rate at M.D. Anderson Hospital and a
54% complete response rate in the Southwestern Oncology Group. Group
studies always give poorer results than studies performed at single
institutions that specialize in the treatment of the disease entity in question.
Substituting rubidazone [11], a new anthracycline currently undergoing trial
in France and in the United States, for adriamycin in older patients produced
essentially the same complete response rate as that of the adriamycin con-
taining combination. Therefore, there is no advantage gained by substituting



158 Wiernik, P. H.

rubidazone for adriamycin. It is somewhat disappointing that this new
anthracycline derivative is not more active than the two (adriamycin and
daunorubicin) already in widespread use. A good deal of analog research has
occurred in cancer chemotherapy with the hope that refinement of a
molecule with proven activity might lead to a greater therapeutic index.
Unfortunately, this has not been the case thus far with the anthracyclines, the
nitrosoureas, the antipurines and the antipyrimidines, or the actinomycin-
mythramicin antibiotics. Perhaps this is not too surprising when one
considers that analog research in the aminoglycoside antibiotics and, indeed,
in the cardiac glycosides has not yielded a major improvement over the
respective parent compound.

The study of McCredie et al. includes a new approach to remission main-
tenance. The late intensification program at M.D. Anderson Hospital has
been reported previously [12]. The present data suggest that roughly half of
the patients who undergo this program remain in unmaintained complete
remission for significantly longer periods of time than reported with other
relatively intensive maintenance programs. The data also suggest that if the
patient remains in continuous complete remission for 24 months following
the discontinuation of late intensification therapy, he has a 90% chance of
remaining in complete remission. We will watch these data with intense
interest over the next months and years with the hope that they continue to be
as impressive as they are at the present time.

The McCredie paper also describes another novel approach to remission
maintenance, use of autologous bone marrow transplantation using marrow
collected and stored from patients with ANLL during periods of remission.
Too few patients have been entered on this aspect of the study to date to allow
full evaluation or even significant optimism at this point. One might not be
surprised, however, if this method ends in failure. Spiegleman et al. [13] have
shown that even during complete remission reverse transcriptase may be
isolated from what appear to be normal granulocytes in the peripheral blood
of ANLL patients. Therefore, one might expect that the viral etiologic agent,
if there is one, might also be present in the morphologically normal appear-
ing cells used for these autologous transplants. One cannot be too optimistic
about transplanting cells that may harbor pathologic time bombs.

The third paper of this series is that of Freeman et al. [14] concerning
intermediate dose methotrexate in childhood acute lymphocytic leukemia
(ALL). The purpose of Freeman’s study is to prevent the development of
CNS leukemia without employing cranial radiotherapy by administering
relatively high doses of parental methotrexate that will result in therapeutic
CSF levels of the drug. Additionally, the goal of the study is to eradicate leu-
kemic cells in other sanctuaries such as the testes. In the study, children are
induced with a combination of steroid, vincristine, L-asparaginase and inter-
mediate doses of methotrexate (500 mg/M?). The methotrexate is followed
by citrovorum factor. The idea of this study has merit. More and more un-
desirable effects of commonly employed methods of CNS prophylaxis (intra-
thecal methotrexate and cranial irradiation) are coming to light with time
[15,16]. It might have been more reasonable, however, to design the study so
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that L-asparaginase was given after the high-dose methotrexate. In this way
L-asparaginase might not only be used as a therapeutic agent with activity
against ALL but as a methotrexate reversal agent which would obviate the
need for citrovorum factor [17]. This might be an important consideration
since high dose parenteral methotrexate would still enter CSF and brain, but
L-asparaginase would not. Variable amounts of citrovorum factor enter CSF.

The results of this study are of interest. Complete remission was achieved
in 96% of patients but there were 7 CNS relapses according to the paper. For
reasons that are totally unclear to me, two patients who presented with CNS
leukemia are included in this study (one relapsed with CNS leukemia). It
would have been perfectly reasonable to exclude patients from admission to
the study if they presented with CNS leukemia since one of the goals of the
study is to evaluate this regimen for its potential to prevent CNS leukemia.

One can conclude from the study that this method of CNS prophylaxis
probably is better than no prophylaxis at all. However, it is not clear that it is
equal to or superior to more standard cranial irradiation and intrathecal
methotrexate administration. In addition, the fact that intrathecal metho-
trexate was also given to these patients makes my interpretation of these
results even more difficult since others [18] have suggested that intrathecal
methotrexate alone may be sufficient.

The paper by Lister et al. [19] concerns 62 adult patients with ALL who
received adriamycin, vincristine, prednisone and L-asparaginase in a pro-
gram based on lessons learned from childhood ALL. The complete response
rate in the study was 69%. This is one more paper that indicates that combina-
tions of anthracyclines, vincristine, glucocorticoids, and L-asparaginase and
other drugs can produce complete responses in adults with ALL on the order
of 70%, as previously reported by Henderson [20] and Capizzi [21]. This study
and ones similar to it represent significant advances in the treatment of this
disease. Cranial irradiation and intrathecal methotrexate were given as CNS
prophylaxis. A standard dose of methotrexate not related to body surface
area was used intrathecally in all patients. This makes sense since almost all
adults have a CSF volume of approximately 150cc. irrespective of body sur-
face area. Such practice will decrease the number of inadvertant overdoses of
intrathecal methotrexate [22]. As maintenance therapy, patients received oral
6-mercaptopurine oral methotrexate and oral cyclophosphamide. I question
the usefulness of cyclophosphamide in this regard since data in children from
St. Jude’s Children’s Hospital in Memphis has shown that as one multiplies
the number of drugs used during maintenance, one multiplies the complica-
tions to be expected and does very little to improve the remission duration
[23]. In my opinion, cyclophosphamide is a drug with marginal activity in
ALL and is more likely to be hazzardous than helpful. I cannot help but
wonder whether the one patient who died at home during an influenza epi-
demic while in complete remission may not have been a cyclophosphamide
casualty. The maintenance therapy was continued for three years and then
stopped. I agree with the concept, but would have been more pleased to see
half the patients randomized to dinscontinue maintenance and the other half
randomized to have treatment continued. That kind of comparative informa-
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tion about a crucial question, that is whether or not one can safely take an
acute leukemia patient in remission off maintenance therapy at some period
in time needs to be developed. The remission duration median of 21 months
in this study represents some of the best data of this kind. The fact that 7
patients have already been in continuous complete remission for more than
three years is encouraging, but not different from the early observations in
other studies of similar design.

