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It is dangerous to be dogmatic about anything, including the
assumption that a major determinant in the responsiveness to
chemotherapy of many animal and human cancers (and cell
cultures of the same) is associated with the kinetic behavior of
their clonogenic cells. In this context, what I mean by kinetic
behavior is the relative fraction of clonogenic tumor cells
initiating DNA replication per unit time. We know of several
possible exceptions to this generalization. We would be
surprised and disappointed if there were not others.
Nevertheless, there is so much experimental and clinical data
which is compatible with this hypothesis that it would be
dangerous not to consider it seriously (see Table 2).

Let me pose certain questions and then consider them
briefly in the light of the observations listed in Table 2 and
other information. 1 had the pleasure of discussing several of
these questions with Dr. Lamerton and Dr. Steel during a
recent quick trip to Sutton. As I remember, there were no
cataclysmic disagreements although we agreed that sometimes
we said much the same thing in different words (theirs always
seemed much more precise than mine). I mention this pleasant
discussion not to incriminate these scientists for the views I
hold, but in appreciation of their thoughtful criticism.

1. Is cancer “many diseases” because of truly qualitative
biochemical differences between different cancers, or because
of kinetic (quantitative biochemical) differences?

If we say that cancer is many diseases because of differences
in growth rates and response to different drugs, I would have
to say that many of these differences are compatible with and
potentially explainable by kinetic differences (see
Observations 1 to 11 in Table 2).

We might ponder the above question in the context of the
central dogma of the geneticists and molecular biologists
regarding the one-gene-one-enzyme relationship and the
molecular events involved in transfer of genetic (catalytic)
information,

(transcription) (translation)

NAZ 3 RNA _—__, protein
(duplication)

It is difficult for me to conceive of quantitative biochemical
differences (that we know we see in the kinetic differences
between cancers, between different normal cells, and between
some cancers and some normal cells) without presuming some
qualitative difference in composition or spatial arrangement
between one or more of the DNA’s, RNA’s, and enzymes in
neoplastic cells versus normal counterpart cells. The
quantitative biochemical differences between different tumors
might result from quantitative differences in the same
qualitative difference (from normal) within molecules or
molecular events which influence steady-state control, because
we see (within cancers) what appears to be a wide spectrum of
degrees of loss of response to steady-state control mechanisms.
But enough of this; I am only speculating without hard data.

2The presumed site of the cancer lesion, and the eventual site of
action of many anticancer drugs. Simultaneous inhibition of RNA
and/or protein synthesis may limit the cytotoxicity of an agent which
renders cells nonclonogenic only when they initiate DNA duplication
(5).
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2. How far can cell population kinetic considerations alone
explain past chemotherapeutic successes and failures?

Observations 1 to 11 in Table 2 seem pertinent; however,
we need more quantitative data, particularly in clonogenic
normal cell populations, before a quantitative answer can be
given to this broad question. Although labeling indices and
average intermitotic times and cycle phase times are useful
values, they alone are not likely to settle this question because
of uncertainties regarding the clonogenic capacity of both
unlabeled and labeled cells.

A seeming paradox has long existed regarding the normal
intestinal crypt cells which have a higher labeling index and a
shorter intermitotic time than certain tumors which have been
“cured” by chemotherapy. It would be surprising if more than
99% of the clonogenic crypt cells could be destroyed without
killing the host. The rate of recovery of intestinal epithelial
tissues is astonishingly rapid after less than lethal damage (10,
12). Destruction of clonogenic hematopoietic cells, after their
recruitment to a highly proliferative state, sometimes appears
to be a greater limitation to chemotherapy than
gastrointestinal toxicity.

3. Why are many types of solid tumors less responsive to
chemotherapy than the leukemias?

It isn’t quite as simple as that (see Observation 11, Table 2),
but the rapidly growing leukemias, lymphomas, and
choriocarcinoma seem to be clearly more sensitive than
advanced solid tumors. Observations S, 6, 7, and 8 (Table 2)
seem very pertinent to me. Also, it is important to emphasize
that the end points for measuring the response to therapy of
choriocarcinoma and leukemias are much more quantitative
than solid tumor volume behavior (e.g., the destruction of
99.99% of the clonogenic cells in a solid tumor may be
reflected by only a modest temporary volume regression
because of the slow lysis and resorption of dead cells and the
concurrent repopulation by clonogenic cells).

