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Abstract

Advances in our understanding of molecular mechanisms of tumorigenesis have translated into
knowledge-based therapies directed against specific oncogenic signaling targets. These therapies
often induce dramatic responses in susceptible tumors. Unfortunately, most advanced cancers,
including those with robust initial responses, eventually acquire resistance to targeted therapies
and relapse. Even though immune-based therapies are more likely to achieve complete cures,
acquired resistance remains an obstacle to their success as well. Acquired resistance is the direct
consequence of pre-existing intratumor heterogeneity and ongoing diversification during therapy,
which enables some tumor cells to survive treatment and facilitates the development of new
therapy resistant phenotypes. In this review, we discuss the sources of intratumor heterogeneity
and approaches to capture and account for it during clinical decision making. Finally, we outline
potential strategies to improve therapeutic outcomes by directly targeting intratumor heterogeneity.

Tumors are composed of millions of cancer cells embedded in a microenvironment distorted
by neoplastic changes. The startling heterogeneity of both cancer cells and cells composing
the tumor microenvironment fuels disease progression and treatment resistance. Thus, better
understanding of cellular, molecular, and spatial heterogeneity within tumors and the
application of this knowledge for treatment design are essential for improving clinical
outcomes. In this review we summarize sources of intratumor heterogeneity (ITH), methods
to quantitatively assess ITH, and its clinical relevance. While most of the points discussed
are applicable to all types of cancers, some, such as spatial and microenvironmental
heterogeneity, are more relevant to solid tumors, which represent our main focus.
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Sources of intratumor heterogeneity

Cellular phenotypic heterogeneity within tumors is a complex, multifactorial phenomenon,
which integrates genetic, epigenetic, and environmental inputs (Figure 1).

Genetic heterogeneity is the most studied and best understood aspect of intratumor
heterogeneity (ITH), although our understanding is still far from being sufficiently complete
(McGranahan and Swanton, 2017). Despite mounting challenges, gene and mutation-centric
focus remains at the core of molecular oncology, and the majority of cancer researchers
would probably still agree with the famous statement by Bert Vogelstein: “The revolution in
cancer research can be summed up in a single sentence: cancer is, in essence, a genetic
disease” (Mogelstein and Kinzler, 2004). Discovering tumor-associated genetic mutations
and interrogating their functional and clinical impact has been the major focus of cancer
research over the last few decades, and the recent revolution in DNA sequencing
technologies enabled an outpour of studies documenting startling intratumor genetic
heterogeneity.

Even though eukaryotic cells replicate their DNA with astounding fidelity, the mechanism is
not entirely error-free. Every time a cell divides, a few mutational errors in the form of
nucleotide substitutions and small deletions are introduced even in the absence of internal
and external mutagens (Zhang and Vijg, 2018). Owing to the constant turnover of tumor
cells and the large size of tumor cell populations, some of these stochastic mutational hits
inevitably affect genes with known cancer relevance, leading to the activation of oncogenes
and inactivation of tumor suppressors. Whereas the sufficiency of these baseline replication
error rates to account for carcinogenesis remains a subject of debate (Beckman and Loeb,
2006; Tomasetti and Vogelstein, 2015; Tomlinson et al., 1996), many tumors display
increased mutation rates, due to either increased external or internal mutagen exposure.
These include UV-related mutagenesis in skin cancers; tobacco-related mutagenesis in oral,
lung, and bladder cancers; reactive oxygen species (ROS) induced mutagenesis in a wide
range of malignancies, and defects in DNA repair mechanisms, which have been detected in
certain tumors (e.g., deficiencies in DNA mismatch repair and APOBEC pathways)
(Alexandrov et al., 2013; Fox et al., 2013; Kandoth et al., 2013).

Small-scale genetic mutations remain best understood and easiest to study, but they
represent only a tip of the iceberg of genetic heterogeneity. The vast majority of spontaneous
human cancers display aneuploidy, which is linked with chromosomal instability (CIN) —an
increased rate of genomic mutational errors involving loss, gains, and translocations of large
fragments of genomic DNA (Bakhoum and Cantley, 2018). Aneuploid cells commonly
emerge following whole genome doubling (WGD) due to mitotic failure leading to
tetraploidization (Dewhurst et al., 2014). WGD is an early event commonly observed across
most human cancer types and it is associated with poor prognosis (Bielski et al., 2018).
Compared to point mutations, these large-scale genomic events are much more likely to
impact cellular phenotypes. While reduced cell fitness is the most common outcome of
large-scale genomic changes, CIN enables much faster rates of genomic diversification, thus
speeding up evolution during both tumor development and cancer therapies (Tang and
Amon, 2013). At the same time aneuploid cells also influence their microenvironment and
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may trigger a specific anti-tumor immune response, which in turn may facilitate immune
evasion through upregulation of immune suppressive mechanisms (Senovilla et al., 2012).

The functional relevance of genomic heterogeneity in tumor progression and therapy
resistance remains poorly understood. The prevalent approach is to reduce the impact of
large-scale gains to changes in copy numbers (and related expression changes) of individual
“driver” genes, with known cellular functions. While in cases of complete loss of functional
alleles or focal massive amplification this approach is justified, in many cases the impact of
copy number alteration on the expression of an individual gene is relatively subtle. Most of
these large genomic changes involve many genes, leading to significant impacts on gene
regulatory networks which cannot be reduced to individual “drivers” (Tang and Amon,
2013). Furthermore, in contrast to point mutations, which are almost always irreversible,
large scale DNA copy number and structural variations (with the exception of homozygous
deletions) are typically much less stable, due to much higher rates of genomic mutations in
aneuploid cancer cells (1072 per chromosome per generation versus 10~/ per gene per cell
division) (Lengauer et al., 1997), which might significantly complicate sub-clonal
reconstruction analyses. Notably, karyotypic analyses revealed significant cell-to-cell
variability of chromosomal numbers in cancer cell lines that maintained ostensibly stable
average karyotypes (Li et al., 2009). The instability of copy number variations is most
pertinent for extrachromosomal DNA (ecDNA), which has been shown to mediate
inheritance of many “driver” genes across multiple cancers (deCarvalho et al., 2018; Turner
etal., 2017; Verhaak et al., 2019). Paralleling plasmids in bacteria, this extrachromosomal
inheritance enables massive focal amplification of an oncogene, while avoiding fitness
penalties, associated with genomic changes in larger pieces of DNA. Whereas the exact
mechanisms and inheritance patterns remain to be elucidated, even entirely stochastic
distribution of ecDNA can dramatically accelerate tumor evolution and intratumor
heterogeneity (Verhaak et al., 2019).

