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Over the past decade, multiple clinical trials using intermittent therapy, which typically applies Published July 7, 2023
on/off treatment cycles after an initial induction period, have been published with mixed but
generally unimpressive results. For example, Dooley et al found that intermittent dosing of
vemurafenib for BRAF V600W—-mutant melanoma produced similar clinical benefit with less
toxicity than continuous therapy,’ but Algazi et al,> found that intermittent therapy with BRAF
and MEK inhibitors in BRAF-mutant melanoma did not improve progression-free survival and
follow-up analysis suggested a poorer clinical outcome.? In a large trial, Hussain et al,* found
that intermittent therapy using androgen deprivation therapy (ADT) in men with metastatic
castrate-sensitive prostate cancer produced no significant benefit compared with standard
dosing. Most recently, Brown et al® reported a randomized phase II/III trial for patients with
metastatic clear cell renal cell cancer comparing cessation versus continuous sunitinib or
pazopanib after 24 weeks of therapy on the basis of initial response. Cessation therapy proved to
be feasible, safe, cost-effective, and without a significant decline in life expectancy in com-
parison with continuous drug dosing.
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We note that there is an implicit, and often explicit, assumption that the intermittent
treatment strategy exploits evolutionary principles to delay the onset of resistance while
decreasing accumulated drug doses and reducing toxicity. However, intermittent therapy is
quite different from evolution-based on/off treatment strategies (adaptive therapy), which
have shown more positive results.® Both treatment strategies are based on the evolutionarily
reasonable hypothesis that modulation of selection pressure from drug treatment will delay
the acquisition of resistance while decreasing treatment-induced toxicity, but there are
differences in their adherence to fundamental evolutionary principles, which have significant
clinical consequences.

To summarize the governing evolutionary dynamics, benefits from intermittent therapy accrue
because of the fitness cost incurred by synthesizing, maintaining, and operating the molecular
machinery of resistance.” This investment of resources may be a small fraction of the cell’s
global energy budget; but, in a substrate-poor environment typically found in tumors, it is
sufficient to reduce proliferation.® In evolutionary theory, fitness and proliferation can be
viewed as equivalent, which allows an indirect estimate of the fitness cost by the relative size of
the resistant and sensitive populations before treatment.® That is, if the sensitive population is
much larger than the resistant population, it usually indicates that there is a high fitness cost for
resistance. Although an exhaustive measure of pretreatment cancer cell subpopulations is
usually not feasible, the global ratio of sensitive-to-resistant cells can often be inferred from
the initial response to therapy. For example, a large decline in prostate specific antigen (PSA) on
initiating ADT indicates that the ratio of sensitive-to-resistant cells is very high with a cor-
responding large difference in fitness. On the other hand, a minimal response suggests that the
fitness difference is small and cannot be exploited using evolution-based strategies.*°

Thus, the optimal evolutionary dynamics induced by intermittent therapy is the following
sequence: When therapy is applied, the sensitive population declines, whereas the resistant
population will remain stable or increase. When therapy is discontinued, all cancer populations
will proliferate, but an evolutionary benefit is gained when the treatment-sensitive population,
because of its fitness advantage in the absence of treatment, outcompetes and suppresses
growth of the resistant cells. As a result, when treatment is restarted, the ratio of size of the
sensitive/resistant populations is similar to its pretreatment value allowing a similar clinical
response.”" Through repeated cycles, proliferation of the resistant cells is suppressed and,
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FIG 1. Simplified evolutionary dynamics during intermittent therapy. For the full mathematical model and computer simulations, see the study
by Zhang et al."" Green cells are sensitive to treatment, and red cells are resistant. The top panel demonstrates intermittent therapy that begins
with a prolonged induction period. This excessively reduces the frequency of resistant cells at the expense of sensitive ones, rendering the
subsequent drug-off period less effective in restoring sensitivity. In the lower panel, we demonstrate that these dynamics can be avoided by
using on/off cycles from the start of therapy.

therefore, treatment response can be prolonged with re-
duced treatment toxicity and cost'> during the off cycles.”
Note the evolutionary contrast to continuous application of
treatment agents at maximum tolerated dose (MTD), which
strongly selects for resistance and, by eliminating potential
competitors, tends to accelerate proliferation of the resistant
population.

Thus, successful intermittent therapy uses the treatment-
sensitive population as a forcing function to delay or prevent
growth of the resistant population to a clinically significant
size. In other words, although preventing growth of the
resistant population is the goal, the primary focus of inter-
mittent therapy is optimizing the size of the sensitive population.

With these principles in mind, the evolutionary flaws in
traditional intermittent treatment protocols become ap-
parent. First, intermittent therapy typically begins with an
induction period of prolonged drug administration at MTD.
In the study by Brown et al°, the induction period was
2/ weeks, and in the study of continuous versus intermitted
ADT in prostate cancer, induction ADT was administered at
MTD for 7 months. Mathematical analysis of this prolonged
induction period demonstrates reductions in the size of the
treatment-sensitive population so that it is ineffective in its
evolutionary role of suppressing proliferation of resistant
cells during the off cycle (Fig 1). This evolutionary flaw in
the trial design also extends to subsequent cycles in the
study protocol. For example, in the prostate cancer inter-
mittent trial, each new treatment cycle arbitrarily required
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continuous MTD treatment for 7 months.“ By contrast, when
treatment is modulated on the basis of PSA, an optimal size
for suppression of the resistant population was patient-
dependent but generally in the range of 3-4 months.®%

In conclusion, cancers, as complex, nonlinear, dynamical
systems, often exhibit nonintuitive responses to therapy.
Integrating evolutionary dynamics into cancer requires a
clear understanding of first principles and generally benefits
from computer simulations to anticipate counter intuitive
nonlinearities.’> It is also useful to explicitly define the
evolutionary goal of therapy. If the expected outcome is cure,
then the evolutionary goal of treatment is extinction of the
cancer population,’® a goal that can only be achieved by
induction of maximum cancer cell death. However, if cure is
not achievable, then the goal of maximal cancer cell killing,
while intuitively appealing, is usually evolutionarily unwise
because it applies intense selection pressure for resistance
and eliminates the resistant population’s potential com-
petitors.'” These dynamics, termed competitive release, are
well-recognized in, for example, pest management and can
accelerate emergence of resistant populations.’® That is,
current intermittent therapy protocols reflect divergent
and incompatible goals of exploiting evolutionary princi-
ples for control while also maximizing cancer cell death.
Thus, we suggest that optimizing cancer treatment requires
systematic integration of mathematical models to antici-
pate and steer the cancer’s ecoevolutionary dynamics and
to make rigorous after-action analyses to improve future
outcomes."
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