4. Why are cycle phase-nonspecific agents (eg.,
cyclophosphamide and the nitrosoureas) on the whole more
effective against solid tumors than S phase-specific drugs?

When Observations 6, 7, and 8 (Table 2) are considered in
the light of the fact that S phase-specific drugs are
concentration independent, and render cells nonclonogenic
only as rapidly as they attempt DNA replication, it might be
expected that the selective cytotoxicity of such drugs for
large, *“‘crowded,” solid tumor cell populations might be
minimal. We have observed that constant maximally effective
serum levels of ara-C* over 24 hr will reduce clonogenic L1210
leukemia cells (early disease) by 99.999% but will reduce the
clonogenic cells in various medium sized solid animal tumors
by only about 90% (17).

Agents that render cells nonclonogenic regardless of their
cycle phase when exposed would be expected to be more
effective against a solid tumor in which only, say, 90% of the
clonogenic cells enter S phase in 24 hr.

Having worked on or observed all sorts of work on
alkylating agents for some 30 years, I am still puzzled by the
selectivity of some such agents for certain tumor cells as
compared to normal cells. I can only assume that these agents

3The abbreviation used is: ara-C, 1-g-D-arabinofuranosylcy tosine.
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Table 2
Kinetic behavior of clonogenic cells versus sensitivity to chemotherapeutic agents

Reference

—

. The critical normal cells which are the most sensitive to a variety of chemotherapeutic agents are those which have
high mitotic activity or potentially high mitotic activity (e.g., hematopoietic cell precursors and intestinal crypt cells).
2. Marrow colony-forming cells are much less sensitive to various chemotherapeutic agents at the onset of therapy

Philips et al. (12) and
many others
Bruce et al. (3)

than rapidly proliferating AK lymphoma cells (this holds for cycle phase-specific and cycle phase-nonspecific drugs).

3. Prior to insult, only a very small fraction of marrow colony-forming cells initiate DNA replication per unit time;
however, after marrow damage a high fraction of these cells is recruited to a proliferative state until marrow

Becker et al. (1); Bruce
and Meeker (2)

repopulation is complete. During marrow repopulation, the proliferating colony-forming cells become about as

sensitive to chemotherapy as rapidly proliferating AK lymphoma cells.

4. When L1210 leukemia cells are placed in a “‘resting’ state by deprivation of nutrients, such cells become almost
completely insensitive to S-phase-specific agents but are still sensitive to drugs which react with or complex with
formed DNA. On being placed in a *‘resting” state, the labeling index of leukemia cells drops to essentially zero.
Results similar to the above have been obtained with resting versus log phase bacterial cell populations.

S. It is generally conceded by experimental chemotherapists that cells from a given tumor are more sensitive to
chemotherapy when growing in a free-floating ascites form than in a “‘crowded” solid form. This is compatible

with the kinetic differences observed.

6. Tannock has obtained data which are compatible with a reasonable concept regarding the architecture of solid

Schabel et al. (14);
Simpson-Herren
(unpublished data);
Wilkoff et al. (21);
Pittillo et al. (13)
Schmidt et al. (15);
Tannock (20)
Tannock (19)

tumors in relation to ever-increasing doubling time and decreasing sensitivity to therapy with increasing mass. Briefly,
he observed decreasing mitotic indices and labeling indices with distance from a blood vessel toward an outward
area of necrosis. As pointed out, this may result from anoxia or other nutritional deficiencies.

7. Extensive studies have shown that, when a wide variety of animal and human solid tumor cells are “uncrowded”
and “‘adapted” to log-phase culture, these cells all become quite sensitive and about equally sensitive to a wide
variety of antimetabolites and alkylating agents. From a kinetic standpoint, “‘diluted” cultures of once solid tumor

Eagle and Foley (7) and
others; Cleaver (4) and
others

cells behave much like early murine leukemias (e.g., almost logarithmic growth, short doubling times rather
comparable to their intermitotic times, short T; ’s, and high labeling indices).