While genetic heterogeneity within populations of tumor cells is shaped by the several
mechanisms of genetic diversification described above, they are generally thought to be
lacking a powerful diversification mechanism observed in natural populations throughout all
taxa of life — (para)sexual recombination. However, the assumption of strict asexuality of
cancers might be incorrect. Several publications, as well as our unpublished work have
documented evidence of spontaneous cell fusions between genetically distinct cancer cells,
or between cancer and non-cancer cells within the tumor microenvironment (Gast et al.,
2018; Jacobsen et al., 2006; Lu and Kang, 2009). Genomes of hybrid cells are often unstable
(Duelli et al., 2007; Storchova and Pellman, 2004), which could lead to additional
diversification associated with ploidy reduction, similar to a fusion-mediated ploidy
conveyor in mature hepatocytes (Duncan et al., 2010) or asexual recombination observed in
C. Albicans (Zhang et al., 2015). As the mechanistic underpinning of spontaneous cell
fusions remains poorly explored, it is unclear whether it is related to the cell-in-cell
phenomenon, cell cannibalism and entosis that have been observed in numerous cancer types
upon various stress conditions (Fais and Overholtzer, 2018). Whereas the relevance of this
experimentally observed phenomenon is difficult to access in primary tumors (apart from
cases of tumors in recipients of tissue transplants, such as described in case reports of a bone
marrow transplant recipients) (LaBerge et al., 2017; Lazova et al., 2013), mathematical
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modeling suggests that fusion-mediated recombination can further enhance diversity in
populations of tumor cells (ref to be provided after BioRxiv deposition).

One reason why progress has been rather slow with understanding the links between genetic
heterogeneity and tumor evolution is the paucity of suitable experimental models that
reproduce the ITH of human tumors. Conventional genetically engineered mouse models
(GEMM) are dominated by those driven by powerful combination mutations within a single
cell, providing convenient and reproducible experimental systems to study molecular
mechanisms. However, these models rarely display the degree of subclonal and cellular
genetic heterogeneity seen in spontaneous cancers. However, next-generation GEMM are
designed to more accurately mimic human cancers, including ITH (Kersten et al., 2017).
Among others, the KPC mouse model of pancreatic adenocarcinoma (PAD) driven by
mutant Kras and Trp53 transgenes displays extensive subclonal heterogeneity largely driven
by large-scale copy number alterations targeting genes with known functional relevance in
human PAD (Niknafs et al., 2019). Another promising GEMM based approach to
understand the impact of ITH is to combine low-penetrance oncogenic drivers with a source
of genetic diversification, such as Sleeping Beauty transposons (Mann et al., 2016). The use
of such models will enable more detailed studies assessing the functional relevance of
subclonal interactions in tumor evolution, which then enable the design of improved
therapeutic strategies for heterogeneous tumors.

Epigenetic heterogeneity

Studies on tumor heterogeneity have primarily focused on cancer cells genomes even though
selection forces act on phenotypes rather than genotypes. Despite the critical importance of
cancer-associated mutations on clinically relevant phenotypic features, such as responses to
growth signaling, proliferation, and death, epigenetic (we use the term in a broader sense,
covering all non-genetic phenotypic determinants) mechanisms have a greater impact on
tumor cell phenotypes (Flavahan et al., 2017). For example, the gene expression and
epigenetic profiles of genetically abnormal CD44*CD24- progenitor-like cancer cells
isolated from primary breast tumors shows closer resemblance to the profiles of normal
CD44*CD24 mammary epithelial cells than to that of more differentiated CD44-CD24"*
cancer cells from the same tumor; the same is true for CD44-CD24" cells (Shipitsin et al.,
2007). These data suggest that differentiation state-related epigenetic programs have a
dominant impact in shaping phenotypes compared to cancer-related genetic aberrations.
Similar observations have been made in brain tumors, which represent one of the best
examples of cancer stem cell-driven malignancies (Liau et al., 2017; Neftel et al., 2019;
Patel et al., 2014). However, more differentiated cancer cells can give rise to stem cell-like
cancer cells through epithelial-tomesenchymal transition (EMT) triggered by certain
microenvironmental signals such as hypoxia (Mohlin et al., 2017) or interaction with stromal
cells (Karnoub et al., 2007). Thus, tumor cells display high epigenetic and phenotypic
plasticity. This phenotypic plasticity is likely to be key for the phenomena of drug-tolerant
persistence, as well as the ability of cells to acquire resistance through stable non-genetic
changes in gene expression, as we will elaborate below.
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While epigenetic heterogeneity could be key in acquisition of traits of profound clinical
importance, such as therapeutic resistance (Shaffer et al., 2017) or metastatic dissemination
(Roe et al., 2017), accounting for non-genetic heterogeneity is far more challenging since, in
contrast to genetic heterogeneity, the phenotypes of tumor cells can be highly plastic.
Epigenetically defined phenotypic traits range from essentially hard-wired ones, which can
be conceptualized as epimutations, such as silencing of key tumor suppressor genes,
mediated by DNA hypermethylation on one end of the spectrum, to noise-driven cell-to-cell
differences that dissipate within a few cell divisions on the other end of the spectrum
(Marusyk et al., 2012). Whereas these two extremes are conceptually the easiest to deal
with, the majority of non-genetic phenotypic heterogeneity, reflecting integration of
microenvironmental inputs and stochastic events and differentiation status, falls in the gray
zone in terms of heritability.

Studies assessing epigenetic heterogeneity within tumors has been largely focusing on DNA
methylation, since this is technically less challenging to measure even at single cell level
than chromatin modification (Mazor et al., 2016). Due to the reversible nature of epigenetic
modifications, it was not clear if they can be used to define subclones, track tumor evolution,
and assess intratumor subclonal and cellular heterogeneity. However, studies in prostate
cancer (Brocks et al., 2014), glioma (Mazor et al., 2015), and chronic lymphocytic leukemia
(CLL) (Gaiti et al., 2019) have demonstrated that inferring tumor evolution based on genetic
and DNA methylation patterns largely overlaps. Furthermore, quantitative measures of ITH
in Barrett’s esophagus based on DNA methylation and genetic mutations were both
predictive of the progression to esophageal carcinoma implying that diversity is an inherent
tumor characteristic and heritable epigenetic changes have similar impact on tumor
evolution as genetic ones (Merlo et al., 2010).