In an attempt to identify features on presentation that might influence
remission duration, the authors found that age was not a factor as have other
investigators. They did find, as have others, that patients with hepatospleno-
megaly on admission have, on the average, shorter remission durations than
patients with less disease bulk, and they found that patients who have ex-
tremely high white counts on admission relapse relatively quickly. Cyto-
chemical and cell surface marker studies gave the same results that have been
reported by others for childhood ALL.

This study confirms the fact that adult ALL behaves much the same as
childhood ALL and responds to the same kind of therapeutic manipulations.
The question then comes up as to whether or not separate studies need to be
designed for children and adults with ALL. It would appear from these data
and other studies that children and adults might be treated on the same
protocols with the same stratifications applied to both.

The paper by Catovsky et al. [24] concerns ultrastructure and cell marker
studies in lymphoproliferative disorders. The authors contend, and rightly so,
that surface marker studies and electron microscopic studies increase the
accuracy of subclassification of the acute leukemias. They carefully define
the morphology and cell surface marker study results in various B and T cell
disorders. They conclude that these studies are useful and no one doubts this.
I do take issue, however, with their idea that prolymphocytic leukemia is a
disorder separate and distinct from chronic lymphocytic leukemia (CLL). It
seems to me most likely that what has been called prolymphocytic leukemia
by these authors is simply middle or endstage CLL. Many patients with CLL
end up with lymphocytes in the marrow and peripheral blood that are young-
er than those which were demonstrated at the time of diagnosis. An occasion-
al] patient with CLL terminates with what appears to be a blastic crisis based
on the immature nucleolated morphology of the leukemic cells at or near the
time of death [25]. I see no scientific or clinical reason for separating this dis-
order out from CLL since the treatment for Catovsky’s prolymphocytic leu-
kemia is not different from that of resistant CLL.

The last paper in this series is by Mertelsmann et al. [26], and it concerns
marker studies in hematologic malignancies. The authors characterized
malignant cells by terminal deoxynucleotidyl transferase (TdT) activity,
CFS-c assays, and cell surface marker studies. They have found, as have
others [27] that TdT activity is highly specific for lymphoid neoplasms and
that TdT positivity approaches 100% in acute lymphocytic leukemia. In addi-
tion, approximately one-third of patients with the blast phase of chronic
myelogenous leukemia (CML-BC) have TdT positive blasts. An extremely
important observation from this study is that acute leukemia patients whose
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blasts are TdT positive almost always respond to vincristine and prednosine,
whereas TdT negative patients do not. This correlation of TdT with response
remains valid even when the standard morphological examinations are in-
conclusive. In addition, the majority of the CML-BC patients who responded
to chemotherapy were TdT positive. It must therefore be concluded from this
study and similar ones [27] that bone marrow TdT assay is a powerful aid in
determining type of acute leukemia and in predicting response to therapy.
This study also defined 4 cases of morphological acute myelomonocytic leu-
kemia associated with cell marker data consistent with a double stem cell
lineage. Other recent evidence suggests a stem cell capable of both myeloid
and lymphoid differentiation as the site of the major lesion in some acute leu-
kemias [28]. The fact that myeloid-appearing cells in CML blast crisis can
exhibit TdT activity [27] suggests that such a common stem cell may be de-
ranged in many cases of CML-BC. The absence of the Philadelphia chromo-
some in lymphocytes found in the chronic phase of CML has been consider-
ed evidence against a common lymphoid-myeloid stem cell in nature. How-
ever, cytogenetic examination of lymphocytes obtained during the chronic
phase of the disease from patients who have sustained the chronic phase for 5
to 10 years may shed some light on this important question. In those patients,
all lymphocytes would have been formed since the development of the CML,
whereas many lymphocytes present at the time of diagnosis would have been
formed prior to the advent of the disease with its marker chromosome. Such
studies as these and those of Mertelsmann may eventually lead to a better
understanding of the origin of some hematologic malignancies.