8. The growth curves of essentially all experimental‘neoplasms, if they are measured carefully enough and long enough,
approximate a Gompertzian function, i.e., exponentially increasing doubling time with increase in mass. This usually

Laird (9); Steel (18);
Mendelsohn (11)

appears to be the result of increasing tumor cell loss (e.g., cell death. lysis, and resorption) and a decreasing fraction
of clonogenic tumor cells initiating DNA replication (en route to division) per unit time. It is the latter phenomenon

that we presume to be a major limitation to chemotherapy.

9. We have never failed to observe a relationship between the degree of advancement of an experimental cancer and its
responsiveness to (or “curability” by) chemotherapy. Surgical resection of the primary improves chemotherapeutic

“‘cure” of disseminated solid tumor cells.

10. There is a good overall relationship between kinetic parameters of a wide variety of experimental leukemias and
solid tumors and their response to chemotherapy. Generally, S-phase-specific agents alone will “cure” only those
’s and the highest labeling indices. Cycle phase-nonspecific agents

neoplasms with the shortest doubling times and T,

Skipper and Schabel
(17) and others

Skipper and Schabel
(17) and others

(e.g., cyclophosphamide and nitrosoureas) also “cure” the rapidly growing neoplasms and, in addition, are much
more effective against solid tumors with less favorable kinetic parameters. Various combinations often improve the
response of advanced leukemias and solid tumors over that achievable by single drugs.

11. “The principles of chemotherapy are derived from those situations where chemotherapy has been most effective:

Zubrod (22)

choriocarcinoma, Burkitt’s lymphoma, acute lymphocytic leukemia, Hodgkin’s disease, lymphosarcoma, reticulum
cell sarcoma, testicular cancer, Wilms’ tumor, and Ewing’s sarcoma. It must be quickly pointed out that these tumors
have a biologic sameness, namely rapid growth, whereas the drug-nonsusceptible tumors such as breast and lung

cancer are slow growing.”

react with formed DNA and render cells nonclonogenic if they
attempt DNA replication prior to repair. This might account
for the fact that although alkylating agents are effective
against slowly growing solid tumors they are more effective
against rapidly growing neoplasms. The selectivity could be
rationalized by presuming deficient repair mechanisms in
neoplastic cells.

Schmidt (15) in his carefully designed studies clearly
demonstrated that all alkylating agents are not the same with
respect to therapeutic index in animal leukemias and solid
tumors. We and many others have confirmed his important
observations in other tumor systems, again and again.

5. What additional kinetic information is needed in tumor
and normal cell populations (i.e., might contribute to both
basic understanding and practical therapeutic trial design)?

The kinetic information that we most often find ourselves
in need of as we design therapeutic trials against different
types of cancer is, “What fraction of the clonogenic tumor

SEPTEMBER 1971

cells and normal stem cells enters S phase en route to division,
per unit time?”’ We would like to know the extreme range of
Tg, (or TGl + Ty + T ) in clonogenic tumor cells and the
fractional reduction of different types of normal stem cells
which is life threatening. Also, we would like to know the
effects of doses or courses of chemotherapy or radiation (or
partial resection) on the subsequent proliferative behavior of
neoplastic and normal cell populations. I have already pointed
to the limitations of tracer methodology in gaining kinetic
information on the behavior of clonogenic cells. When
methods are available for quantitative measure of clonogenic
neoplastic and normal cells, an ara-C index or a tritiated
thymidine “suicide” index will provide useful information in
the areas mentioned above (1, 3, 17). Unfortunately, no such
methodology is presently available where it is needed the
most: for broad studies in neoplastic and normal cell
populations in man. Parenthetically, if someone on the “left”
would like to be loved (even idolized) by many on the “right,”
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he has but to develop a method(s) for measuring surviving
clonogenic cells which can be employed in man. The method
would not have to depend on “cloning techniques,” but it
would have to show correlation with such techniques in
various systems where they are available.

6. What other types of quantitative information (and
interdisciplinary collation) are needed for guidance and
in-depth interpretation of successful and unsuccessful
therapeutic trials?