ITH for DNA methylation has consistently been observed in regulatory regions that affect
the transcription of genes relevant to the disease process. For example, in prostate cancer
high ITH is observed for enhancers bound by the androgen receptor (AR) (Brocks et al.,
2014), a ligand-dependent transcription factor driving the expression of many genes
essential for the survival and proliferation of prostate tumor cells. Similarly, in CLL binding
sites for transcription factors with known functional relevance such as NFKB1 and MYBL1
displayed lower epimutation potentially due to the protection of these sites from
epimutations by transcription factor binding (Gaiti et al., 2019). Advances in technologies
have enabled the single-cell multiomic profiling of tumors that allows the direct analyses
between genetic and epigenetic alterations and gene expression profiles. A recent study
performing single cell RNA-seq (scRNA-seq) and single cell ATAC-seq (SCATAC-seq)
profiling of mixed-phenotype acute leukemias (MPALS) have demonstrated common
malignant signatures despite extensive heterogeneity across patients and within individual
cases, and identified the RUNX1 transcription factor as a key regulator of these programs
(Granja et al., 2019).

Given that tumor cells display clear parallels with differentiation hierarchy related
phenotypic heterogeneity in normal tissues, the cancer stem cell framework has been, and
still remains, a popular paradigm to conceptualize the ITH. However, phenotypic ITH cannot
be reduced to differentiation hierarchies, as tumor cells display far greater cell-to-cell
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variability compared to their differentiation state normal counterparts (Jenkinson et al.,
2017; Landau et al., 2014). This increased phenotypic variability likely reflects the impact of
intratumor genetic heterogeneity, as well as greater variability in contextual signals provided
by aberrant and less structured (compared to normal tissues) tumor microenvironments. In
addition to increased plasticity and the diversifying inputs of genetic and
microenvironmental heterogeneity, this increased cell-to-cell variability might also be a
consequence of global epigenetic changes, generally observed in cancer cell epigenomes
(such as global hypomethylation of CpG islands) (Feinberg, 2007), and can be summarized
as higher entropy of the cancer epigenome (Jenkinson et al., 2017).

Microenvironmental heterogeneity

Though heterogeneity of genotypes within tumors translates into diversity of phenotypes,
phenotypes are not simple functions of genotypes. Indeed, all normal cells share identical
wild type genomes, which encodes highly diverse phenotypic manifestations. Phenotypic
diversity in normal cells reflects developmental processes triggered by responses to
microenvironmental cues. Whereas tumor cells often display aberrant responses to
microenvironmental signals (e.g., suppression of death from anoikis), they still retain a large
repertoire of normal responses. An extreme example is the ability of some tumor cells to
become a functional part of normal tissues, when embedded in normal microenvironments.
For example, human breast cancer cell lines co-injected with normal mammary epithelial
cells into the mammary fat pads will become part of a functional mammary epithelium
(Bussard and Smith, 2012).

On the other hand, tumor formation entails not only genetic and epigenetic transformation of
normal cells, but also highly aberrant microenvironments. Normal tissues are organized in
functional and structural units with near-equal access to vasculature, which provides oxygen
and nutrients while removing waste products. For example, breast epithelium is organized as
two layers — basal and luminal layer, with cells facing either basal membrane, or lumen
(Figure 2). As blood and lymphatic vasculature resides in sparsely populated connective
tissue, both cell layers obtain nearly-equal access to fully diffusible factors (such as oxygen),
while cellular access to contact signaling from the extracellular matrix (ECM) components
of basal membrane, as well as to stroma-produced cytokine, is primarily confined to the
basal layer. Perturbations in normal tissue architecture due to aging and chronic
inflammation contribute to increased cancer risk and tumor progression (Fane and
Weeraratna, 2019), and tissue organization is completely lost in invasive and metastatic
tumors. These changes result in cellular and paracrine interactions not observed in healthy
tissues, which contribute to selection and further diversify cancer cell phenotypes. While
some tumor cells are still in contact with stroma-derived extracellular matrix, its
composition is altered compared to normal tissues (Naba et al., 2012), and many tumor cells
are separated from the stroma by more than one cell layer. Moreover, blood and lymphatic
vasculature in tumors are disorganized with significant functional, spatial, and temporal
heterogeneity (Carmeliet and Jain, 2000; Stacker et al., 2014). These perturbations in both
stromal and epithelial organization leads to significant spatial and temporal variability in
nutrients, oxygenation, growth factors, and pH (Korenchan and Flavell, 2019; Yuan, 2016),
in turn providing diverse and abnormal contextual signals, which are absent in healthy
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normal tissues. As sensing environmental cues integrates a multitude of inputs, existence of
different spatial and temporal gradients of microenvironmental components might lead to
dramatic, combinatorial diversification of contextual signals, thus inducing phenotypic ITH,
reflective of cellular responses to these contextual signals, rather than specific well-defined
phenotypes (Figure 2).

In addition to diversification of contextual cues, structural and microenvironmental
disorganization in carcinogenesis also creates relatively consistent new microenvironments,
leading to predictable association of tumor cell phenotypes with these microenvironmental
features. For example, local acidification at the tumor edge drives mesenchymal transition,
mediating tissue invasion (Estrella et al., 2013). There is a striking similarity between the
arrangement of cancer cells around blood vessels and vegetation around waterways in desert
regions (Alfarouk et al., 2013). In addition to directly influencing tumor cell phenotypes,
predictably distinct microenvironmental habitats could provide distinct selective pressures
(Gatenby and Gillies, 2008). Several studies have linked genetic heterogeneity with distinct
habitat locations (Gillies et al., 2018; Hoefflin et al., 2016; Lloyd et al., 2016) and have
shown that spatial distribution of genetically distinct tumor cell populations correlates with
poor clinical outcome (Janiszewska et al., 2015).