References

1. Preisler, H.D., Rustum, Y.M.: Prediction of therapeutic response in acute myelocytic leu-
kemia. In: Modern trends in human leukemia III. Neth, R., Hofschneider, P.-H., Mann-
weiler, K. (eds.), pp. 93-98. Berlin, Heidelberg, New York: Springer 1979

2. Yates, J.W., Wallace, J., Ellison, R.R,, Holland, J.F.: Cytosine arabinoside and dauno-
rubicin therapy in acute nonlymphocytic leukemia. Cancer Chemother. Rep. 57, 485-488
(1973)

3. Chang, P., Wiernik, P., Bachur. N., Stoller. R., Chabner. B.: Failure to predict response of
acute nonlymphocytic leukemia (ANLL) using assays for deoxycytidine kinase (K) cytidine
deaminase (D), and daunorubicin reductase (Red.). Proc. Amer. Soc. Clin. Oncol. 18, 352
(1977)

4. Cassileth, P.A., Katz, M.E.: Chemotherapy for aduit acute nonlymphocytic leukemia with
daunorubicin and cytosine arabinoside. Cancer Treat. Rep. 61, 14411445 (1977)

5.Omura, G.A., Vogler. W.R., Lynn, M.J.: A controlled clinical trial of chemotherapy vs.
BCG immunotherapy vs. no further therapy, in remission maintenance of acute myelogen-
ous leukemia (AML). Proc. Amer. Soc. Clin. Oncol. 18, 272 (1977)

" 6. Burke, P.J., Karp. J.E., Braine, H.G., Vaughan, W.P.: Timed sequential therapy of human
leukemia based upon the response of leukemic cells to humoral growth factors. Cancer Res.
37, 2138-2146 (1977)

7. Embury, S.H., Elias, L., Heller. P.H., Hood, C.E., Greenberg, P.L., Schrier., S.L.: Remission
maintenance therapy in acute myelogenous leukemia. West. J. Med. 126, 267-272 (1977)

8. Lewis, J.P,, Linman, J. W, Pajak, T.F., Bateman, J.R.: Effect of maintenance chemotherapy
on survival in adults with acute non-lymphocytic leukemia. Clin. Res. 24, 158 A (1976)

9. Salmon, S.E., Hamburger. A.W., Ochnlen. B.S., Durie. B.G.. Alberts, D.S.. Moon. T.E.:



162 Wiernik, P. H.

Quantitation of differential sensitivity of human-tumor stem cells to anticancer drugs. N.
Engl. J. Med. 298, 1321-1327 (1978)

10. McCredie, K. B., Keating, M.J,, Dicke, K. A,, Bodey, G.P., Smith, T., Freireich, E.J.: Treat-
ment of adult acute myeloblastic leukemia. In: Modern trends in human leukemia III
Neth, R., Hofschneider, P.-H., Manweiler, K. (eds.), pp. 89. Berlin, Heidelberg, New York:
Springer 1979

11. Jacquillat, C., Weil, M., Gamon, M.F., Izrael, V., Schaison, G., Boiron, M., Bernard, J.:
Treatment of acute myeloblastic leukaemia with RP22050. Brit. Med. J. 2, 468-469 (1972)

12. Bodey, G.P., Freireich, E.J., Gehan, E.A., Gutterman, J., Burgess, A.: Late intensification
therapy for acute leukemia in remission. J. Am. Med. Assn. 235, 1021-1025 (1976)

13. Viola, M. V., Frazier, M., Wiernik, P., McCredie, K. B., Spiegelman, S.: Reverse transcriptase
in leukocytes of leukemic patients in remission. N. Engl. J. Med. 294, 75-80 (1976)

14. Freeman, A.lL, Brecher, M.L., Wang, J.J,, Sinks, L.F.: Intermediate dose methotrexate
(IDM) in childhood acute lymphocytic leukemia. In: Modern trends in human leukemia III.
Neth, R., Hofschneider, P.-H., Mannweiler, K. (eds.), pp. 115. Berlin, Heidelberg, New
York: Springer 1979

15. Flament-Durand, J., Ketelbant-Balasse, P., Maurus, R., Regnier, R., Spehl, M.: Intra-
cerebral calcifications appearing during the course of acute lymphocytic leukemia treated
with methotrexate and x-rays. Cancer 35, 319-325 (1975)

16. Margileth, D. A., Poplack, D.G., Pizzo, P.A,, Leventhal, B. G.: Blindness during remission in
two patients with acute lymphoblastic leukemia. Cancer 39, 58-61 (1977)

17. Capizzi, R.: Biochemical interaction between asparaginase (A’ase) and methotrexate (MTX)
in leukemia. Proc. Am. Assn. Cancer Res. 15, 77 (1974)

18. Haghbin, M., Tan, C,, Clarkson, B., Mike, V., Burchenal, J., Murphy, M.L.: Treatment of
acute lymphoblastic leukemia in children with prophylactic intrathecal methotrexate and
intensive systemic chemotherapy. Cancer Res. 35, 807811 (1975)

19. Lister, T.A., Roberts, M. M., Brearley, R.L., Cullen, M. H., Greaves, M.F.: Prognostic fac-
tors in adult acute lymphoblastic leukaemia. In: Modern trends in human leukemia III.
Neth, R., Hofschneider, P.-H., Mannweiler, K. (eds.), pp. 99. Berlin, Heidelberg, New
York: Springer 1979

20. Henderson, E.S., Glidewell, O.: Combination therapy of adult patients with acute lympho-
cytic leukemia (ALL). Proc. Am. Assn. Cancer Res. 15, 102 (1974)

21. Capizzi, R., Castro, O., Aspnes, G., Bobrow, S., Bertino, J., Finch, S., Pearson, H.: Treatment
of acute lymphocytic leukemia (ALL) with intermittent high dose methotrexate (MTX) and
asparaginase (A’ase). Proc. Am. Soc. Clin. Oncol. 15, 182 (1974)

22. Bleyer, W.A,, Drake, J.C., Chabner, B.A.: Neurotoxicity and elevated cerebrospinal fluid
methotrexate concentration in meningeal leukemia. N. Engl. J. Med. 289, 770-773 (1973)

