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Abstract

Cancers show considerable genetic and functional heterogeneity, preventing the
development of a universal anticancer drug. Here, I argue that it is nevertheless
possible to elaborate a therapeutic strategy that can be used in almost every
cancer, exploiting the negative feedback effect of normal cells on the prolifera-
tion of their precursors. This method, termed cell inflation assisted chemo-
therapy, is aimed at blocking normal cell division prior to high-dose antimitotic
chemotherapy. Evidence for a negative feedback effect on granulocyte produc-
tion suggests that it is possible to prevent neutropenia by transfusion of auto-
logous granulocytes. In a first step, this protocol will be devised to protect
neutrophils and to prevent granulopenia in patients treated with intensive
chemotherapy. In its simplest form, it will consist of a leukapheresis—storage—
reinjection sequence just prior to drug administration. Then, if the proof of
concept is established, a more systematic use of intensive cell cycle-specific
chemotherapy, together with protection of other lineages through temporary

mitotic blockade might be a treatment applicable for most cancers.

doi: 10.1002/cam4.91

Introduction

Cancer is a collection of different diseases with a common
principle: uncontrolled cell growth. Heterogeneity
between and within these diseases seems to preclude any
universal treatment against cancer. However, based on the
unifying principle of cancer, uncontrolled growth, it is
possible to devise a strategy which could be used for every
cancer.

Conventional anticancer drugs work by killing dividing
cells. The effect of these drugs is not specific for cancer
cells, but is also observed for highly dividing normal cells.
An obvious idea is that, if normal cells could be reversibly
prevented from dividing during the time of chemother-
apy, they would be protected [1]. Therefore, temporarily
blocking normal cell division could make chemotherapy
considerably safer. However, the cytopenia that would be
the consequence of mitotic blockade would not be desir-
able.

For many tissues, cells are produced in order to com-
pensate cell loss. This may mean that in the presence of
an excess of cells, cell division would not occur (negative
feedback; Fig. 1). Thus, it can be predicted that, if it is
possible to obtain «cell inflation» before chemotherapy,
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normal progenitor cells would be protected in a tissue-
specific manner.

Before going further, one has to consider that all anti-
cancer chemotherapy side effects are not related to the
killing of dividing cells. In fact, as the rate of cell division
within a tumor is generally less important than that in
bone marrow and in the gastrointestinal tract [2], other
drugs have been selected empirically for their relative
specificity toward cancer cells. Trends in anticancer ther-
apy have therefore resulted in the usage of drugs with
weaker effects on normal cell division. However, if it were
proven that normal dividing cells can be easily protected,
then, interest in using more widely drugs that are cell
cycle-specific would be regained.

In many tissues, cell production rates
are negatively regulated by the
numbers of differentiated cells

It has been known for a long time that some tissues can
regenerate after cell loss. Regeneration stops when a cer-
tain number of cells, close to the physiological number, is
reached [3]. Both processes, regeneration and its termina-
tion, are indicative of a negative feedback loop. For

421

the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.



Cell Inflation Assisted Chemotherapy

Negative feedback

Cell

proliferation Cell number

+

Figure 1. A very simple representation of negative feedback in the
control of cell number. Note that the forward arrow indicates an
obligatory consequence of cell proliferation, whereas the backward
arrow is specific for regulation. Many vertebrate cell populations
contain actually a stem cell compartment, a proliferative pool, and
terminally ~ differentiated cells, which have important kinetic
implications, but does not change the overall model. An important
feature of negative feedback is cell-type specificity.

tissues that are renewed daily from progenitors, similarly,
negative feedback is the likely mechanism for adapting
cell production to cell loss, and in some cases, this has
been demonstrated.

Negative feedback can be related to the inhibition of a
growth-promoting pathway as a function of the number
of cells. Soluble growth inhibitors that act on the specific
tissue that secretes them have been termed chalones.
Although, for a long time, chalones have been sought
without success, in recent years, growth inhibitors with the
property of chalones have been identified. Bone morpho-
genetic protein [4] and myostatin [5] have been identified
as chalones for hair follicles and muscle, respectively. Neu-
trophil elastase has been proposed to act as a neutrophil
chalone by antagonizing the effect of granulocyte—colony-
stimulating factor (G-CSF) [6, 7].

Inhibition of a growth-promoting pathway is more
often achieved by decreasing growth factor production or
availability. Inhibition of erythropoietin production by
oxygen is a way of ensuring feedback for red cell produc-
tion [8]. One way frequently used is the clearance of a
growth factor by the cells. This mechanism is involved in
thrombopoiesis [9]. It has been shown that thrombopoie-
tin (Tpo) levels are controlled by platelet numbers
through Mpl-mediated Tpo uptake and degradation. Sim-
ilarly, it has been proposed that IL-7 accumulates in CD4
lymphopenia as a consequence of diminished use [10].