Microenvironmental heterogeneity also involves heterogeneity in immune cell infiltration,
which is of obvious importance for immunotherapies. Leukocytes are frequently one of the
most abundant cell types within tumors and their highly mobile nature can lead to rapidly
changing spatial heterogeneity that can create immunologically active or silent niches.
Because T cells can directly eliminate certain cancer cells or even populations of cancer
cells with specific markers, it is not surprising that the frequency and location of T cells have
directly been linked to subclonal heterogeneity in cancer. Furthermore, since T cells are
activated by specific tumor neoantigens, many of which are generated by tumor-specific
mutations, the location of T cells with specific TCRs also varies within tumors and
correlates with the number and types of mutations. For example, in non-small lung cancer
(NSLC) assessing mutations and TCR diversity in different regions of the same tumor
demonstrated that the abundance of expanded intratumor ubiquitous TCRs is associated with
the number of nonsynonymous mutations (Joshi et al., 2019). At the same time the number
of expanded regional TCRs correlated with the number of regional nonsynonymous
mutations.

In serous ovarian cancer metastases, higher epithelial CD8* T cell infiltration was associated
with lower tumor ITH presumably due to immune-mediated elimination of certain subclones
present as minor subpopulations (Zhang et al., 2018). Subclonal neoepitopes have been
shown to be more immunogenic than clonal ones (Jimenez-Sanchez et al., 2017) potentially
explaining these results. In some cases, immune evasion was due to HLA LOH in the tumor
cells coupled with upregulation of immune checkpoint inhibitors. Interestingly, while tumor
regions with high CD8" and CD4™" T cell densities had high TCR diversity, this was not
associated with tumor cell ITH implying that T cell and tumor cell cellular heterogeneity are
related but distinct features.
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Thus, phenotypes of tumor cells are shaped by an integration genetic, epigenetic and
microenvironmental inputs (Figure 1). Whereas we have introduced these inputs separately,
they are highly interrelated. For example, microenvironmental inflammation has been linked
with increased chromosomal instability and increased epigenetic plasticity (Colotta et al.,
2009; Grivennikov et al., 2010; Korkaya et al., 2011). On the other hand, chromosomal
instability has been linked to the induction of inflammatory signaling through cGAS-STING
anti-viral pathway (Bakhoum and Cantley, 2018), thus modulating microenvironments,
including immune responses. The resulting phenotypic ITH translates to heterogeneity in the
sensitivity of tumor cells to anti-cancer drugs and cytotoxic immunity. Additionally, some of
the heterogeneous features of the tumor microenvironment can directly modulate therapeutic
responses as described below.

Quantitative assessment of intratumor heterogeneity

ITH in tissue samples

Even though all types of ITH have been linked to poor patient outcomes and therapeutic
resistance in many different tumor types, assessing heterogeneity in human tissue samples is
still a major challenge, which partially explains why ITH is still not commonly used to guide
clinical decisions. One of the best examples for this is ITH for ERBBZ2 (encoding HER?2)
amplification in HER2+ breast cancer driven by oncogenic HER?2 signaling. HER2-targeted
therapies have been very successful for HER2+ tumors, but they are only effective when the
tumor cells uniformly express and are dependent on HER2. However, in many cases HER2
expression and ERBB2amplification is not homogeneous within tumors and this has been
associated with shorter disease-free survival (Rye et al., 2018). Assessing HER2 status by
immunohistochemistry and FISH has long been used in the clinic for the identification of
patients who will most likely benefit from HER2-targeted therapies. However, due to the
increasing recognition of ITH, HER2 heterogeneity, defined as HER2 positivity by FISH in
> 5% and < 50% of tumor cells, has also been incorporated into the report. Considering that
HER2 status is determined by automated counting of FISH signal in 50 single cells, this
assay could relatively easily be expanded into a more quantitative assessment of cellular
heterogeneity for HER2, and several clinical trials are ongoing (NCT02326974) to
determine if this could potentially improve the clinical management of patients. Preliminary
analysis of the data indicate that patients with higher pretreatment cellular heterogeneity for
ERBBZ2amplification are less likely to have a complete pathologic response to neoadjuvant
pertuzumab and T-DM1 treatment (Filho et al., 2019).

Quantitative assessment of cell-to-cell variation in the expression of a therapeutic target at
the protein level is much harder to evaluate, as it is usually measured using immunostaining
and manually scored by pathologists. Scoring discordance between individuals and variation
between different batches of staining contribute to limited reporting of the observed
heterogeneity. However, technological advances in multiplex immunostaining techniques,
digital pathology, and machine learning are paving the way to more accurate reporting of
ITH.

Decreased expression of the target is only one of the many mechanisms by which tumors
evade therapy. Many known resistance mechanisms are related to genetic alterations that are
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identified based on unbiased genome-wide analyses. Several computational approaches have
been developed to use next-generation sequencing read frequency to assess ITH and infer
clonal evolution of a tumor. Multiregional sequencing of renal carcinoma, glioblastoma and
lung cancer have all showed significant divergence between distinct areas of the same tumor
(Gerlinger et al., 2012; Thrane et al., 2018; Yates et al., 2015; Zhang et al., 2014). While
evolutionary trajectories can be drawn between distinct clones at different sites, clinical
benefit of these analyses remains to be determined. The relatively high cost of exome-
sequencing makes it challenging to perform these analyses for all patients. A large clinical
trial (NCT01888601) was initiated in 2014 for non-small cell lung cancer (NSCLC) patients,
aiming at multiregional and longitudinal sampling of primary and recurrent tumors to
determine the impact of ITH on clinical outcomes. Initial results from this study show that
ITH for copy number alterations and genomic instability are associated with increased risk
of recurrence or death (Jamal-Hanjani et al., 2017). Moreover, immune cell heterogeneity
within tumors point to a correlation between T cell clonality and tumor antigen diversity in
different regions of the same tumor (Reuben et al., 2017). Advances leading to decrease of
sequencing costs and streamlined bioinformatic analysis will be required for the more wide-
spread use of genome-wide approaches for routine ITH assessment for patient
prognostication.

Regional sampling of heterogeneous tumors remains one of the largest challenges in clinical
diagnostics. In certain tumor types, such as lung or breast cancer, biopsies from several
distinct regions may be taken. However, in glioblastoma and pancreatic cancer, additional
sample collection is associated with higher risk for the patient. Multiregional sequencing has
invariably showed regional heterogeneity in different tumor types, raising many questions.
How representative is a single biopsy? How many biopsies would we need to collect to
cover the extent of heterogeneity of a large highly aggressive tumor? An important tool in
addressing these seemingly impossible issues is “liquid biopsy”: sampling blood and other
body fluids.

