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Exploitation of adaptive evolution in
glioma treatment

Ryan Cordner’, Keith L Black? & Christopher J Wheeler*?

Practice Points

The high propensity of glioblastoma multiforme (GBM) towards genetic and epigenetic mutations often
allows treatment-resistant GBM to arise as an adaptive response to medical interventions.

Many different factors contribute to the selection of treatment-resistant clones, including the
microenvironment, the immune system and different treatment modalities.

The significant amount of heterogeneity observed in GBM can be considered to arise from relatively
weak environmental selection pressures placed on the tumor.

Significant selection pressures decrease tumor heterogeneity and induce a genetic bottleneck.

Use of a primary treatment to genetically homogenize a tumor, followed by the application of a
secondary treatment to which the genetically preselected tumor cells cannot adapt, could be considered
a new paradigm in GBM treatment.

Immunotherapy has been shown to induce genetic homogenization of GBM and could be considered
as an ideal primary treatment to which a secondary treatment targeting the susceptibilities of
immune-resistant GBM cells might be added.

SUMMARY Glioblastoma multiforme (GBM) is a malignant neoplasm of the CNS with
almost uniform lethality. Even with standard-of-care treatments, the prognosis for patients
remains dismal. GBM, as with other malignancies, often acquires treatment resistance after
an initial response to therapy. Treatment resistance may come about through the adaptive
evolution of tumors in response to selection pressures from treatment interventions and
the microenvironment. This review discusses how adaptive evolution might potentially be
exploited as a new paradigm in GBM treatment.

Adaptive evolution in cancer introduced by Nowell — that individual cancer
Current notions of cancer as an evolutionary cell clones sequentially arise as advantageous
process were largely sparked by Nowell’s per-  adaptations to dynamic environmental stresses
spective published in 1976 [1]. The principle in the tumor host — has become vital to account
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for tumor progression, as well as tumor hetero-
geneity and complexity in situ. Mathematical
models to describe the complexities of adaptive
tumor evolution have led to important insights
into tumor biology and treatment resistance
(2.3]. Evidence in support of clonal evolution in
cancer has been published from several tumor
systems [4-6]. Recent research highlights vari-
ous forms of genetic instability that can quickly
lead to the rise of new clones. Massive genomic
rearrangement called chromosome shattering or
‘chromothripsis,” for example, is an event where
tens to hundreds of chromosomal rearrange-
ments occur in a localized genomic region [7].
These large genomic rearrangements that result
in viable cells can confer selective advantages to
the mutated clone. Moreover, regional hyper-
mutation called ‘kataegis” has been described in
breast cancer [8]. Multiple point mutations with
specific mutation signatures were found within
regions spanning several megabases in length.
As many of the mutations occurred in chromo-
somal regions associated with rearrangement, the
authors hypothesized that the mutations prob-
ably take place simultaneously or over a short
timespan. Finally, a large amount of intratumoral
heterogeneity was recently shown by single-cell
exome sequencing [9]. The sequenced exomes
of 20 individual cells from a single renal carci-
noma revealed an astonishing level of cell-specific
mutations, with only 30% being shared between
multiple cells. With such high levels of hetero-
geneity, the development of targeted therapies
capable of destroying all malignant cells within
a tumor seems particularly daunting. Neverthe-
less, the genetic plasticity of tumors that allows
such heterogeneity may also facilitate their clonal
evolution down a single, therapeutically vulner-
able path under certain conditions. As we will
discuss, such a process could be exploited for the
treatment of glioblastoma multiforme (GBM),
by forcing tumor homogenization and then
applying a secondary targeted treatment to force
an ‘evolutionary double bind’ [10].

Adaptive evolution in GBM

Malignant gliomas are diagnosed in over
22,000 patients annually in the USA. Gliomas
are primary brain tumors, classified as ependy-
momas, oligodendrogliomas, mixed gliomas
and astrocytomas. The most common of these,
the astrocytomas, are further categorized into
grades I-1V, in order of increasing malignancy.
Stage IV astrocytoma, or GBM, is uniformly
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fatal and is responsible for 50% of all primary
brain tumors and 21% of all CNS tumors in
adults [11.12]. Although GBM represents only a
small fraction of the more common tumors, it
accounts for a disproportionate number of can-
cer deaths per year [13-15]. With the standard
treatment of radiation plus temozolamide che-
motherapy, GBM patients survive an average of
12-18 months, with >90% patients surviving
less than 2 years [11,12,16]. Thus, more effective
and safe GBM therapies are needed.

