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Review Article

Ecological Therapy for Cancer:
Defining Tumors Using an
Ecosystem Paradigm Suggests

New Opportunities for Novel
Cancer Treatments'

Abstract

We propose that there is an opportunity to devise new cancer therapies based on the recognition that tumors have
properties of ecological systems. Traditionally, localized treatment has targeted the cancer cells directly by removing
them (surgery) or killing them (chemotherapy and radiation). These modes of therapy have not always been effective
because many tumors recur after these therapies, either because not all of the cells are killed (local recurrence) or
because the cancer cells had already escaped the primary tumor environment (distant recurrence). There has
been an increasing recognition that the tumor microenvironment contains host noncancer cells in addition to cancer
cells, interacting in a dynamic fashion over time. The cancer cells compete and/or cooperate with nontumor cells,
and the cancer cells may compete and/or cooperate with each other. It has been demonstrated that these inter-
actions can alter the genotype and phenotype of the host cells as well as the cancer cells. The interaction of these
cancer and host cells to remodel the normal host organ microenvironment may best be conceptualized as an evolv-
ing ecosystem. In classic terms, an ecosystem describes the physical and biological components of an environment
in relation to each other as a unit. Here, we review some properties of tumor microenvironments and ecological
systems and indicate similarities between them. We propose that describing tumors as ecological systems defines
new opportunities for novel cancer therapies and use the development of prostate cancer metastases as an exam-
ple. We refer to this as “ecological therapy” for cancer.
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Tumors as Ecological Systems
Since the work of Cairns and Nowell in the 1970s, cancer has been
described as a process that can be understood in terms of darwinian
evolution [1-4]. Tumor cell heterogeneity is the result of competition
between various clones of cancer cells that act as competing species
for resources in the tumor microenvironment [2-6]. It is generally ac-
cepted that cancers evolve by darwinian principles (Figure 1) [5-9].
These principles include clonal proliferation, mutational and epi-
genetic changes within the clonal population resulting in genetic di-
versity, and selection pressures such as lack of nutrients leading to
proliferation of subclones [5-9]. This knowledge, however, has not re-
sulted in changes in treatment paradigms for cancer therapy. Placing
cancer cell clonal evolution within the context of its environment pro-
vides a novel paradigm that can lead to new therapeutic interventions.
Cancer has been considered as an emergent property of a complex
adaptive system [10—12]. Similarly, the emergent property of a classic

ecosystem is the collective behavior of its constituent parts. In the
1930s, the term ecosystem was coined by Clapham and then popular-
ized and put into print by Tansley to describe the physical and bio-

logical components of an environment considered in relation to each
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Figure 1. Darwinian evolution and cancer. Cancers evolve by darwinian principles that include clonal proliferation, mutational changes
within the clonal population resulting in genetic diversity, and selection pressures leading to proliferation of subclones that bridge bottle-
necks such as lack of nutrients and space limitations. (A) In the traditional view of tumor progression, there is competition between
genetically unstable, partially transformed, proliferating cells. The cells compete for limited oxygen, essential nutrients, and growth
factors, and therefore, many die. Eventually, one cell accumulates sufficient mutations to express all of the functions required for a
clone of fully malignant cells to emerge as a successful species occupying an environmental niche. This founder cell can be the result
of selective pressures as indicated by the bottlenecks or the result of intrinsic genetic instability leading to a full complement of muta-
tions that are required for full malignant potential. The bottlenecks indicate where a new dominant cell type becomes apparent. (B) In
addition, we have hypothesized a tumor progression model based on the theory of cooperation. Genetically unstable partially trans-
formed cells proliferate and yield different mutant cell types. The different cell types cooperate with each other, enabling them to survive
and proliferate. The concept of cooperation among partially transformed cells is added to the traditional view of tumor progression. As in
the traditional view, eventually one cell may accumulate sufficient mutations to express all of the functions required for a clone of fully

malignant cells to emerge as the dominant species. Adapted from (A) Greaves [6] and Axelrod et al. [5].