ITH in liquid biopsies

Blood drawn from cancer patients contains circulating tumor cells (CTC) and circulating
tumor DNA (ctDNA) (Rossi and Ignatiadis, 2019). Liquid biopsies can easily be repeated
weekly or bi-weekly, allowing for unprecedented longitudinal monitoring of cancer.
Analysis of genomic alterations present in CTCs or ctDNA has been successfully used to
follow therapy response over time and identify resistance in breast (Aceto et al., 2014;
Dawson et al., 2013), colon (Misale et al., 2012; Siravegna et al., 2015), and lung
(Anagnostou et al., 2019) cancer. Moreover, blood samples can also be used to assess the
heterogeneity of the T cell antigen receptor repertoire, which could help the design of more
effective adoptive T cell immunotherapies and monitoring their efficacy. The liquid biopsy
paradigm was also applied to cerebrospinal fluid (CSF) of brain tumor patients. While not as
easy as blood collection, ctDNA in CSF is associated with glioma progression and shorter
survival. A recent study has shown that CSF ctDNA recapitulated the genotype of tumor
biopsy and could thus be used for genotype-directed therapy monitoring (Miller et al.,
2019). Yet, shedding of CTCs and ctDNA into the bloodstream is neither fully understood,
nor uniform in all patients. Additional studies are required to dissect the biology of CTC and
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tumor DNA shedding and to determine how well ctDNA represent tumor profiles in order to
validate liquid biopsy as a safe and robust way to monitor changes in ITH during treatment.

Single cell profiling
In recent years the development of single-cell sequencing technologies has enabled studies
of ITH at increased resolution. Thousands of cells can now be barcoded and profiled,
revealing phenotypically or genetically distinct subpopulations present in a tumor.
Phenotypic heterogeneity can also be assessed by high multiplexing capacity of Cytometry-
Time-of-Flight (CyTOF) (Spitzer and Nolan, 2016), multiplexed ion beam imaging (MIBI)
(Angelo et al., 2014), and cyclic immunofluorescence (cyclF) (Lin et al., 2015) techniques
that allow for the quantification of multiple protein expression in individual cells. The
advantage of MIBI and cyclF is that they are performed in intact tissue samples maintaining
tumor topology and cellular context. While all these techniques are very useful in identifying
distinct subpopulations of cells, especially in the tumor microenvironment, it is much harder
to clearly deconvolute complex phenotypes of tumors. In the case of brain tumors, single-
cell profiling revealed four major states, associated with distinct developmental pathways
hijacked by cancer cells (Neftel et al., 2019; Patel et al., 2014). Yet, in many other tumor
types these distinctions are not as clear. However, phenotypic diversity may provide more
insight into the genetic and epigenetic changes associated with treatment, as therapy has a
more immediate effect on cellular phenotypes.

Since drug resistance can occur via different mechanisms due to genetic, epigenetic, and
phenotypic heterogeneity (Figure 3), single-cell multi-omics and parallel deconvolution of
all the traits of individual cancer cells would be needed to integrate all the variables. First
approaches of integration of genetic and epigenetic measures at single-cell resolution show
that transcriptional and epigenetic plasticity of certain subpopulations may be associated
with their lineage history and underlying driver mutation (Gaiti et al., 2019). Multi-omics
approaches will certainly lead to better understanding of the complex biology of the tumor
ecosystem. However, more targeted approaches to identify clinically relevant variables will
likely be needed as well.

Heterogeneity in therapy resistance

The majority of advanced, metastatic cancers remain incurable, even in those cases when
available therapies are capable of eliminating the vast majority of tumor cells. Pre-existing
intratumor heterogeneity increases the odds of at least some tumor cells to survive therapy-
induced elimination, while ongoing diversification of tumor cell phenotypes during
treatment enable tumor cells to adapt to therapy-imposed selective pressures, leading to the
de novo resistance and eventual relapse. Here, we discuss the impact of intratumor
heterogeneity on resistance to the two most promising and effective (when properly
matched) types of therapies: targeted therapies and immunotherapies, both of which are
commonly combined with chemotherapy. ITH has been shown to be associated with poor
outcome and decreased response to cancer treatment by multiple groups in multiple human
cancer types implying a universal role in therapeutic resistance (Almendro et al., 2014;
Morris et al., 2016).
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Heterogeneity in therapy resistance targeted therapy

Small molecule inhibitors, directed against abnormal signaling of mutated kinases, are
commonly used as frontline therapies for cancers with druggable driver lesions, such as
EGFR and ALK in EGFR and ALK mutant lung cancers, or BRAF in melanoma (Zhang et
al., 2009). Despite the often-spectacular initial tumor responses, and continuous
development of more efficient inhibitors, resistance emerges with near inevitability in
advanced, metastatic cancers. In many cases of clinical relapse, resistance is associated with
specific genetic mutations, such as genomic amplification of the therapy target, point
mutations that allosterically reduce the ability of drug to block enzymatic activity, or
amplification/mutation of other genes, enabling tumor cells to sustain oncogenic signaling
(Lovly and Shaw, 2014). Most of these mutational changes are considered to be sufficient to
confer full resistance, underlying clinical relapse. In this case, probability of pre-existing or
de novo resistance could be inferred using mathematical models, involving target population
size (numbers of tumor cells capable of self-renewal), mutational probability and
proliferation/death rates (Bozic et al., 2013; Foo and Michor, 2014; Wodarz and Komarova,
2005). Assessing tumors at different stages of progression and building mathematical
models based on these data could also be used to predict probable tumor evolutionary paths
towards resistance (Angelova et al., 2018; Khan et al., 2018). The reality, however, might be
more complicated, as development of resistance might be multifactorial (Hong et al., 2019;
Shaffer et al., 2017; Vander Velde et al., 2019), in which case preexisting diversity and
ongoing diversification, which fuel natural selection, rather than presence of specific
mutations, might be essential for the evolution of resistance (Merlo et al., 2006). The
relationship between genetic diversity and evolution is more complicated for copy number
variations due to CIN: while providing a powerful source of diversification, the majority of
large-scale chromosomal changes are disadvantageous (Tang and Amon, 2013). Both
experimental studies and analysis of clinical data support the existence of a “sweet spot” of
CIN-related diversity, where intermediate levels, which, balance evolvability with ability to
maintain fitness of tumor cell populations, are most dangerous (Andor et al., 2016; Godek et
al., 2016). This constraint most likely does not apply to copy number changes mediated by
extrachromosomal DNA, which avoids fitness cost of large-scale chromosomal changes,
while providing a highly dynamic focused diversification mechanism, enabling populations
of tumor cells to quickly find optimum under therapy-imposed selection pressures
(Nathanson et al., 2014).