Early studies showed that recurrent GBM
exhibits selective expansion of clonal subpop-
ulations with increased malignancy. This was
among the first empirical evidence supporting
Nowell’s model [17.18]. Particular genetic vari-
ants within brain tumors are also known to
have more favorable prognosis and treatment
outcomes [19-24]. Thus, the study of brain tumor
genetics has been at the forefront of research into
cancer evolution and gene-based treatment for
the past two decades.

More recently, a case study of GBM with
double recurrence was published that illus-
trated adaptive tumor evolution in real time [2s].
In the affected patient, tumor biopsy samples
were taken from two different locations in the
primary tumor as well as the two subsequent
recurrences. Mutations were found through
next-generation sequencing methods. Interest-
ingly, PTEN mutations were found in the pri-
mary tumor as well as the first recurrent tumor,
but not in the second recurrence, suggesting
that the PTEN-mutated cells had died off dur-
ing treatment, but PZK3CA-mutated cells, only a
minor subpopulation of the original tumor, had
acquired treatment resistance through a hyper-
mutator phenotype and overwhelmed other
clones on recurrence. Congruent with these
observations, FISH analysis of the EGF recep-
tor and PDGF receptor-a revealed significant
intratumoral heterogeneity [26]. Variable regions
of amplification of both receptor tyrosine kinases
could be observed in approximately 8% of the
analyzed GBMs, suggesting that targeted inhi-
bition of either the EGF receptor and/or PDGF
receptor-o. would most likely be ineffective on
these tumors.

Despite such significant advances in our
understanding of GBM evolution, however,
such research has not yet informed us how to
effectively treat GBM. The application of global
genetic analysis methods to brain tumors, how-
ever, has begun to improve our understanding
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of GBM adaptability and evolution, and may yet
prove critical in the design of effective therapies.

Glioma molecular subclasses

Current WHO diagnostic criteria bases diag-
nosis of GBM on the presence of microvascular
hyperplasia, cellular proliferation, nuclear atypia,
architectural disruption and necrosis [27]. Owing
to the fact that these guidelines have suffered
from a lack of reproducibility among patholo-
gists [28], several groups have turned to global
molecular characterization as a more effective
method to distinguish clinically distinct GBM
subclasses. Initial studies from University of
California, Los Angeles (CA, USA) later veri-
fied by additional groups, placed gliomas into
four subclasses based on global gene expression
(29-33]. These groups found that gliomas tended
to overexpress one of three or four functional
subclasses of genes associated with patient
prognosis and presumptive cellular origins. For
example, mesenchymal subclass gliomas overex-
pressed genes involved in cell motility and tumor
invasion, while those in the proliferative subclass
overexpressed cell-cycle regulatory genes. Both
of these subclasses encompassed predominantly
astrocytic tumors and differed from the proneu-
ral subclass, which overexpressed neural differ-
entiation genes and was enriched for oligoden-
droglial and lower-grade gliomas. Some groups
distinguish additional subclasses (‘classical’ and
‘neural’), but mesenchymal, proliferative and
proneural are the three commonly identified by
all studies. The less differentiated mesenchymal
and proliferative tumors exhibit poorer progno-
sis than the proneural tumors, also reflecting a
general trend of decreased malignancy in more
highly differentiated non-CNS tumors. Notably,
gliomas tend to evolve to the mesenchymal phe-
notype upon recurrence, suggesting plasticity of
gene expression patterns.

Extending the molecular analysis of gliomas,
Noushmehr ¢t a/. identified a subgroup of glio-
mas defined by /DHI mutation, and associated
with the CpG island methylator phenotype [34].
Further research implicated the /DHI muta-
tion itself, which occurs almost exclusively in
the proneural subclass, as the cause of the hyper-
methylated phenotype (35.3¢]. Thus, since CpG
methylation can markedly alter transcription,
the most differentiated astrocytic tumor subclass
possesses a unique capability to modulate its
gene expression and, therefore, adapt to extrin-
sic changes within the host. Stated another way,
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a high capacity for adaptation accompanies a
high degree of glioma differentiation, raising the
possibility that the two may be causally related.