Perhaps I have talked too much about kinetic (quantitative
biochemical) differences and their implications. This is only
one important area but it impinges on many and helps me to
relate between molecular, cellular, and intact host aspects of
cancer therapy.

Better drugs, better schedules, better combinations, and
better surgical- and radiation-adjuvant application (in my
opinion) will almost certainly improve the control of
additional types of disseminated cancer in the future,
including solid tumors. But again, it is the rate of progress,
stepwise if it must be, that concerns us.

There are too many drugs and possible schedules and
potential combinations which might be optimal for too many
different types of cancer to allow us to sit back and hope that
the “best” regimens will soon be discovered by trial and error
alone. This is brought home rather forcefully when one
considers that a fixed-protocol clinical trial against a given
type of human cancer may require 1 to 5 years or longer. We
could take the attitude that optimal scheduling, or
combinations, or adjuvant approaches won’t make all that
much difference with the chemotherapeutic agents at hand
today, but that won’t wash—look at the experimental and
clinical data. There are too many examples showing that
optimal scheduling, or combinations, or adjuvant approaches
will make the difference between success and failure, to accept
such pessimism.

Let me give one example of the importance of optimal
scheduling with one class of drug against one experimental
disease (Table 3). I use this example for several reasons. First,
the therapeutic trial data are sufficiently extensive and diverse,
and the tumor system is sufficiently reproducible to allow
interpretation with some confidence. Secondly, this example
illustrates  that  biochemical, or  cytokinetic, or
pharmacological, or toxicological, or therapeutic response data
alone, are not sufficient to explain the success or failure of a
given therapeutic trial. I hasten to add that the early L1210
leukemia model, although an excellent theoretical model, is
not a proper kinetic model for very advanced human
leukemias and solid tumors. In fact, it is not a good kinetic
counterpart of advanced L1210 leukemia or advanced
spontaneous AK leukemia or most measurable solid tumors in
rodents. At your leisure, study the data summarized in Table
3, bearing in mind that the median T'g for L1210 leukemia cell
populations is about 9 hr, but that it takes about 24 hr for
99.999% of the clonogenic leukemic cells to enter S phase
where arabinosylcytosine renders ceils nonclonogenic because
of its specific effects on DNA replication. Most of these data
were at hand before Mellett, Pittillo, Neil, and others* provided

*Progress Reports of the ara-C Study Group of the National Cancer
Institute, unpublished data.
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data on serum concentration with time, and Wilkoff (21)*
provided data on the minimum cytotoxic concentration of
ara-C for L1210 leukemia cells and demonstrated concentration
independence with respect to rate of leukemic cell kill
above concentrations of about 1 to 3 ug/ml. When these
data were added, interpretation of the therapeutic trial
results at the molecular, cellular, and intact host levels became
possible.* We are just beginning to learn how to translate data
such as these, obtained in a given model, to other tumors in
other hosts (17). We already know how to translate fairly well
between hosts with respect to toxicity (8), and
pharmacodynamic data add another parameter of
understanding with respect to “‘exposure” of both neoplastic
and normal cell populations in various hosts including man
(14).

7. What is the “best” experimental tumor model?

In our view, the age-old argument concerning which animal
tumor model is the best model for “human cancer” is a
fruitless argument because no single human cancer is a proper
model for all human cancer.

We believe that early and advanced L1210 leukemias are
good models for certain types of basic studies, as is
spontaneous AK leukemia which seems to mimic human
leukemias and lymphomas in many respects. We think that any
of a number of solid tumors in animals (transplanted, induced,
and spontaneous) can serve as useful models for solid tumors
in man, although none will save the experimentalist and
clinician the pain of having to learn to “translate” in both
directions (17).

8. Why does the chemotherapist need surgical or
radiotherapeutic help (and vice versa) in treatment of
disseminated cancer?