Despite the clear evidence of genetic mechanisms of resistance, in many cases no known
genetic “drivers” could be identified. Whereas it is formally possible that resistance in these
cases could be attributed to uncharacterized mutations, commonality of long remission times
and a growing body of experimental evidence suggests that resistance can arise through
epigenetic mechanisms, involving semi-stable changes in gene expression mediated by
chromatin remodeling (Hinohara et al., 2018; Knoechel et al., 2014; Liau et al., 2017; Risom
et al., 2018; Sharma et al., 2010; Shu et al., 2016). A seminal paper by Sharma and
colleagues (Sharma et al., 2010) implied stochastic, reversible epigenetic transition into a
distinct drug-tolerant phenotypic state, enabling tumor cells to survive therapy, but incapable
of supporting robust net positive growth rates to drive tumor relapse. A number of
subsequent studies demonstrated the relevance of this phenomenon toward multiple
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therapeutic modalities across many cancer types including breast and brain tumors
(Hinohara et al., 2018; Hong et al., 2019; Knoechel et al., 2014; Liau et al., 2017; Risom et
al., 2018; Sharma et al., 2010; Shu et al., 2016). At least in some cases, phenotypic transition
towards drug tolerance might be induced by the treatment (Goldman et al., 2015; Pisco and
Huang, 2015), although the ability to undergo phenotypic transition is likely to be limited to
only certain sub-populations of tumor cells (Hong et al., 2019; Shaffer et al., 2017).

Drug tolerance is often thought as a distinct, well-defined phenotypic state that might be
defined by similar molecular underpinnings across multiple cancer types such as
dependency on certain metabolic pathways (Hangauer et al., 2017). However, our lineage
tracing-based studies revealed that tolerance towards ALK inhibitors develops from
heterogeneous pre-existent subpopulations which differ in their ability to survive or grow
under different inhibitors (Vander Velde et al., 2019). Likewise, functional phenotypic
heterogeneity was recently implied in chemo-resistance in pancreatic cancers (Seth et al.,
2019), suggesting that tolerance might reflect ITH in general, rather than a well-defined
phenotypic state. At the same time, certain epigenetic states may confer “universal” drug
resistance. For example, high expression and activity of the KDMS5 family of histone
demethylases has been linked to multiple different types of therapeutic resistance in multiple
different cancer. In lung cancer high KDM5A expression is associated with EGFR inhibitor
resistance (Sharma et al., 2010), in melanoma quiescent cells required for tumor propagation
that also play a role in resistance to chemotherapeutic agents and BRAF inhibitors have high
KDMS5B levels (Roesch et al., 2013). A recent study in breast cancer investigating
mechanisms by which high KDM5B activity leads to endocrine resistance determined that
higher KDMB5B levels are associated with higher cell-to-cell transcriptomic heterogeneity
(Hinohara et al., 2018). Thus, mutant and abnormally expressed epigenetic regulators may
influence tumor progression and therapeutic responses via their effect on cellular epigenetic
and phenotypic heterogeneity, and therefore, may represent good combination agents even if
their single agent efficacy is modest.

Whereas drug tolerance is likely responsible for the ability of tumor cells to survive therapy,
leading to minimal residual disease, clinical relapse requires acquisition of stronger
resistance phenotypes, capable of maintaining net positive tumor growth in the presence of
treatment. Bona fide resistance can develop from drug-tolerant cells through acquisition of
new genetic mutations, thus requiring new genetic diversification (Figure 3). Notably,
acquisition of EGFR T790M gatekeeper mutations by tolerant cells leads to more robust
tumor cell phenotypes. These cells are less sensitive to T790M targeting third generation
EGFR inhibitors compared to T790M mutations on the background of therapy naive cells
(Hata et al., 2016). By maintaining a reservoir of viable tumor cells, tolerance enables
acquisition of multiple distinct resistance mechanisms, thus supporting more heterogeneous
relapse, which reduces chances of second line therapy success. Similarly, in colorectal
carcinomas treatment with EGFR and BRAF inhibitors downregulates DNA repair pathways
and upregulates error-prone polymerases in drug-tolerant persister cells, therefore increasing
mutation rates and the likelihood of resistance (Russo et al., 2019).

On the other hand, full resistance can also develop from weakly resistant sub-populations
through non-genetic mechanisms. A case in point is a recent study on acquisition of
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resistance to BRAF inhibitors, where transient expression heterogeneity in resistance
associated genes, such as AXL and EGFR, enabled survival of subpopulations of tumor
cells, but development of fully resistant phenotypes involved acquisition of multiple,
partially coordinated gene expression changes (Shaffer et al., 2017). A similar phenomenon
has been described in breast and lung cancers (Hong et al., 2019; Vander Velde et al., 2019).
These studies shed a new light on the association between “stemness” and resistance. While
EMT and stemness are often considered to be proximal causes of therapy resistance
(Holohan et al., 2013; Singh and Settleman, 2010), phenotypic plasticity per se might be the
true culprit, by enabling cancer cells to access resistance phenotypes by rewiring of gene
regulatory networks (Pisco and Huang, 2015).