23. Simone, J.V,, Aur, R.J. A,, Hustu, H.O., Verzosa, M.: Trends in the treatment of childhood
leukemia. In: Modem trends in human leukemia II. Neth, R., Gallo, R.C., Mannweiler, K.,
Moloney, W.C. (eds.), pp. 263-269. Munich: J.F. Lehmanns Verlag 1976

24. Catovsky: In this monograph. Neth, R., Hofschneider, P.-H., Mannweiler, K. (eds.), pp.
107. Berlin, Heidelberg, New York: Springer 1979

25. McPhedran, P., Heath, C.W,, Jr.: Acute leukemia occuring during chronic lymphocytic leu-
kemia. Blood 35, 7-11 (1970)

26. Mertelsmann, R., Koziner, B., Filippa, D.A., Grossbard, E., Incefy, G., Moore, M.A.S.,
Clarkson, B.D.: Clinical significance of TdT, cell surface markers and CFU-C in 297 patients
with hematopoietic neoplasias. In: Modern trends in human leukemia III. Neth, R., Hof-
schneider, P.-H., Mannweiler, K. (eds.), pp. 131. Berlin, Heidelberg, New York: Springer
1979

27. Marks, S.M,, Baltimore, D., McCaffrey, R.P.: Terminal transferase as a predictor of initial
responsiveness to vincristine and prednisone in blastic chronic myelogenous leukemia. N.
Engl. J. Med. 298, 812-814 (1978)

28. Barr, R.D., Watt, J.: Preliminary evidence for the common origin of a lymphomyeloid
complex in man. Acta Haematol. 60, 29-35 (1978)



Progress in Acute Leukemia 1975-1978*

Henderson, E. S.

Department of Medicine A, Roswell Park Memorial Institute, State University of New York
at Buffalo, 666 Elm Street, Buffalo, New York 14263, USA

During the three years which have elapsed between the second and third
Wilsede conferences, the clinical management of acute leukemia has become
almost routine. Every clinic has become the advocate of combination chemo-
therapy for remission induction and maintenance, early treatment of the
central nervous system at least for childhood disease, and an appreciation of
the need for supportive care measures and attention to metabolic abnormali-
ties in the preparation for and sustenance of patients during chemotherapy.
This has clearly led to the happy prospect of more patients receiving better
care and thus a better chance for long-term survival and possible cure from
this once uniformly uncured disease.

This confirmity of approach, however, has serious implications concern-
ing therapeutic research in acute leukemia. First, it tends to obscure the fact
that most patients continue to die of their disease; and second, it reflects the
leveling off of significant advances in treatment for, a sufficient time (3 to
5 years) for the average competent physician to “catch up” with the avant
garde. Thus it highlights, among other things, the failure of non-specific im-
munomodulation (with BCG, MER, and the like) to significantly alter the
final outcome of leukemia, and the continued urgent need for more, and
more specific, new compounds to break through the toxicity barrier, especial-
ly during the remission consolidation and maintenance phases. Finally, given
the success of primary treatment of “standard” acute lymphoblastic and
acute myeloblastic leukemia of children and adults, necessarily greater atten-
tion is now commanded by the late toxic effects of drugs, and especially that
which remains the most devastating malignancy of all: the acute leukemia
which follows (is caused by?) previous bone marrow disease and injury.

Current Therapy and Results

The results of recent successful treatment regimens in acute leukemia are
reviewed elsewhere in these proceedings by Freeman, Lister, McCredie,
Preisler, and Wiernik. For acute lymphocytic leukemia (ALL), the three-
drug combination of vincristine, prednisone, and asparaginase will induce

* This work was supported in part by USPHS grants CA-2599 and CA-5834 from the National
Cancer Institute.
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almost all good risk patients into complete remission (good risk factors being
2-10 years of age, no previous treatment, and the lack of lymphoblast differ-
entiation into those cells which bear T and B cell surface markers). These
same drugs will induce remissions in older patients and those with T cell
markers in approximately 75 percent of initial trials. The addition of a fourth
drug (daunorubicin) increases the effectiveness of the regimen, at least in
adults (Lister et al., 1978; Henderson et al., 1978). In both adults and children
maintenance treatment and central nervous system prophylaxis appear
necessary for optimal results; although the long-term administration of
intensive maintenance treatment has led to increased toxicity, late complica-
tions. and deaths in remission; and has compared unfavorably in terms of
survival with maintenance regimens employing fewer drugs and/or less fre-
quent drug administration (Pinkel, 1978; Simone et al., 1976; Henderson,
1974). On the other hand, short-term intensification during established re-
missions may be advantageous (Bodey et al., 1976; McCredie et al., 1978;
Freeman et al., 1978).

For acute myelocytic leukemia (AML) combinations of cytosine arabino-
side and anthracycline antibiotics given in such a manner that myelosuppres-
sion is sustained for 10-14 days or more appears central to an optimal re-
sponse, given present drugs (Yates et al., 1974; Preisler et al., 1977; Silver et
al.. 1977; McCredie et al., 1976 and 1978) and support techniques. Although
most concede its value, the exact role and necessary duration of remission
treatment remains uncertain, as does the administration of treatment to the
central nervous system in AML.

Using these treatments survivals of greater than 50 percent have been
achieved in ALL in children (Pinkel, 1978; Jones et al., 1977) and up to 25
percent in active (i.e., neither secondary nor smouldering) AML and ALL in
adults at several centers (Henderson et al., 1977; McCredie et al., 1975; Mc-
Credie et al., 1978).