Because the major limitation to chemotherapy (particularly
solid tumors) appears to be nonproliferating, but still
clonogenic, tumor cells. Such cells are most prevalent in the
largest tumor mass or masses which are sometimes accessible
to surgery or radiotherapy. These latter therapeutic modalities
are not plagued by the same limitation but are limited by
dissemination of even a small number of clonogenic tumor
cells. Chemotherapy is at its best against relatively small
numbers (e.g., 10° or less) of widely disseminated tumor cells.
If host-immune mechanisms operate by zero-order kinetics,
they might be most effective against the last few thousand
clonogenic tumor cells.

CANCER CHEMOTHERAPY IS MANY THINGS

Finally, cancer chemotherapy is many things. It is not just
“screening” as some seem to think, nor is it just organic
chemistry,  biochemistry, cell population kinetics,
pharmacology, or sophisticated experimental therapeutics in
model systems and in man. It is all of these things and many
more, but most of all it is discovery, development, collation
across disciplines, and application to man with (for good
reason) a prevailing sense of urgency. We want and need and
seek better guidance and are gaining it, but we cannot afford
to sit and wait for the promise of tomorrow so long as
stepwise progress can be made with tools at hand today.
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Table 3

Therapeutic trial results obtained with an S phase-specific drug are compatible and interpretable when considered in the light of biochemical,
cytokinetic, pharmacological, and toxicological data (L1210 leukemia system)

Interpretation; reasons for
success or failure®

Success Failure
All Discase
clonogenic  Gapsin  Period of  too far
Dosage. maximum tolerated except where noted(*) Period serum % increase leukemia  effective  effective  advanced;
level was >0.1  in life span cells serum con- serum con- kinetic and
Size of mg/kg/ ug/mlaftereach  excluding % “‘exposed” centration centration resistence
Treatment inoculum® dose Schedule: All doses begun on Day 2° dose (hr) survivors  ‘‘cures” in S phase  too long too short limitations
ara-C 10® 3,000 Single dose ca.10-15 S5 0 X
30 qd(x 15) 2.9 133 0 X
500  q2d (x 8) 6.2 135 0 X
1,500 q4d (x 4) 9.0 135 0 X
ara-C 10¢ 15 qlhr (x 8) 2.4 36 0 X
15 q3hr (x 8) 2.4 63 50 X
15 q6hr (x 8) 2.4 81 67 X
15 ql2hr (x 8) 2.4 72 0 X
15 q24hr (x 8) 2.4 50 0 X
ara-C 108 15  Single dose* 2.4 6 0 X
15 q3hr (x 2)* 2.4 17 0 X
15 q3hr (x 4)* 2.4 50 0 X
15 q3hr (x 8)* 2.4 89 0 X
10 q3hr (x 16) 2.3 129 16 (X) X
10 q3hr (x 24) 2.3 110 70 X
6 q3hr (x 32) 2.0 213 60 X
ara-C 106 15  q3hr (x 8) Day 2 2.4 89 0 X
15 q3hr (x 8) Days 2,6 2.4 156 32 X
15 q3hr (x 8) Days 2,6, 10 2.4 > 200 93 X
15 q3hr (x 8) Days 2,6, 10, 14 2.4 > 200 86
107 ) q3hr (x 8) Days 2,6, 10, 14 2.4 300 0 X
PalmO-ara-C¢ 10® 150  Single dose 38 or > 150 55 X
(a depot form 107 150 Single dose 38 or > 227 0 X

of ara-C) 10® 60 q3d (x 4) 21 194 70 X

2 No. of leukemic cells in the host at initiation of treatment = ca. 16 x innoculum size.

® There are various ways to fail with this class of agent when used alone against this neoplastic disease, but only one way to succeed, i.e., “expose”
all clonogenic leukemic cells. while they are replicating their DNA in a manner which does not overdose the host. Although median T¢c — T = ca. 3 hr
for early L1210 cell populations, about 24 hr are required for 99.999% of the clonogenic cells to enter S phase. Allowing gaps between periods of effective
serum concentration as long as or longer than median T (9 hr) resulted in failure to control this rapidly proliferating disease. In advanced spontaneous
AK leukemia, the fraction of clonogenic cells entering S phase in 24 hr is about 99%; in moderately advanced solid tumors in rodents (studied to date),
this value has been of the order of 90%.

¢ 1-8-p-Arabinofuranosylcytosine 5-palmitate.
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