Whereas the majority of studies focus on cell-autonomous resistance mechanisms, a growing
body of evidence suggests that cell-to-cell and microenvironmental interactions could
dramatically impact drug sensitivity. For example, growth factors that can be produced by
both tumor cells and normal cells within tumor microenvironment, have been shown to
partially or completely de-sensitize tumor cells to many types of Tyrosine Kinase Inhibitors
(TKIs), across numerous cancer types (Wilson et al., 2012). Similarly, drug sensitivity could
be dramatically reduced by signaling, mediated by interaction of tumor cells with the
extracellular matrix (ECM) (Hirata et al., 2015). Whereas in typical /n vitro studies, every
tumor cell can be equally impacted, microenvironmental heterogeneity /n vivo likely leads to
heterogeneity in environmentally mediated therapy resistance, where only some of the tumor
cells can evade the impact of therapy (Marusyk et al., 2016). While the impact of
microenvironmentally mediated resistance on relapse remains unclear (as tumor cells remain
sensitive outside of the borders of protective niches), the phenomenon likely contributes to
residual disease, providing reservoir of tumor cells capable of developing cell-autonomous
resistance mechanisms (Hirata and Sahai, 2017; Meads et al., 2009). The link between
microenvironmental heterogeneity is not limited to paracrine signals, cell-to-cell, and cell-
ECM contact. Given the well documented impact of hypoxia, acidity, and nutrient status on
therapy sensitivity (Gillies et al., 2012), metabolic microenvironmental heterogeneity likely
provides an important modulator of tumor responses to therapies, a notion supported by in
silico modeling (Robertson-Tessi et al., 2015).

A standard approach for a biomedical research paper entails reducing a phenomenon, such
as therapy resistance, to a single mechanism. However, resistance might entail a combined
impact of multiple mechanisms operating both within single cells (Hong et al., 2019; Shaffer
etal., 2017; Vander Velde et al., 2019) and across different functionally distinct
subpopulations (Chabon et al., 2016; Piotrowska et al., 2015). Thus, the development of
clinical resistance is likely to involve not only different sources of pre-existing ITH, but also
different inputs for additional diversification. For example, resistance to EGFR inhibitors in
a cell line model of EGFR-mutant lung cancer can develop from both pre-existing
resistance-conferring mutations, but also from drug tolerant cells, acquiring diverse
resistance mechanisms (Hata et al., 2016; Ramirez et al., 2016). While the role of
microenvironmental diversification remains poorly explored, its inputs likely shape both
genetic and epigenetic diversification. Sufficiently complete understanding of resistance
cannot be accomplished exclusively with mainstream reductionistic methodological
approaches, but instead requires integrative studies and development of new tools.
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Heterogeneity in therapy resistance — immunotherapy

Immune surveillance is one of the key microenvironmental constrains that all tumors must
overcome in order to progress and grow. Immunoediting refers to the process by which the
immune system impacts tumor evolution and it is classified into three phases: elimination,
equilibrium, and escape (Dunn et al., 2004). Studies in experimental models and patients
with compromised immune system have demonstrated that most neoplastic cells are
eliminated by the immune system before they become clinically relevant. However, tumor
cells can have variable expression of neoantigens and may display differences in signaling
pathways related to immunity, thus, ITH for these traits will limit the efficacy of antitumor
immune responses. As a consequence, all clinically-relevant tumors have already escaped
immune surveillance by various mechanisms.

Immunotherapy is thought to be relatively unaffected by ITH, since tumor neoantigens are
usually not functional cancer drivers, thus, they are not expected to be impacted by cancer
therapy. However, recent data demonstrates that ITH influences the success of
immunotherapy as well. Acquired resistance to immunotherapy can develop due to ITH for
neoantigens, antigen presentation, and interferon signaling (Havel et al., 2019; Kalbasi and
Ribas, 2019). Tumor mutational burden (TMB) defined as the number of somatic mutations
within tumors, is one of the strongest predictors of response to immune checkpoint
inhibitors with high TMB in general associated with better response (Ribas and Wolchok,
2018). However, higher TMB can also increase ITH and recent data in both experimental
models and patients show that tumors with high subclonal ITH are less likely to respond to
immune checkpoint inhibitors than more homogeneous tumors (Anagnostou et al., 2017;
Gejman et al., 2018; McGranahan et al., 2016; Milo et al., 2018; Wolf et al., 2019).
Resistance to immunotherapy due to ITH could be due to multiple mechanisms. Higher ITH
is associated with higher risk of having a resistant clone. At the same time, subclonal
mutations may not trigger such an effective immune response as clonal ones (Anagnostou et
al., 2017; Gejman et al., 2018; McGranahan et al., 2016; Milo et al., 2018; Wolf et al.,
2019), although there is also data suggesting that subclonal neoantigens are more
immunogenic (Jimenez-Sanchez et al., 2017). Thus, ITH has prognostic and predictive value
for immunotherapy as well.

Microenvironmental and spatial heterogeneity are of key importance for immune therapies
as well. For example, attraction of immune cells is mediated by paracrine action of
chemokines and cytokines, key suppressors of immune responses CD73 and IDO1 act in a
paracrine manner, and hypoxia (Noman et al., 2015) and acidification (Pilon-Thomas et al.,
2016) can potently suppress cytotoxic immunity. The location of immune cells within
tumors is also highly heterogeneous, which is likely influenced by stromal cells and is
associated with probability of response to immune checkpoint inhibitors (Hirata and Sahai,
2017). Based on the frequency and location of immune cells tumors can be classified as
immune cold (immune desert), peritumoral, stromal-restricted, and inflamed (Gruosso et al.,
2019; Keren et al., 2018; Rosenthal et al., 2019). While this classification was applied to
tumors in different patients reflecting intertumor heterogeneity, even within the same tumor
there is significant spatial heterogeneity for TIL frequency with some regions being fully
infiltrated and others devoid of leukocytes. In metastatic urothelial cancer a fibroblast TGFp
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signature correlated with immune exclusion and resistance to immune checkpoint inhibitors,
both of which was improved by combined treatment with TGFBR inhibitors and anti-PD-L1
antibody (Mariathasan et al., 2018). Thus, decreasing tumor cell and microenvironmental
ITH would improve the efficacy of immunotherapy as well.

Accounting for heterogeneity in therapeutic decision making

Given the profound importance of ITH shaping therapy responses, it could be beneficial to
explore its utility as a predictive marker. Perhaps more importantly, considering strategies to
reduce ITH might lead to improvement of long-term therapeutic responses, prolonging
remission and increasing the odds of driving tumors toward extinction. Given the current
focus on specific “drivers” of resistance, the main effort is directed towards the detection of
resistance conferring mutations in tissue and liquid biopsies, with the idea that this data
should shed light on the emergence of resistance, potentially informing therapeutic
interventions to intercept the relapse. However, given the well-established link between ITH
and evolvability of tumors, complementary consideration of ITH could provide an
independent predictive marker, which could also be factored in when formulating the initial
treatment strategy, as well as informing decisions on changing therapies during remission.