On the other hand, poor risk patients with acute leukemia continue to do
poorly. These are the patients with T cell or B cell disease, extensive extra-
medullary leukemic infiltrates at diagnosis, at the extremes of age, or most
strikingly, those with a history either of preexistant bone marrow disease, or
chemotherapy and/or radiation therapy antecedent to the development of
leukemia. Unfortunately, given our limited ability to treat them successfully,
the incidence of poor prognosis patients appears to be increasing. Until ade-
quate therapies are devised, it is still critical that such patients are identified
early to prevent 1. their imbalanced inclusion into comparative treatment
studies or 2. their inopportune and premature treatment with intensive drug
regimens having little chance of inducing benefit. In this regard, it is unfortu-
nate but true that attempts to increase response and survival with superinten-
sive treatment have rarely proved of benefit, while frequently adding morbi-
dity. For such patients the failure to normally reconstitute hematological
and immunological function underlies most failures. Accordingly, the develop-
ment of drugs or other agents with precise specificities for malignant cells and
the sparing and/or reconstitution of normal blood cell progenitors appears
to be the areas of greatest promise and highest priority in the immediate future.
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At the heart of the problem of specificity is the question of the reliable
identification of the progenitors of leukemic and normal cells. Numerous
previous attempts to identify and monitor these cells, their function, their
replication, and their drug sensitivity have been at best only partially success-
ful. The striking acquisition of new knowledge and techniques for measure-
ment of myeloid and lymphoid cells'is the most heartening advance of cur-
rent years in the study and management of leukemia and allied diseases.
Antisera specific for stages of differentiation and the identification of specific
surface receptors for antibodies, hormones and antigens have permitted in
situ identification and in some instances sorting of specific subpopulations of
cells, which can then be studied for replicative activity, drug uptake and ef-
fects. and clonogeneicity, thus for the first time permitting sensitivity to drugs
to be reliably assessed. Given proper reagents and improvements in sorting
technology, it may be possible either in vivo or more likely in vitro, to sepa-
rate malignant and normal cells from cell mixture, e.g., peripheral blood
leukocytes or bone marrow cell suspensions. All this is within the capability
of current laboratories and their associated clinics within the next 3-5 years.

Once isolated one from another, it will be possible to assess not only the
presence of differentiation related (and/or tumor related) markers, but also
function, and clonogenicity and drug susceptibility. Proliferation and differ-
entiation to a more mature state is not sufficient to identify a stem cell, the
test of which is self-replication simultaneous with the spawning of different-
iate functional progeny. (By analogy it has been noted that there are in fact
two cells maintaining immunologic memory, both will respond rapidly to
recall antigens but while most will form effect cells at the expense of their
own survival, one class will in addition self-replicate, thus renewing mem-
ory.) Itis the latter class of cell that is obviously most significant in long term
propagation of any tissue or function, and it is this type of cell toward which
the major search must be directed, and with which assays such as those de-
scribed by Preisler and Rustum (1978), Greaves (1978) and others can be at-
tempted with assurance of benefit. At the same time, alternate assessment of
their involvement in a malignancy can be accomplished by detailed cyto-
genetic analyses, such as those described by Rowley (1978), idiotypic directed
antisera (Broder et al., 1975; Fu et al., 1978), or enzyme allotype studies such
as those reviewed by Fialkow (1978). Such studies will, doubtless, continue to
amaze us with their demonstration of the ontogenetic scope of normal and
malignant tissues which appear otherwise homogenous.

Despite its early promise and despite demonstrations of histological and
therapeutic activity, immunotherapy has to date not been noted to increase
the probability of long-term survival and cure (Hersh, 1978). However, the
preliminary studies reported at this conference by Bekesi (Bekesi, 1978;
Silver. 1977) suggest that inoculation of enzyme-treated human leukemic
cells may be efficacious, perhaps through the mediation of a leukemia asso-
ciated or specific immune reaction. Both this premise, and the clinical utility
of neuraminidase treated cell immunization, remain to be proved, but results
to date are impressive, not only in the observed differences between the sur-
vivorship of control versus chemotherapy plus neuraminidase-treated-cell
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inoculation groups, but also in the shape of the curves which indicate for the
latter group that the risk of relapse is diminishing with time. Such survival
curves are in contrast to those observed following BCG or MER treatments
(Mathe’s series remaining a notable exception) and encourage the hope that
this form of treatment will effect cures.

The role of bone marrow transplantation in relapsed patients is now obvi-
ous. There is no approach in advanced refractory leukemia which can dupli-
cate that which has been demonstrated by the major transplantation groups
in terms of response and survival (Gale, 1978; Storb, 1977). It would appear
that the worth of engraftment lies in its permission of supralethal drug and/
or irradiation dosages, rather than in any immunological effect (e.g., the graft
versus leukemia effects postulated by Boranek, 1968) since identical-twin or
autologous stem cell grafting coupled to intense cytolytic regimens appear to
afford results comparable to allogeneic transplantation (Grace and Gale,
1977; Bruckner et al., 1977; Fefer et al., 1977). This is of major imporance in
providing a rationale for transplantation of stored autologous marrow, freed
by sorting either of leukemic cells on the one hand, or allogeneic immuno-
cytes responsible for both graft-versus-host and graft-versus-leukemic reac-
tions on the other. Stem cell replacement could thus become available to all
patients, rather than remaining restricted to a small minority of individuals
with leukemia.