Stemness, differentiation & molecular
plasticity in GBM
Stem-like cancer cells (CSCs) within tumors are
widely thought to represent the source of both
differentiated tumor cells, which are relatively
incapable of self-renewal, as well as self-renew-
ing tumor cells that are treatment resistant. The
cancer stem hypothesis differs from the tradi-
tional view of cancer, however, in that it posits
that only a small minority, rather than the vast
majority, of cells within a tumor are capable of
self-renewal. Indeed, GBM is thought to contain
as few as 1% CSCs [37]. Unless other factors are
at play, however, natural selection should favor
the continual outgrowth of self-renewing tumor
cells exclusively. Indeed, mathematical models
predict tumors to evolve as almost entirely self-
renewing cells over time [38]. Why then do CSCs
appear to be so rare, particularly in GBM?
Potential clues as to the rarity of CSCs and the
role of non-CSCs have come from three recent
studies of GBM [39-41]. Each of these studies
found that differentiated, non-CSC tumor cells
contribute to the construction of tumor endo-
thelium, creating a vascular niche that benefits
the self-renewing CSCs. Moreover, CSCs encode
and direct tumor endothelial differentiation,
presumably through gene expression programs
initiated by extrinsic constraints (e.g., hypoxia
and nutrient exhaustion). By extrapolation, dif-
ferentiated tumor cells in general may play a
similar supportive role in protecting or otherwise
benefiting CSCs. The balance between differen-
tiated tumor cells and CSCs may thus reflect a
collection of cooperative cellular strategies that
allows the tumor to be selected at a higher level
of organization in a concerted manner. This
higher-order selection is analogous to that act-
ing on a simple multicellular organism, and this
analogy can be further extended by viewing the
differentiated tumor cells as the somatic tissues
and CSCs as the germline. In as far as multiple
differentiation programs may coexist in GBM,
effective therapies for these tumors must be able
to eliminate all possible permutations of CSCs
under the influence of multiple environmental
constraints, as well as eliminating any differen-
tiated tumor cells that may endanger the host.
This task is analogous to, and as challenging
as, the extinction of a highly adaptive species of
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organisms. Such an outcome is much more likely
under conditions of persistent, strong environ-
mental constraint that forces tumor evolution
down a restricted path of differentiation.

Host environment, immunity, selection
pressure & glioma treatment resistance
The host microenvironment represents and
imposes the strongest constraints to which a
tumor must adapt, and may be quite hostile for
the development of tumors [42]. Diet, exercise,
obesity, lifestyle and living environment can
all modulate the microenvironment in which
a tumor develops. As mentioned, GBM stem
cells are known to use the microenvironment to
their advantage through the perivascular local-
ization of the stem cell niche. The perivascular
niche is a complex aggregation of multiple cell
types, including astrocytes, pericytes, endo-
thelial cells, fibroblasts and microglia [43], and
in GBM the density of the perivascular niche
correlates with the number of stem cells [44].
Signaling and crosstalk between niche compo-
nents and CSCs produces an environment that
appears to uniquely protect CSCs from many
different treatment modalities, including irra-
diation [45.46]. Thus, targeting components of
the tumor microenvironment, such as the peri-
vascular niche, may be as important as targeting
CSCs for GBM therapy.