other as a unit [13]. In the 1950s, Odum et al. [14] popularized the
concept of ecosystems as interactive systems established between a
group of living creatures and their biotope (the nonliving compo-
nents of the environment). Although they may be bounded and in-
dividually discussed, ecosystems do not exist independently but
interact in a complex web of ecological relationships connecting all
ecosystems to make up the biosphere (earth as a whole). The emer-
gent properties of ecosystems are the consequence of the interactions
of a diverse mixture of different organisms with each other and with
their nonbiological environment. The organisms in ecosystems are
characterized by the numbers of each type of organism, their spatial
and temporal organization, and their interactions with each other
and with their physical and chemical environments [13,14]. Organ-

isms communicate with other similar and different kinds of organ-
isms. Communication and feedback between organisms may be
negative or positive [15]. Organisms compete for limited resources
and cooperate for mutual advantage. Ecosystems are dynamic. The
numbers and kinds of organisms may fluctuate with time. Predation
may reduce the number of some organisms and increase the number
of others. Organisms with low numbers may become extinct. Open
systems may change over time with immigration or emigration, and
closed systems may change as resources become limiting. Reproduc-
tion of organisms has consequences described by evolutionary con-
siderations of variation, inheritance, and selection over time [16-19].

The cancer and host cells in the tumor microenvironment interact
similarly to organisms in an ecological community. There are different
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kinds of cells within a tumor and its adjacent region, including tumor-
associated macrophages (TAMs), cancer-associated fibroblasts, myo-
epithelial cells, and other cells of the host stroma [20-27]. Cells
associated with the tumor may have characteristic spatial organiza-
tion, such as host-infiltrating macrophages and angiogenic endothe-
lial cells within the mass of cancer cells, or myoepithelial and stromal
cells external to the cancer mass. The spatial organization of the tu-
mor, i.e., tumor morphology, is influenced by selective pressure from
the microenvironment [28]. Communication between tumor cells
and between tumor and host cells occurs through direct physical in-
teractions and paracrine signaling [29-34]. Tumors, like classic eco-
systems, are dynamic, and the kinds of cells and the number of cells
change with time. For instance, an increase in the number of cells
with constitutively up-regulated aerobic glycolysis (Warburg effect)
[35]. In the evolutionary context, cancer cells and host cells accumu-
late mutations by selection or genetic drift [3,36-39]. Together, the
cancer cells and host cells, interacting within their habitat, create an
ecosystem. This ecosystem, in turn, exists within a larger environ-
ment or biosphere (the host patient).

Opportunities for Ecological Therapy for Cancer
The similarity of classic ecological systems and tumors suggests, by
analogy, that some features of ecological systems could be exploited
for cancer therapy. A species within an ecosystem can be destroyed by
directly killing the species itself, e.g., the extinction of the dodo bird
on Mauritius in the 16th and 17th centuries [40]. Within the para-
digm of contemporary cancer therapy, this is exemplified by chemo-
therapy and targeted agents [41-43]. In general, this is an inefficient
approach and, except for a few notable exceptions, has rarely resulted
in curative cancer treatment [44]. Within the context of darwinian
evolution, often the most efficient way to kill a species is to destroy
its niche by altering the environment. Ecological systems exist as a
network of dependencies. In a simple example, it is much easier to
drain a swamp than it is to individually swat all of the mosquitoes
living there. This approach, however, also kills all of the other species
living in the swamp. The challenge in patients with cancer is to iden-
tify nonessential elements of the environment that are promoting the
growth of the cancer cells and to eliminate them. These nonessential
elements may be host cells that may be attracted to the tumor site
and not normal components of that microenvironment or they may
be normal host cells that have been altered by their ongoing interac-
tions with the cancer cells. Another way to change the dynamic in-
teractions of the ecosystem is to alter the microenvironment in such a
way that is harmful to the cancer cells but does not cause long-term
detriment of the patient. For example, it has been long recognized
that heat is an important microenvironmental and epigenetic factor
in biological development [44,45]. In many tumor types, hyperther-
mia (41-43°C) increases and synergizes the therapeutic response to
radiation, cytotoxic drugs, and immunotherapy [44—46]. As noted
by Coffey et al. [44], hyperthermia has not been widely accepted be-
cause of limitations in clinical application and understanding. With
new types of thermal delivery systems, however, it is now possible to
more precisely target cancer cells with specific tumor cell hyperther-
mia and alter the local ecology of the tumor microenvironment to
enhance the effects of radiation and chemotherapy [44,47-49]. This
approach has been termed temperature-enhanced metastatic therapy
(R-H. Getzenberg, Johns Hopkins University). It should be noted
that ecosystems, by definition, are adaptive. In this instance, if the
cancer cells are not eliminated by thermally enhanced therapy, ther-
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motolerant subclones of cancer and host cells may be selected, and
the ecosystem will dynamically reorganize to a new state.

