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Improvement of the Model Systems

Howard E. Skipper
Kettering-Meyer Laboratories (affiliated with Sloan-KetteringInstitute), Southern Research Institute, Birmingham, Alabama 35205

"It is no sin to devise oversimplified working concepts of
nature 's secrets. The scientific sinning comes with refusal to

complicate such concepts to the degree dictated by irrefutable
data or to discard them completely should they become
untenable. "-Anonymous.

I have never thought that there was anything particularly
"wrong" with some of the model systems we have used for

years for biochemical, cell culture, or in vivo experimentation.
As usual, the trouble has been with people (like me). We
haven't always clearly enunciated what we expected a model

system to tell us, or what we should have known a single given
model couldn't tell us, about "all human cancer." In the

beginning, we rarely knew just what human cancers a model
system was supposed to be a model for (if any). And worst of
all, we had so little depth of knowledge about the "models,"
or about "human cancer" in general, that we could not be sure

of recognizing an important correlation if we obtained one.
Nevertheless, I contend that much has been learned about

cancer and cancer chemotherapyâ€”at the molecular level, the
cellular level, the animal tumor level, and the clinical level. We
may even be approaching a point when objective interdigita-

tion of what we have learned from many model systems can
lead to more rational and efficient application. One of our
biggest problems may turn out to be "unlearning" some of
what we thought we knew but didn't know at all. By

application, I mean (a) in design of clinical trials aimed at
more effective control of disseminated human cancer, (ft)
design of therapeutic trials aimed at "cure" of additional types

of disseminated animal cancer and meaningful interpretation
of both success and failure in terms of the target problem, and
(c) design of critical experiments (in vitro or in vivo) which
will further delineate the hurdles to control of additional
disseminated cancer-so that "model systems" can be devised

to study these phenomena in greater depth.
As far as I know, nothing I will have to say in this paper is

original, and much of it has been said before in slightly
different words and context.

In order to talk about interdigitation of diverse data (from
what are usually considered as model systems) I will have to
call all sorts of things "model systems," some of which were

never intended as such. This is necessary because most of us
consider human cancer as many diseasesâ€”even though we
rarely get very specific about this oversimplification. I would
emphasize that, until we can be more specific about why we
feel obligated to call cancer many diseases,we certainly are not
going to be able to be very specific about "just which human

cancers a given model system is supposed to be a model system
for, if any."

For the moment, let us consider all the "systems" listed in
Table 1 as "model systems." Also let us assume that no single

system is a perfect model for all disseminated human cancer
but that each can tell us something important and useful about
the potential and limitations of chemotherapy (when used
alone or with surgery, ionizing radiation, or immunotherapy).
Now what have I done in Table 1? I have made almost all
cancer researchers "modelists" and thus brothers. Perhaps this

is why we squabble a bit. I have given all disciplines credit for
fundamental contributionsâ€”except the poor old organic
chemists and mathematicians whom we "biologists" often

mislead, exploit, depend upon, and quickly forget at bouquet-
giving time.

Table 1

Some "model systems" which have contributed to

concepts pertinent to chemotherapy.

1. Cell-free systems in vitro.
2. Cancer cells in log-phase culture.
3. "Resting," but completely viable, cancer cells in vitro.

4. In vivo animal tumor systems which are sensitive to, or are
"curable" by, chemotherapy.

5. In vivo animal tumor systems which respond poorly to
conventional chemotherapy.

6. Disseminated human cancer which is quite sensitive to
chemotherapy (e.g., acute leukemias, choriocarcinoma, Burkitt's
tumor, Hodgkin's disease, Wilms' tumor).

7. Disseminated human cancer which responds poorly to moderately
to conventional chemotherapy.

8. Cancer which is cured by surgery or ionizing radiation versus
cancer which is not cured by these modalities (regardless of
morphologic classificai Â¡on).

9. The modes of normal cell versus cancer cell growth in vivo (steady
state, with or without cell loss, versus deviation from steady state).

10. Others of your own choices.

Before mentioning a few important contributions stemming
from the model systems listed in Table 1, a diagram is
presented (Chart 1). The implications of this chart are not
particularly novel, but a somewhat similar diagram prepared
by Dr. Gordon Zubrod and the author has been useful in
communications. By occasional reference to compartments
"defined" in Chart 1,1 hope to avoid some semantic problems

and reduce verbiage. This may be another example of wishful
thinking. In the context of Chart 1:

(a) Only cells in Compartment A are adding to the total
number of tumor cells in the host.

(ft) Tumor growth occurs when proliferation of cells in A
adds more to the intact population than is lost to D. The
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D. "Cell Loss", e.g.