The immune system also plays an important
role in the microenvironment in which GBMs
develop. Before transformed cells are able to
clonally expand and exert an immunosuppres-
sive influence on their microenvironment, they
are generally eliminated by routine immune sur-
veillance. This hypothesis is supported by the
epidemiological observation of a 39% decreased
risk of glioma in people with a history of aller-
gies versus those with no history of allergies [47].
Quantitative analysis of prediagnostic IgE levels
found an association between slightly elevated
levels of IgE and a decreased risk of glioma,
while elevated and clinically normal IgE levels
did not correlate with a decreased risk of glioma
(48]. A third study also found an inverse associa-
tion between IgE levels and risk of glioma that
was present up to 20 years before diagnosis [49].
In further support of the importance of cellular
immunity, several immunotherapy clinical trials
have reported promising results in GBM patients
(s0]. In contrast to immune surveillance, tumor
immunoediting can select clones that can evade
the constraints of immune recognition and/or
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responses [51]. Illustrating this point, Irvin ez al.
showed that gliomas exposed 7 vivo to anti-
tumor cytotoxic T-lymphocytes activity evolved
in a stereotypical way to upregulate highly simi-
lar sets of genes in both humans and mice, with
the latter acquiring specific resistance to T-cell
activity [52]. This observation suggests that
immunoediting may represent a prototypical
constraint within the tumor microenvironment
capable of promoting relatively homogeneous
GBM cells. It is at this point, when a tumor
has become genetically homogenized, that a
second selection pressure, to which the already
selected tumor subclones cannot adapt, might
bring about greater destruction of the tumor

. This concept, known as an ‘evolu-
tionary double bind,” has been used to extermi-
nate invading ecological pests [10]. The concept
could be similarly applied to bring about glioma
extinction, provided a targetable phenotype is
selected by the initial treatment. For example, if
the first treatment induces more CSCs, as is the
case with many treatments, then an agent that
specifically targets CSCs might represent the
most ideal follow-up treatment. Alternatively, if
a means to prevent the adaptive tumor evolution
induced by the initial therapy is known, then
simultaneously introducing this along with the
first therapy might also be effective.

Cellular immunity plus chemotherapy:
an illustrative example
Multiple therapeutic implications accompany
the concept of concerted evolution of differenti-
ated nonstem tumor cells and CSCs. First, selec-
tive forces that induce homogeneous patterns
of tumor differentiation should be regarded as
highly promising, as they suggest extreme restric-
tion of tumor evolution. Such conditions can be
further exploited as an opportunity to achieve
evolutionary double bind. Conversely, extremely
heterogeneous tumor differentiation, as typifies
GBM, can be interpreted as the adoption of mul-
tiple distinct tumor evolutionary strategies under
weak environmental constraints. To the extent
that differentiation programs are dictated by pat-
terns of tumor gene expression, homogenization
of gene expression may be an adequate surrogate
for determining initial treatment success.
Second, exclusively targeting differentiated
tumor cells that critically benefit CSCs may
be at least as effective as targeting CSCs alone,
as they could eliminate clinically problematic

non-CSCs and CSCs. This is an important
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Selection pressure number 1
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Selection pressure number 2

Figure 1. Tumor homogenization by selection pressures. Initial selection pressures can induce
partial tumor homogenization, which impairs the tumor’s ability to adapt to further selection

pressure.

point, as it was initially thought that targeting
CSCs was necessary, and perhaps even sufficient
to effectively treat GBM. More recent studies
demonstrating that CSCs are themselves quite
diverse and do not always express markers of
normal tissue stem cells, suggest that this view
may be too simplistic [53,54].

Cellular immunotherapy is potentially supe-
rior to other treatments for GBM, owing to its
theoretical propensity for high diversity, as well as
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its ongoing and adaptive nature, which may ren-
der it more suitable for inducing persistent anti-
tumor selection pressure. To illustrate this point,
we examined the expression of genes involved in
cell differentiation and/or stem-like status, in
GBM tumors removed from the same patients
before and after cellular vaccine or other forms of
therapy [52]. Interpatient similarity of these gene
expression profiles markedly increased, specifi-

cally after vaccination , indicating a
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Figure 2. Tumor homogenization by dendritic cell vaccination. (A) Similarity of overall gene
expression in paired pre- and post-vaccine glioblastoma multiforme samples from the same six
patients shows significantly increased homogeneity after vaccination (Pearson’s coefficients for
all pairwise sample combinations and all transcripts on Affymetrix [CA, USA] HGG-133+2 chips is
shown; the p-value between pre- and post-vaccine samples was calculated by 2-sided T-test). (B)