As noted, another way to alter the ecosystem is to kill other species
within the environment that are supporting the growth and survival
of the species of interest. One of the features of classic ecosystems is
the interdependence of different types of organisms on each other.
Some organisms may be dependent on others for survival, such as
parasitism to the benefit of one to the detriment of the other or com-
mensalism in which there is a benefit of one without harm to the
other. Another example of biological interaction between species is
mutualism or symbiosis, where both species benefit from interacting
with each other. The implications for cancer therapy for commensal-
ism and mutualism are that targeting noncancer cells, from which the
cancer cells are receiving benefit, should also reduce the number of
tumor cells. Examples of noncancer cells that cancer cells depend on/
receive benefit from include endothelial cells, cancer-associated fibro-

blasts, and TAMs.

Prostate Cancer Bone Metastasis as an Example of
a Tumor Ecosystem

Prostate cancer provides an example to apply the potential of eco-
logical therapy. In prostate cancer, cells metastasize to the bone by
parasitizing the hematopoietic stem cell niche [50,51]. We have pre-
viously described this process in a series of steps involving emigration
from the primary prostate tumor, migration through the lymphatics
and blood stream, immigration to the metastatic site, and natural-
ization of the bone marrow as the cancer cells establish themselves
and proliferate. We continue to hypothesize that the cancer cells
may cooperate with each other and with host cells to share resources
and provide each other with growth and survival factors to suc-
cessfully create a new ecosystem in the bone microenvironment
[5,15,50,51]. Prostate cancer cells in a bone metastasis ecosystem
are in close proximity, or contact, and communicate with multiple
kinds of host cells. Each group of cells of similar morphology and
function can be considered as a separate species (Figure 2).

These cells include hematopoietic stem cells, mesenchymal stem
cells, endothelial cells, pericytes, fibroblasts, macrophages, T and B
lymphocytes, dendritic cells, adipocytes, neurons, osteoclasts, osteo-
blasts, megakaryocytes, neutrophils, and eosinophils. All of these cell
species are interacting with the soluble and insoluble factors that
make up the nonliving components (biotope) of the bone microen-
vironment [14]. Insoluble factors include the collagen and pyrophos-
phate of the bone extracellular matrix. Soluble factors include those
supplied by host biosphere through the blood stream, e.g., oxygen,
nutrients, trace elements, and hormones, and those produced locally,
e.g., chemokines and cytokines. Although all of these components
are interacting in a dynamic fashion, the ecosystem paradigm pro-
vides a conceptual framework to understand these interactions and
defines therapeutic interventions based on them. For example, be-
cause many of these cells are providing the cancer cells with factors
that promote growth and survival, inhibiting their function will in
turn, inhibit cancer cell proliferation.

Using the Ecosystem Paradigm to Identify Possible
Therapies: The Case of Metastatic Prostate Cancer

Bone metastases from prostate cancer kill 28,000 men in the United
States each year [52]. Once prostate cancer cells travel to a bone mar-
row site and begin to naturalize, they create a tumor ecosystem that is
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