Whatever the mechanism involved, negative feedback
could be theoretically used to block mitosis as a con-
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sequence of «cell inflationy, in order to protect normal
cells from the effect of antimitotic drugs. However,
obtaining an excess of normal cells for each lineage would
be difficult to achieve, and in addition, may not be neces-
sary, as the most important and limiting effect of anti-
mitotic chemotherapy is myelosuppression, and more
specifically neutropenia. Therefore, if a temporary suspen-
sion of granulocyte progenitor division is possible, then it
can be expected that this life-threatening side effect of
chemotherapy would be prevented.

Evidence for negative feedback in
the control of granulocyte
production

It is thus important to evaluate the evidence that granulo-
cyte production is regulated by negative feedback and the
prospects that granulocyte excess (cell inflation) would
reduce progenitor division rate. Arguments for negative
feedback have been provided by studies in dogs and mice:
neutropenia induced by leukapheresis, antiserum, or irra-
diation [11] appears to increase the rate of production of
granulocyte precursors. Cyclic neutropenia, a disease
characterized by oscillation of blood neutrophil counts
with periods of severe neutropenia occurring every
21 days, is also considered as providing evidence for neg-
ative feedback [12]. Most mathematical models of granu-
lopoiesis include a feedback mechanism [13]. Currently,
the best documented mechanism for explaining negative
feedback in granulopoiesis is increased clearance of
G-CSF by granulocytes, which may involve receptor-
mediated removal [14-16]. G-CSF levels increase follow-
ing chemotherapy-induced neutropenia, consistent with
this model, but they tend to decrease before blood neutro-
phil counts rise again [17], indicating a more complex rela-
tionship between G-CSF and blood granulocyte numbers.

Usefulness of protecting
granulocytes during chemotherapy

Although protecting normal cells from chemotherapy
seems to be a reasonable goal (see for instance [18]),
translating this goal into changes in therapeutic options
may not be straightforward. First, in current clinical prac-
tice, neutropenia is only one of the side effects of chemo-
therapies, and its consequences can be managed to some
extent with antibiotic prophylaxy. This criticism can be
overcome by the consideration that myelosuppression has
set the limits of chemotherapy doses. Second, a major
obstacle for intensifying chemotherapy in cancer treat-
ment is the poor perception of high-dose chemotherapy
as a treatment of metastasized cancer by the medical
community. In therapeutic trials, myelosuppression is
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circumvented by the use of autologous hematopoietic
stem cell transplantation (HSCT). This interferes with the
chemotherapy protocol, as autologous HSCT cannot be
repeated several times [19], whereas in conventional
chemotherapy, repetition of cycles is important in recruit-
ing new cycling tumor cells, which become the targets in
the next chemotherapy round. It is therefore likely that
the gain in increasing the dose of chemotherapy is coun-
terbalanced by the decrease in efficiency due to the low
number of cycles. In addition, transplantation of HSCT is
at risk of contamination with cancer cells [20]. This is of
concern because chemotherapy is not used after trans-
plantation. Another issue is the use of hematopoietic
growth factors in these protocols [21], which might have
unexpected adverse effects on tumor growth. Finally, the
temporary neutropenia induced by high-dose chemo-
therapy may have adverse effects, not limited to infec-
tions. In fact, there is increasing evidence that neutrophils
have a potent antitumoral activity [22-24]. Thus, the
poor antitumor efficiency associated with intensive che-
motherapy, leading to the abandonment of this treatment
in many situations, might be circumvented by protection
of the neutrophil lineage. Therefore, although the sup-
porters of current protocols for high-dose chemotherapy
[25] are the minority, it does not mean that intensifying
chemotherapy would not be efficient in different settings.

Technical issues for blocking
granulopoiesis prior to
chemotherapy

Here, we will discuss the prospects for obtaining cell
inflation in granulocytes. Two main possibilities exist:
homologous and autologous transfusion. Homologous
transfusion would have the advantage of providing large
quantities of cells. However, this method would preferably
require human leukocyte antigen (HLA) compatibility,
limiting its use. In addition, immunological responses,
even in HLA-matched individuals, may be a source of side
effects. Autologous transfusion would be considerably
safer. Then, two options could be considered: transfer
of in vitro differentiated granulocytes obtained from
hematopoietic precursor cells [26] or transfusion of stored
leukapheresis-derived cells after normalization of the gran-
ulocyte pool. Transfer of large numbers of in vitro derived
granulocytes is not yet feasible. In addition to the technical
difficulties, this method would also have the inconve-
nience of delaying chemotherapy. In contrast, transfusion
of leukapheresis-derived granulocytes after storage would
not delay treatment much and might not require further
sophisticated optimization. The only prerequisite for auto-
transfusion would be the time of restoration of the cell
pool being shorter than the storage time.