Sequencing of IDH1-mutated tumor samples revealed an increase in IDHT-mutated signal (CGT—CAT
at codon 132) within tumor tissue after vaccination.
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high degree of homogenization and suggesting
effective selection. In addition, multiple patients
appeared to have altered gene expression away
from the mesenchymal and toward the prolif-
erative subclass . From this, we predict
that post-vaccine tumors should be more sen-
sitive to antiproliferative agents, such as radia-
tion and/or chemotherapy, than their parental
tumors. Indeed, we found that post-vaccine
GBMs were unusually responsive to chemother-
apeutics [55]. Thus, cellular immunity appears
to sufficiently restrict GBM differentiation to
illustrate an effective, although not absolute,
evolutionary double bind. It should be noted,
however, that patients exhibiting enhanced
chemotherapeutic responses after vaccination
did not necessarily exhibit measurable periph-
eral immune responses to their tumors. In fact,
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chemotherapeutic enhancement was dependent
on a moderate but not high level of anti-tumor
cytotoxic T-lymphocyte activity in an animal
glioma model [52]. We anticipate that tumors
from immune-responder vaccine patients will
experience stronger anti-tumor selection, more
restricted tumor cell differentiation and greater
opportunities to orchestrate an evolutionary
double bind, provided suitable targets can be
identified.

In this context, post-vaccine GBMs from high
immune responders exhibited a stem-like expres-
sion profile dependent on Hedgehog signaling
52]. Although this pathway has been associated
with the CSC phenotype, the Hedgehog and
other pathways have also been implicated in the
proneural glioma subtype [56]. Moreover, post-
vaccine gliomas from mice failed to exhibit the
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Figure 3. Changes in glioblastoma multiforme molecular subtype according to dendritic

cell vaccination. After dendritic cell vaccination, patient tumor gene expression profiles shift

from MES, toward PRO and PN subclasses. The MES subclass is characterized by upregulation of
genes controlling migration and motility; the PRO subclass is characterized by upregulation of

DNA replication and cell cycle regulatory genes; and the PN subclass is by characterized by the
upregulation of genes involved in neural development [34]. Similar changes in gene expression were
not observed in patients receiving chemotherapy.
MES: Mesenchymal; PN: Proneural; PRO: Proliferative.
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functional hallmark of CSCs, enhanced tumori-
genicity in immune-deficient hosts [52]. Thus,
strong anti-tumor cytotoxic T-lymphocyte selec-
tion could select for proneural differentiation
in GBMs with pre-existing mutations in /DH-1
or IDH-2 genes. Preliminary support for this is
demonsrated by the increased preponderance of
IDH-mutated GBM tissue after vaccination in
some patients . If verified in greater
numbers of patients, this could point to success
in combining vaccine treatment with proneural-
targeted therapies, an example of which could be
following vaccine treatment with the Hedgehog
signaling antagonist cyclopamine [s2]. Although
it is doubtful that such an approach would be
relevant to GBMs lacking the /DH mutation,
this nevertheless does not exclude the possibility
that strong immune selection can highly restrict
differentiation along other ‘lineages’ in such
tumors. It is thus imperative that GBM gene
expression and differentiation profiles be exam-
ined carefully after vaccine or any experimental
therapy to identify additional secondary targets
to combine with cellular immunotherapy.

Conclusion & future perspective

Tumor heterogeneity and adaptive evolution
may contribute to the treatment-refractory
nature of GBM, as well as its high lechality.
Current treatment modalities are not designed
to overcome the adaptability and molecular
plasticity of GBM. While recent studies have
established multiple molecular subclasses of
GBM, there is still relatively little known
about the molecular changes induced by envi-
ronmental selective pressures, including most
treatments. Understanding which differentia-
tion pathways specific treatments will cause a
tumor to take could be invaluable in developing

Exploitation of adaptive evolution in glioma treatment
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new methods for treating GBM. Indeed, treat-
ment regimens based on such knowledge could

exploit the adaptive evolution of GBM to bring

about tumor extinction. In this context, cellular

vaccine therapy reportedly modulates a highly
restricted set of genes in GBM and related ani-
mal tumors, suggesting a particular course of

differentiation is induced by immune selection.

Thus, immunotherapy may represent an ideal

paradigm to test whether the imposition of an
evolutionary double bind will lead to GBM

extinction.
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