Lysis and Resorption

Compartment A

Cancer Cells
Engaged in

Division
('Uninterrupted")

Compartment B

Temporarily and Provisionally
Nondividing Cancer Celle Â¡

Can Revert to A at Any Time
(Long to Very Long 6, or "G0")

Very Sensitive to
Effective Agents
When Optimally Employed

Partially to Completely
Insensitive to Drugs
(Depending on Class of Drug)

Compartment C

Nondividing Cancer
Cells Which Have Lost
Proliferative Integrity

(Forevermore)

Of Little or Less Concern
(By Definition)

Chart 1. The proliferative behavior of cancer cells and the "sensitivity" to therapy of those cells with

proliferative integrity.

steady state of cells in normal tissues obtains because
proliferation of cells in A = loss to Â£>.

(c) Gompertzian or asymptotic tumor growth is a reflection
of (i) decreasing growth fraction (decreasing A/A + B + C), (ii)
increasing cell loss (to D in relation to proliferation in A), (iii)
increasing average cell cycle time in very advanced disease, or
(iv) some combination of these phenomena.

(d) Tumor regression results when loss to D exceeds pro
liferation in A ; "cell cure" results when all cells in A and B are
rendered "sterile."

(e) An S-phase specific drug which will eradicate tumor cells

in Compartment A will fail if we cannot maintain effective
blood levels long enough (because of host toxicity) to empty
Compartment B.

Quite frankly, many cancer chemotherapists have begun to
believe that the growth fraction of various types of tumor
cell populations in vivo must vary widely and that, in some
instances, it is the growth fraction of tumor cells with
proliferative integrity (A/A + E) which underlies "sensitivity"

of neoplastic diseases to chemotherapy, particularly the
antimetabolites.

Now let me return to the model systems listed in Table 1 and
mention a few contributions they (their employers) have
made.

No. 8 in Table 1

The surgeons and radiotherapists have taught us many things,
but one thing is particularly pertinent to chemotherapy.
Namely, if all cancer cells can be removed or destroyed in situ
(or, if you prefer, reduced to a number with which host
immune mechanisms can cope), a very significant number of
patients will not have reinduction of their disease during the
remainder of their life span. Surgeons and radiotherapists also
have taught us that the major Umitation to surgery and
radiotherapy is the degree of dissemination of neoplastic cells,
not their growth fraction.

No. 1 in Table 1

Cell-free systems are extremely important tools so long as
you don't ask them questions they were not designed to

answer. They have helped to elucidate the sites of action (at
the molecular level) of many anticancer agents. Such basic
knowledge should and is being correlated with discernible cell
cycle phases and biochemical events peculiar to proliferating
cells (A versus B and C).

No. 2 in Table 1

When cancer cells are adapted to cell culture, most of the
viable cells are placed in a proliferative state. Many different
types of log phase cancer cells from animal and human tumors
(which vary markedly in their in vivo response to chemo
therapy) are equally sensitive to given concentrations and
exposures to a variety of anticancer agents. The simplest
overall explanation of this paradox is that dividing cancer cells
(Compartment A) of many types are almost equally "sensi
tive" and that there is wide variation in the fraction which is

dividing (in a vulnerable cycle phase) at a given moment in
various types of cancer growing in animals and man.
Obviously, there may be very important exceptions to such an
oversimplification, e.g., asparaginase.

No. 3 in Table 1

"Resting" cancer cells, which are not making DNA but which

on return to the host begin rapid and lethal proliferation, have
shown us that almost absurdly high concentrations of some
agents will not "sterilize" cells which are not proliferating.

No. 9 in Table 1

It may seem strange to call the modes of growth of normal
and cancer cell populations "model systems." I can best illus-
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trate what I am thinking about by a plot (Chart 2). This
Gompertzian curve, showing the rate of growth of the human
fetus (a composite of "normal tissues"), presumably reflects

things that different modelists call by different names:
(a) response to "normal growth control" (which we certainly

do not understand at the molecular level); (b) differentiation
(which I do not quite understand); (c) increase in doubling
time with increase in mass (which is common to all tumors
which have been studied in depth); (d) decreasing growth
fraction (A/A + B + C), a phenomenon which may underlie the
chemotherapists' greatest hurdle; and (e) approach to the

steady state.
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Chart 2. Human fetal growth. The rate of fetal growth is an adaption
from McCredie et al. (Growth 29: 331-347, 1965) in which the fit of

"S ^^(l-g-0-01 Srthe Gompertzian equation, W = 6.950 X 10"e - is

in excellent agreement with extensive data. The computer-calculated
doubling times were added by the author of this paper.

I presume that fetal cells would be lethal if they had a
propensity to metastasize to sites that could not tolerate
massive infiltration, or that intestinal epithelial cells would kill
us if cell loss did not equal cell birth. We would be happy to
abandon trying to "kill" every tumor cell with proliferative

integrity (A + B) if we could instead gently convert every
tumor cell to a Compartment C cell by some biochemical
manipulation which was nontoxic to the host.