Finally, as always, the therapist looks forward to the development and
discovery of new agents especially those with tumor specificity. Science is
providing knowledge of receptors, mediators, and the like which control
devision and differentiation, and are thus choice targets for chemical attack.
One such example of a new semisynthetic agent is metholated polycytidylic
acid, one of a series of “antitemplates” synthesized by Bardos and Ho (Ho
and Bardos, 1977) in Buffalo, and shown by Chandra et al. (1978) to potently
inhibit mammalian DNA polymerases, including reverse transcriptase ex-
tracted from human tissue. Preliminary trials in children with recurrent ALL
have demonstrated the activity of this compound in a clinical setting (Korn-
huber, 1978). The possible utility of this class of agent will be under investiga-
tion during the coming months, along with trials of new anthracyclines, vinca
alkaloids, and antimetabolites all selected on the basis of reduced major
organ toxicity and, thus, greater specificity than their clinically utilized con-
geners. Also to be tested are naturally synthesized compounds (or activities)
such as immune RNAs and interferons. The possibility of using natural met-
abolic intermediates, induced in the patients own cells by certain inciting
principles, e.g., the 2’5’A oligonucleotides described in these meetings by
Kern (1978), is a particularly attractive approach combining as it does the
potential advantages of tumor and host specificity.

The investigations of the past 3 years, and the spirit of current investiga-
tions as manifested in these recent Wilsede meetings, augers well for rapid
advances in the direction of truly specific and safe treatments for acute leu-
kemia and allied diseases within the near future. They also emphasize the
importance of studying human patients directly, rather than by analogy, at-
testing that “The proper study of man is man”.
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Leukemic Myelopoiesis*

Moore. M. A.S.

Sloan-Kettering Institute. 1275 York Avenue. New York. New York 10021. USA

1. Introduction

In vitro culture studies have revealed complex hemopoietic cell interactions
involving local and systemic signals controlling cell proliferation and differ-
entiation. Phenotypic characterization of myeloid leukemia utilizing in vitro
culture methodologies suggests that subtile regulatory imbalance may play a
major role in clonal dominance of transformed pluripotential stem cells or
committed granulopoietic progenitor cells. The emerging complexity of
potential bioregulatory networks in both normal and neoplastic hemopoiesis
has almost exclusively been demonstrated in vitro, however the concept of
“dependence” as applied to retention of regulatory responsiveness by neo-
plastic myelopoietic cells is of sufficient practical and theoretical importance
to justify detailed consideration of hemopoietic regulators in the context of
human leukemia.

2. Regulatory Networks in Normal and Leukemic Myelopoiesis

I. Control of the granulocyte-macrophage progenitor cell (CFU-c)

Myeloid leukemic cells can be cloned in semi-solid culture medium, in sus-
pension cultures or 1n diffusion chambers implanted into mice. Confirmation
of the leukemic origin of the cells derives from morphology, karyotypic anal-
ysis. biophysical characteristics and in vitro clonal growth patterns. As has
been extensively documented, normal granulocyte macrophage progenitor
cells (CFU-c) exhibit an absolute dependence upon provision of an appropri-
ate source of colony stimulating factor (CSF). Since a major source of CSF
resides within the hemopoietic system itself, either from mitogen stimulated
lymphocytes or monocytes and macrophages, any consideration of leukemic
cell responsiveness to CSF must also include recognition that CSF may itself
be a product of leukemic cells. Cells from patients with leukemia can be clon-
ed without addition of exogenous CSF. However, growth is not autonomous
and cell separation procedures have demonstrated the presence of endogen-
ous CSF producing cells which could be separated from leukemic colony
forming cells [1]. Early studies suggested that CFU-c from patients with
myeloid leukemia are heterogeneous in their responsiveness to exogenous
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ACS grant CH-3. NCI grant 19052 and the Gar Reichman Foundation.
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CSF with acute myeloid leukemic cells generally more responsive than re-
mission or normal CFU-c and chronic myeloid leukemic cells exhibiting de-
creased sensitivity to stimulation [2]. The question of altered responsiveness
of leukemic cells to stimulating factors is, however, complicated by interac-
tions between inhibitory and stimulatory cell populations within leukemic
bone marrow and the known functional heterogeneity of CFU-c subpopula-
tions and differing species of CSF.

Recognition that normal and neoplastic monocytes and macrophages can

produce CSF and that this factor is an absolute requirement for proliferation
and differentiation of normal or neoplastic granulocyte-macrophage progen-
itor cells introduces the problem of mechanisms designed to counterbalance
this positive feedback drive. Limitation of CSF-dependent myelopoiesis may
‘theoretically be mediated by activities inhibiting CSF production by mono-
nuclear phagocytes, by direct inactivation of the CSF molecule or by altera-
tion in the responsiveness of the CFU-c. Evidence for the latter was provided
by the observation that the E series prostaglandins (PGE;, PGE,) profound-
ly inhibited normal and leukemic CFU-c proliferation in vitro [3]. This in-
hibition was prevented by preincubation of bone marrow with the dibenzo-
xapine hydrazide prostaglandin antagonist SC-19220 providing evidence for
a PG receptor on the CFU-c. PGE mediated inhibition was also partially
counteracted by increasing the concentration of CSF in the culture system
suggesting a dualistic modulation of CFU-c proliferation [3]. The central
regulatory role of macrophages in myelopoiesis was further indicated by
studies which showed that blood monocytes and tissue macrophages were a
major biosynthetic source of prostaglandin E as detected by radioimmuno-
assay [4] and that this synthesis correlated with the production of a diffusible,
dialyzible, non species specific inhibitor of CFU-c proliferation [5]. The ap-
parently paradoxical observation that macrophages produced two activities
with mutually antagonistic roles at the CFU-c level can be resolved by three
observations.