For example, in HER2+ breast cancer tumors with higher ITH for HER2 are less likely to
respond to treatment (Rye et al., 2018). Therapeutic resistance is likely caused by cancer
cells that lack HER2 amplification and overexpression making them resistant to HER2-
targeted therapies. Thus, the combination of HER2-targeting and non-targeted agents (e.g.,
chemotherapy and PI3K/AKT inhibitors) is predicted to be the most beneficial in tumors
with high ITH. Indeed, a recent clinical trial (NCT03248492) testing trastuzumab
deruxtecan (DS-8201), an anti-HER?2 antibody linked to topoisomerase inhibitor, in
metastatic HER2+ breast cancer patients who failed prior treatment has given positive results
(Modi et al., 2019). While DS-8201 is also a HER2-targeting antibody, its antitumor effects
do not require HER2 dependency, since it simply serves as a chemotherapy delivery agent.
Thus, it is also efficacious against tumor cells that lack HER2 amplicon but still have HER2
expression, which makes it more efficacious in heterogeneous HER2+ tumors. This example
clearly shows benefits of understanding the cancer cell dependencies and their combinations
in improving efficacy of treatments for heterogeneous tumors. Mathematical modeling can
also help with predicting optimal drug combinations and treatment schedules that most
likely to work in heterogeneous tumors (Chakrabarti and Michor, 2017; Gallaher et al.,
2018; Leder et al., 2014) 31026176. Indeed, several clinical trials have been designed based
on these models and following evolutionary principles and some have shown promising
results (Gallaher et al., 2018).

In addition to guiding therapeutic decision-making, many aspects of ITH could be
considered therapeutic targets (Figure 4). Whereas little can be done to prevent stochastic
mutations occurring during replication, maximizing tumor debulking through surgery or
irradiation should reduce ITH, stemming from all of the inputs. Moreover, at least some
types of ITH could be targeted more directly. Given the links between inflammation, CIN,
and phenotypic plasticity (Colotta et al., 2009; Grivennikov et al., 2010; Korkaya et al.,
2011), use of anti-inflammatory agents as therapy explicitly directed against ITH might
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warrant exploration. Similarly, many types of epigenetic drugs, such as histone deacetylase
(HDAC), histone demethylase, and bromodomain inhibitors might reduce phenotypic
plasticity and ITH. Phenotypic plasticity underlying tolerance and resistance can be
disrupted by epigenetic inhibitors, such as those targeting histone deacetylases (Sharma et
al., 2010), BET bromodomain proteins (Knoechel et al., 2014; Risom et al., 2018) or histone
demethylases (Hinohara and Polyak, 2019; Hinohara et al., 2018; Liau et al., 2017). While
current strategies primarily focus on short-term cytotoxic/cytostatic effects of the drugs,
consideration of longer-term effects, mediated by reduction of ITH might be warranted, even
when the agents are not effective in the short term. Reducing microenvironmental
heterogeneity might also be beneficial, both in the short and long term. While anti-
angiogenic agents did not live up to the initial promise of eliminating tumors by blocking
their access to oxygen/nutrients, the reverse idea — normalizing blood vasculature using
lower doses of anti-angiogenic drugs, might still prove to be clinically useful (Jain, 2014). In
addition to improving drug delivery, which is currently the main rationale behind the
strategy, normalization of blood vasculature could also reduce microenvironmental
heterogeneity, while also inhibiting selection for more invasive and aggressive sub-
populations (Robertson-Tessi et al., 2015).

Concluding remarks

Despite the recent explosion of interest toward cancer evolution and ITH, our knowledge in
this area remains rudimentary. Moving from observational studies toward deeper
understanding of ITH and using this knowledge to improve clinical outcomes would require
not only the development of novel methodologies to quantify different types of ITH, but also
new frameworks to conceptualize and integrate this knowledge. Achieving these goals would
necessitate moving from reductionistic approaches of molecular oncology toward
multidisciplinary studies, involving meaningful integration of clinical observations,
bioinformatical analyses, and systems biology approaches with experimental and
mathematical modeling.
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Figure 1. Sources of Intratumor heterogeneity.
Intratumor heterogeneity represents integration of inputs from genetic, phenotypic, and

microenvironmental heterogeneity, in turn increasing the odds of both pre-existence of
tolerant and resistant subpopulations, and the ability to evolve new adaptations.

Cancer Cell. Author manuscript; available in PMC 2021 April 13.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Marusyk et al. Page 26

Normal breast tissue Breast cancer

Eplthellal ducts ~= \ ' . "
(i
A |

Figure 2. Microenvironmental heterogeneity.
In normal tissues (such as normal breast) most epithelial cells experience similar

concentrations of nutrients, oxygen, and growth factors. However, structural disorganization
of epithelia, stroma, and vasculature leads to significant inequality in concentrations of these
factors (one factor is illustrated). Further, differences in diffusion and consumption rates of
different factors combinatorialy increase variability in microenvironmental cues directly
influencing phenotypic heterogeneity and creating distinct selection forces.
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Figure 3. Evolution of therapeutic resistance.
Heterogeneous primary tumors likely contain subpopulations of cancer cells with pre-

existing resistance to therapy due to genetic or epigenetic mechanisms. Genetically resistant
cancer cells can also outgrow from epigenetically plastic persisters in part due to therapy-
induced alterations. Interaction with the microenvironment also contributes to phenotypic
heterogeneity and associated therapeutic resistance within tumors. In most advanced-stage
tumors both genetic and epigenetic resistance likely to be present leading to multiple
different resistance mechanisms.
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Figure 4. Optimal therapies for heterogeneous tumors.
The effective treatment of heterogeneous tumors requires optimized therapy to minimize the

evolution of therapeutic resistance. There are three general approaches by which this can be
achieved: (1) combination therapies targeting different tumor subpopulations, different
dependencies, or both cell-autonomous and non-cell-autonomous functions; (2) therapies
combining tumor-targeting agents with compounds that reduce ITH such as HDAC or BET
inhibitors; and (3) adaptive therapy when ITH is maintained and the competition of drug-
resistant and drug-sensitive cells is limited by alternating therapy and no treatment.
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