© 2013 The Author. Cancer Medicine published by John Wiley & Sons Ltd.
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For erythrocytes, this requirement has been fulfilled
[27]. In the protocol of Damsgaard et al. [27], one fifth
of the blood is withdrawn and packed red cells are rein-
jected on the 28th day. At that time, before reinfusion,
the hematocrit level is back to normal. After reinfusion,
the hematocrit increases, which corresponds to a situation
of red cell inflation. Reticulocyte counts are reduced by
25-37% from day 7 to 21 after reinfusion, indicating a
strong effect of red cell inflation on erythrocyte produc-
tion. However, the aim of this experiment was to detect
autologous blood doping procedures, and so no informa-
tion was given regarding the decrease in mitosis in the
bone marrow. If we take the hypothesis that the negative
feedback effect is almost immediate, then there should be
a period of time when there is almost complete suppres-
sion of mitosis.

Upon leukapheresis, large numbers of granulocytes can
be collected [28, 29]. In granulocyte donation protocols,
dexamethasone and/or G-CSF are used. After dexametha-
sone stimulation, the number of white blood cells that
are collected in 3 h is around 30 x 10°. However, in the
context of cell inflation assisted chemotherapy, it might
be safer to perform leukapheresis without stimulation. In
exceptional situations, when urgent granulocyte trans-
fusion is performed for neonates, 10 x 10° white blood
cells can be collected (D. Lemau de Talancé, pers. comm.;
Atallah and Schiffer [29]), the majority of them being
granulocytes. Taking the size of the total granulocyte pool
as being 38 x 10’ cells [30], this means that nearly a fifth
of this pool can be stored and used for feedback, which is
similar to the situation fulfilled for erythrocytes in
Damsgaard et al.’s protocol.

Granulocytes have a much shorter storage time
(around 10 h) than erythrocytes, but granulocyte produc-
tion can rapidly increase upon stimulation [31, 32]. Gran-
ulocyte half-life is much shorter than that of erythrocytes
[30, 33], indicating that the dynamics of cell production
is much faster.

Therefore, the critical point in a leukapheresis—storage—
reinjection protocol might be the restoration of the gran-
ulocyte pool during the 10 h storage time. This has to be
tested experimentally in healthy volunteers. Another point
to be determined experimentally is the efficiency and the
time course of mitosis suppression after reinjection. Since
such determination would require bone marrow examina-
tion, animal experimentation (preferably on primates)
would be necessary.

In the case that mitosis suppression were unsatisfac-
tory, related to insufficient granulocyte restoration due to
the short time before reinjection, it would be necessary to
find a means to extend granulocyte storage time. One
possible way to increase granulocyte half-life ex vivo
would be to add glucocorticoids [34, 35] in the collection
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bag. The effect of G-CSF might be tested, but then it
would be necessary to check that all the G-CSF has been
consumed before reinjecting, and that this does not lead
to an important decrease in G-CSF receptor levels at the
granulocyte surface, given that receptor-mediated removal
is involved in G-CSF clearance.

Another possibility is to freeze granulocytes. Although
frozen granulocytes are not used in granulocyte donation,
freezing of granulocytes allows the recovery of a large
number of viable cells after thawing [36]. This method
has yet to be optimized, but would have the advantage of
allowing full granulocyte pool restoration before re-
injection. Another promising future direction would be
the use of granulocytes generated from hematopoietic
progenitor cells [26].

Another point to discuss is the safety of the procedure:
data from the literature indicate that an excess of granu-
locytes would be well tolerated [37]. An issue of concern
might be the presence of dead cells and cytokines in the
collection bag, but as granulocyte donation is performed
routinely with large numbers of granulocytes without
severe side effect, it is likely that the leukapheresis—
storage—reinjection protocol will be safe.

From the above considerations, it appears that it may
be feasible to reduce the mitotic rate of granulocyte pro-
genitors safely and possibly without sophisticated technol-
ogy. Some difficulties, like extending granulocyte storage
time, may require some effort, but would not be very
challenging. Therefore, a protocol using granulocyte infla-
tion immediately before chemotherapy may be protective
against neutropenia and could be useful in a limited
number of cancers, where chemotherapy frequently leads
to myelosuppression.

A cure for all cancers?