1. While macrophage activation by agents such as endotoxin or zymosan
leads to increased synthesis of CSF and PGE, the former occurs as an acute
response peaking within 1-3 hours whereas the latter increase is delayed for
18-24 hours [6].

2. The temporal dissociation between peak induction of CSF and PGE
synthesis suggested that PGE biosynthesis may be dependent upon the ear-
lier increase in CSF. This possibility was confirmed by the observation that
exposure of macrophages to increasing concentrations of a pure source of
CSF led to a subsequent dose dependent increase in PGE synthesis and that
this response was also seen with macrophages from endotoxin resistant C3H/
HeJ mice [5.6].

3. By employing sedimentation velocity separation of normal peritoneal
cells. it was shown that the cells which produced CSF and synthesized PGE
resided within the cell population which was adherent, a-naphthyl esterase
positive and phagocytosed latex beads. A subpopulation of these macrophages
constitutively produced CSF but little or no PGE (“Helper” macrophages)
and were clearly separable from a population of larger macrophages which
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constitutively produced PGE and little CSF (“Suppressor” macrophages) [6].
Of particular significance was the observation that the CSF producing —
“helper” macrophage population could be induced to extensive PGE pro-
duction following exposure to endotoxin or an exogenous source of CSF [6].

The relevance of these observations to leukemogenesis resides in the fact
that macrophages can function in a helper or suppressor mode to influence
myeloid leukemic cell proliferation. Suppression of leukemic cell prolifera-
tion by activated macrophages may, for example, be relevant to non-specific
host defense against neoplasia. Relatively low numbers (1-2x 10°/ml) of
activated mouse peritoneal macrophages are capable of producing a revers-
ible cytostatic block on a variety of human and murine lymphoid and myel-
oid leukemic cell lines [7]. This cytostasis was detected by inhibition of leu-
kemic cell growth, 3HTdR incorporation, cloning efficiency and by cyto-
fluorometric analysis. In all cases, cell contact was not required and the dif-
fusible macrophage derived inhibitory activity was prostaglandin E.

While it is often thought that leukemic transformation involves an irrevers-
ible maturation block with loss of differentiation function, it is becoming in-
creasingly clear that leukemic cells can, under appropriate conditions, be
induced to express various differentiated functions. One example of this is
retention by neoplastic myelomonocytic, monocytic and macrophage cell
lines of the capacity to constitutively or inducibly synthesize and secrete CSF
and prostaglandin E. As can be seen in Table 1, three of the five murine cell
lines, the myelomonocytic leukemia WEHI-3, the spontaneous macrophage
tumors SK2-2 and PUS.18 and the human adherent cell line SPGcT, con-
stitutively elaborated both CSF and PGE, and like normal macrophages, the
augmentation of CSF production following short term incubation with lipo-
polysaccharide (LPS) was linked to stimulation of PGE synthesis. In contrast
to most normal macrophages, the RAW-264 Abelson virus induced macro-
phage tumor and the Balb/c macrophage cell line J774 did not constitutively
produce either CSF or PGE; however, induction of synthesis of both activi-
ties followed treatment with LPS. Furthermore, the addition of a source of
CSF induced both RAW-264 and J774 to synthesize PGE at levels very
similar to those induced by LPS alone. CSF and PGE synthesis by RAW-264
could also be induced by agents other than LPS, such as zymosan, purified
protein derivative (PPD) and Poly I-Poly C which also stimulate CSF and
PGE production by normal peritoneal macrophages [6]. In this context, treat-
ment of the neoplastic macrophage cell lines with hydrocortisone blocked the
induction of CSF and PGE synthesis as well as induction of such functional
properties as latex phagocytosis, antibody-dependent phagocytosis of sheep
RBC and antibody-dependent lysis of tumor targets; however, hydrocortisone
had no effect if these were constitutive properties of the neoplastic cells [8].

I1. Granulocyte mediated inhibition of myelopoiesis

The concept of granulocyte mediated negative feedback regulation of myelo-
poiesis has received some experimental support, however this remains a
contentious area due to difficulties in demonstrating in vivo correlates of in
vitro phenoma. The end stage mature granulocyte, the polymorphonuclear
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Table 1. Production of colony stimulating factor (CSF) and prostaglandin E (PGE) by murine
and human monocyte-macrophage cell lines

Cell line CSF» PGEb

Mouse Control + LPS Control + LPS + CSF
WEHI-3 84 + 4 161 + 18 173 + 91 1040 + 85 863 + 35
SK2.2 16 £3 91+ 9 296 + 13 3462 + 149 nd
PUS5.18 12+ 2 94 + 12 283 + 37 2385 + 312 nd
RAW 264 0 111 £ 1 0 305 £ 25 gceoex 25
J774 0 128 + 10 0 1033 + 61 1670 + 88
Human