No. 4 in Table 1

I maintain that drug-sensitive animal tumor models (when
used as "screens") have uncovered useful anticancer agents

that could not have been discovered in any other practical
way. These agents have been useful to the molecular biologists,
those involved in organ transplantation, and in temporary
control of considerable advanced human cancer and long-term
control of a few types of human cancer. When such systems

have been used as research tools, or to simulate clinical trials
(which is quite different from standardized screening), they
have given us basic knowledge, an important part of which is
pertinent to human cancers. A few examples are:
(a) unequivocal proof of the selectivity of chemotherapeutic
agents when optimally employed against neoplasms with a
high in vivo growth fraction; (b) the applicability of pseudo
first-order kinetics in chemotherapeutic destruction of tumor
cells so long as the growth fraction is constant; (c) the criteria
of "curability" of neoplasms with a high growth fraction;

(d) the critical importance of matching dose level and interval
between doses (i.e., blood level with time) with basic
knowledge of kinetic parameters of the tumor being treated
and toxicity to and rate of recovery of the host.

No. 5 in Table 1

It was in an animal tumor system which responds poorly to
conventional chemotherapy that Mendelsohn obtained the
basic data which led him to put forth the growth fraction
concept which has been so useful to us all.

These systems, of which there are many, provide tools for
basic study of the stumbling blocks to extension of what has
been learned and achieved in drug-sensitive animal and human
cancer. If used with understanding, they might be useful as
simulants for clinical trials or "models" for the human

neoplasms which have low growth fractions.
Essentially all of the animal neoplasms of which I am aware

that respond poorly to conventional chemotherapy have
relatively low pulse thymidine indices and somewhat longer
doubling times (at comparable masses) than do the very
sensitive animal neoplasms.

No. 6 in Table 1

Some may disapprove of considering human neoplasms as
"model systems" because they are the target. But since we are

trying to match models with targets, and the targets differ, we
must at least attempt to categorize the targets.

The clinicians who have worked so long and so hard
improving therapy of the leukemias, the lymphomas, chorio-
carcinoma, and other drug-sensitive human neoplasms are my
heroes. Without too much encouragement from some, they
have proved the feasibility of "cell cure" of a few types of

widely disseminated human cancer.
They have also developed approaches to therapeutic trial

design which are objective in the strictest sense and which
allow rational interpretation of results.

From studies on the generation time of leukemic cells in man
and the generation time of the earliest normal leukocyte
precursors, it can be concluded that leukemia is not a disease
in which the cells (that do divide) divide or traverse the cycle
more rapidly than normal cells; nevertheless, leukemic cells
accumulate and normal leukocytes do not. From these data,
which are paralleled in animal leukemias, it might be con
cluded that the biochemical lesion(s) responsible for leukemia
is reflected in a higher growth fraction (A/A + B + C) or a
lower rate of cell loss (to D) or both. There is no reason to
suspect that this situation is limited to the leukemias.
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No. 7 in Table 1

The advanced and metastatic human neoplasms which
respond poorly to conventional chemotherapy are at the same
time a major target and in a sense a model. What can be
learned about the kinetic behavior of these diseases when they
are advanced and at beginning recurrence after unsuccessful
surgery will be very important. Considerable data already have
been obtained with these "model systems" which suggest that

they usually have relatively low thymidine indices and long to
very long mass doubling times, but the generation time of the
dividing cells is not much longer than that observed in acute
leukemias. This implies a relatively low growth fraction and/or
high cell loss. A critical question which remains unanswered is,
"after surgical removal of the largest tumor masses, is the

growth fraction of cells in small metastatic foci ever high
enough to expect them to respond to chemotherapy as do the
'drug sensitive neoplasms'." A major problem in the clinical

study of slow-growing human cancer is the long period

required to obtain meaningful results (and difficulties in
quantitation). If model systems with somewhat similar
kinetic behavior and overall responsiveness could be selected
and used as clinical trial simulants, the return might be very
worthwhile since time and optimal quantitation are most
important.

I have mumbled and complained about years of not knowing

what a model system was supposed to be a model system for,
and the futility of asking model systems questions they were
not designed or are not constituted to answer. I have
wondered aloud whether matching model systems to target
human neoplasms could not be done more effectively on a
growth fraction basis than on a morphologic basis. This is, of
course, not an original view, and it may be an oversimplified
concept. However, if this concept is tenable, the fundamental
and practical implications are great. We must be willing to
complicate such a working concept to the degree dictated by
hard data, but we are not obligated to discard it in response to
every emotional outburst (unsupported by data).

A sample of the types of data which have prejudiced me may
be found in Table 2.

Finally, it appears to me that we now need a new type of
model system. One which will lead us to practical ways of
manipulation of Compartment B.
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