How can we get from prevention of myelosuppression to
a universal treatment for cancer? First, it is important to
remember that the first hint suggesting that some com-
pounds may have anticancer activity came from the fact
that they caused leukopenia [38]. The relationship
between broad antimitotic activity and leukopenia is
strong, given that granulocytes are rapidly renewed. But as
the mitotic rate of white cells is often higher than that of
tumors, the efficiency of chemotherapy usually relies on a
second source of specificity. This specificity is paid in the
form of side effects unrelated to antimitotic effects. Even
with this reduction in the risk of myelosuppression, febrile
neutropenia after systemic chemotherapy is still a cause of
mortality in many types of cancer [39]. Evidence of the
usefulness of cellular inflation assisted chemotherapy in
specific cancers, for which myelosuppressive drugs are
used, should lead to a change in the type of chemotherapy
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that is used in other cancers, resulting in the use of drugs
that more specifically kill mitotic cells. Granulocyte auto-
transfusion, as considered above, therefore has a great
potential in increasing survival after chemotherapy in
many cancers.

With protection of the granulocyte lineage by inflation,
other side effects of intensive chemotherapy may appear.
Myelosuppression-related thrombopenia could be pre-
vented by platelet inflation before chemotherapy, through
storage and reinjection of autologous platelet concen-
trates. Anemia may be prevented by compatible homo-
logous red cell transfusion prior to chemotherapy.

Currently, it is difficult to think of a cell inflation pro-
tocol that could protect the cells of the gastrointestinal
tract from antimitotic drugs, but finding a way to tempo-
rarily «freeze» their cell cycle may be an aim of future
research. Protecting all normal dividing cells would be an
almost impossible task, but all that is needed would be to
protect the cell types whose loss causes chemotherapy side
effects. In the future, this might be easier than targeting
any oncogenic mutation or signaling pathway in hetero-
geneous cancer populations, as would be required for
genotype-directed cancer therapy [40].

Conclusion and Future Perspectives

By protecting normal dividing cells using cell inflation-
induced negative feedback, it may be possible to cure a
large number of cancers after setting up the method
through a step-by-step approach (Table 1). Although
present day intensive chemotherapy has poor antitumor
efficiency in many situations, it is likely that many thera-
peutic failures are related to the inability to perform sev-
eral cycles, due to hematologic side effects, or to the
inability to repeat HSCT. Protecting granulocytes by a cell
inflation protocol would be a significant progress in the
use of high-dose chemotherapy.

Table 1. Steps for setting up cell inflation assisted chemotherapy.

(1) Proof of concept of operational negative feedback of
granulocytes on the division of progenitors and determination of
the kinetics of mitosis inhibition (primates).

(2) Feasibility study of granulocyte inflation in human.
Determination of the optimal time for restoration of the
granulocyte pool before reinjection. Storage time of human
granulocytes, with preservation of efficient negative feedback.
Effect of freezing on negative feedback (primates and healthy
volunteers).

(3) Search for evidence of efficacy of prior granulocyte inflation in
preventing myelosuppression induced by chemotherapy in cancers
at high risk of febrile neutropenia (selected cancer patients).

(4) Switch to myelosuppressive drugs in cancers where other
drugs are usually preferred (numerous cancer patients).

(5) Setting up cell inflation protocols for other cell types.

© 2013 The Author. Cancer Medicine published by John Wiley & Sons Ltd.
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For future prospects, the ability to discriminate cancer
cells from normal cells solely on the basis of proliferation
offers a way to deal with tumor heterogeneity. Acquired
resistance to traditional as well as targeted chemotherapy
is dependent on selection of cancer cell subpopulations.
Combination therapies are the best way to prevent the
emergence of resistant cell clones [41]. With personalized
targeted chemotherapies, a problem will appear related to
the side effects of multiple drug interaction and the diffi-
culty of performing randomized trials, given the unique-
ness of each tumor. Another important issue is the lack
of knowledge on crosstalk circuits between signaling path-
ways [40]. Traditional chemotherapy has the advantage
over targeted therapy that side effects are more predict-
able, and it would be possible in theory to select agents
with side effects restricted to dividing cells. Currently, tra-
ditional chemotherapy uses cell cycle-nonspecific as well
as cell cycle-specific drugs. Although cell cycle-specific
drugs seem to be better suited for normal cell protection
by cell inflation, the method could be used with cell
cycle-nonspecific drugs, as they also preferentially kill
highly dividing cells. However, the ultimate goal would
be to devise combinational therapy with cell cycle-specific
drugs where the only way for cancer cells to escape death
would be to have slower growth.

It is important to stress that this strategy is not incom-
patible with the use of, and could benefit from, additional
targeted chemotherapy.

Finally, an international effort is needed to carry out
the adjustments and development required for optimizing
negative feedback (i.e., cell sorting and storage) and
adapting intensive antimitotic chemotherapy.
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