SPGcT 100 £+ 3 nd 3129 + 150 nd nd
U937 0 0 0 0 nd

a2 Colonies/7.5 x 10* marrow cells/0.1 ml of 24 hr. conditioned medium
b Picograms of PGE determined by radioimmunoassay

neutrophil (PMN), has been reported to produce chalone-like activities which
can suppress SHTdR uptake in proliferating myeloid cells [9] or can alter the
structuredness of the cytoplasmic matrix of such cells [10]. More recently, we
have shown that PMN and their products indirectly inhibit CFU-c in vitro by
decreasing the production and release of CSF by monocytes and macro-
phages [11]. The basis of the assay for this type of inhibitory activity involves
density separation of bone marrow or blood leukocytes in order to obtain
populations of cells enriched for CFU-c and CSF producing cells but deplet-
ed of mature granulocytes. When cultured in agar, endogenous production of
CSF results in “spontaneous” colony formation independent of an exogen-
ous source of CSF. Addition of mature granulocytes, granulocyte extracts or
granulocyte conditioned medium to such cultures reproducibly suppresses
spontaneous colony formation by an inhibitory action on CSF production by
monocytes and macrophages [11]. Investigations of this PMN inhibitory
activity in patients with myeloid leukemia and myeloproliferative disorders
have demonstrated a marked quantitative defect [12,13]. Interestingly, this
defect persisted in many patients satisfying standard criteria for complete
remission and could not be correlated with chemotherapy [12]. In a study of
PMN mediated inhibition of in vitro myelopoiesis in 58 patients with chronic
myeloid leukemia at all stages of the disease, a double defect in negative
feedback regulation was observed [13]. PMN from the patients were
quantitatively deficient in inhibiting normal or leukemic colony formation
but. in addition, monocytes or macrophages from leukemic patients were less
sensitive than normal cells to inhibition by activity derived from normal
PMN. Again this decreased responsiveness was a quantitative rather than a
qualitative difference and CSF production by leukemic monocytes and
macrophages of human and murine origin can be effectively suppressed by
high concentrations of granulocyte inhibitor [13, 14].

The inhibitory activity in serum free human granulocyte lysates is labile
and rapidly inactivated at 37°C due to protease activity [15]. Partial purifica-
tion of the inhibitor was obtained by ultracentrifugation, DEAE-sephadex



Regulatory Interactions in Normal and Leukemic Myelopoiesis 175

chromatography, SDS polyacrylamide gel electrophoresis and isoelectric
focusing. Using this purification procedure, a 1x 108 fold purification was
obtained and the inhibitor was identified as a glycoprotein with a molecular
weight of 80000-100000 and isoelectric focus points of pH 6.0-6.5. This in-
hibitory factor was therefore similar in many respects to lactoferrin, the iron
binding protein first isolated from milk and also present in epithelial secre-
tions and mature granulocytes [16]. Purified lactoferrin from human milk
was tested in the spontaneous colony assay system against normal human
marrow and in the native form (8% iron saturated) was inhibitory at 10-1> M,
indeed the fully iron saturated form inhibited at 10-'7 M whereas the apo-
form (depleted of iron) was only active at concentrations > 10~ M [17]. Serum
transferrin. a biochemically similar iron-binding protein which is anti-
genically distinct from lactoferrin, was only minimally inhibitory at con-
centrations > 10 M. Separation of the granulocyteinhibitory factorandlacto-
ferrin by isoelectric focusing confirmed that the regions of inhibitory activity
corresponded in both to a pH of 6.5. In addition, the purified immunoglobulin
fraction of rabbit anti-human lactoferrin antiserum, but not anti-transferrin,
inactivated the capacity of both lactoferrin and granulocyte inhibitor to block
CSF production [17]. It has been postulated that mature granulocytes limit
CSF production by eliminating bacteria [18], however, mature granulocytes
in the presence of bacterial products and in response to phagocytic challenge
release large quantities of their intracellular contents of lactoferrin and sup-
pression of CSF production under these circumstances is probably mediated
via lactoferrin. The observed quantitative deficiency of lactoferrin in the
mature granulocytes of patients with acute and chronic myeloid leukemia
and myeloproliferative disorders [19] further substantiates our contention
that this iron binding protein is involved in a primary regulatory dysfunction
associated with neoplastic myelopoiesis.

II1. The role of stimulatory or inhibitory activities unique to the leukemic state

The theoretical possibility exists that the growth advantage of the leukemic
clone is due to selective proliferation of leukemic cells in response to a macro-
molecule which is not growth stimulating to normal myelopoietic cells; alter-
natively, leukemic cells may produce an inhibitory activity specifically sup-
pressive to normal but not leukemic hemopoiesis. Precedents for both pos-
sibilities have been reported. Conditioned medium from human embryo cell
cultures (WHE-1CM) appeared to be specific for leukemic myeloid cells
since it stimulated continuous growth and differentiation in suspension
culture of human acute and chronic myeloid leukemic cells but had no in-
fluence on bone marrow or blood cells from normal donors either in suspen-
sion culture or in semi-solid media [20].

Evidence for a leukemia specific inhibitory activity (LIA) has been
provided by Broxmeyer et al. [21,22]. Extracts and/or conditioned medium
of bone marrow or blood cells from 76 of 85 patients with acute leukemia of a
variety of morphological types inhibited colony formation of normal CFU-c
by 28 to 90%. The activity was not related to treatment since untreated as well
as treated patients possessed cells with inhibitory activity. Extracts from cells
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of 41 of 47 patients with CML and 6 of 6 patients with chronic lymphoid leu-
kemia were also inhibitory to normal CFU-c and titration of inhibitory activ-
ity suggested that extracts obtained from patients with chronic leukemia had
lower levels of inhibitor than observed in acute leukemia [21,22]. The finding
that the varied leukemic states contain the same type of inhibitory activity
suggests that there may be a common link between the diseases which mani-
fest as abnormalities in different hemopoietic cell lines and which are associ-
ated with profound suppression of normal myelopoiesis. Maximum inhibi-
tory activity was present in medium conditioned by leukemic cells after three
days. exceeding the inhibitory activity obtained by direct extraction and in-
dicating active synthesis of the inhibitor [21,22]. The