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Abstract
The development of cancer stems from genetic instability and changes in genomic sequences, and hence, the heterogeneity
exhibited by tumors is integral to the nature of cancer itself. Tumor heterogeneity can be further altered by factors that are not
cancer cell intrinsic, i.e., by the microenvironment, including the patient’s immune responses to tumors and administered
therapies (immunotherapies, chemotherapies, and/or radiation therapies). The focus of this review is the impact of tumor
heterogeneity on the interactions between immune cells and the tumor, taking into account that heterogeneity can exist at several
levels. These levels include heterogeneity within an individual tumor, within an individual patient (particularly between the
primary tumor and metastatic lesions), among the subtypes of a specific type of cancer, or within cancers that originate from
different tissues. Because of the potential for immunity (either the natural immune system or via immunotherapeutics) to halt the
progression of cancer, major clinical significance exists in understanding the impact of tumor heterogeneity on the associations
between immune cells and tumor cells. Increased knowledge of why, whether, and how immune-tumor interactions occur
provides the means to guide these interactions and improve outcomes for patients.
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1 Introduction

Tumor heterogeneity is derived partially from the instability
of the cancer cell genome and from the selection that cancers
undergo in their development and can be modified by selec-
tion processes that result from immunological attacks on tu-
mor cells (Fig. 1). Furthermore, tumor heterogeneity goes be-
yond the genetic changes within the tumor cells to transcrip-
tional signs of altered proliferation or apoptosis in these cells
[1]. Such non-genetic differences can potentially be due to
cancer cell responses to microenvironmental factors in

tumors, such as changes in cell density or angiogenesis.
Notably, multiplexed investigation has revealed that tumor
evolution in the process of metastasis is also influenced by
the metastatic site’s immunological context, leading to
immune-evasive tumors irrespective of lymphocyte infiltra-
tion [2]. Such immune evasion is enabled by features that
are extrinsic to tumor cells, as well as ones that are intrinsic
to them [2]. Taking into account the perspectives of tumor
heterogeneity as encompassing genetic changes in tumor
cells, non-genetic alterations in tumor cell phenotypes, and
the variability of immune cell infiltration into tumors, many
advancements in the comprehension of tumor/immune inter-
actions have been made which will be crucial in furthering the
development of cancer prognosis and treatment. In recent
years, vital strides have been made in understanding the con-
sequences of tumor heterogeneity on the interactions between
immune system components and tumors, as described in this
review.

2 Strategies to assess the impact of tumor
heterogeneity on immune-tumor interactions

Investigation of the effects of tumor heterogeneity on tumor/
immune associations requires defining the parameters for
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quantification: which immune cells will be counted, and in
what sections of which tumors (e.g., primary and/or metasta-
ses)? Each tumor can potentially exhibit an internal distribu-
tion of immune cells that is heterogeneous in location. The
distribution of immune cells can also be heterogeneous in
comparisons between patient-matched primary tumor and me-
tastasis, or among various metastases derived from the same
patient. Immune infiltration, both within tumors and among
tumors, was analyzed by Obeid et al. [3] in a study assessing
CD8+ T cell presence in melanoma tissue arrays. These inves-
tigators reported great variance in the numbers of CD8+ T
cells found in separate core samples derived from the same
tumors. Although CD8+ T cell numbers were similar in tu-
mors that had arisen simultaneously, they varied drastically
among tumors that had developed at varied points in time.
These findings have implications that are methodologically
valuable for the study of immune/tumor interactions (in terms
of tumor sample size and sources of samples taken). They also
underscore the need for acquiring tumor biopsies of sufficient
size in clinical trials that are designed to assess the success of
novel immunotherapies.

In terms of approach, exploration of the influences of tumor
heterogeneity on tumor/immune associations also takes into
account spatial and longitudinal analysis of immune cells
within the local tumor microenvironment. Immune cells are
not necessarily confined to a singular compartment within a
tumor, but rather can occupy a range of potential locations in
the tumor’s structure [4, 5]. Immune cells may be located deep
within the tumor core or at the leading edge, or they may be
restricted to the peritumoral border. Characteristically, the
central portion (as in addition to areas in the periphery) of
tumors may have necrotic foci (often caseous), which can still
exhibit infiltration with myeloid cells. Regarding peritumoral
borders, tumors (especially those which are benign) are

typically encapsulated by a fibrous tissue sheath, or at mini-
mum (for malignant tumors) exhibit a rim of compressed,
capsular-like connective tissue. Thus, there are perceptible
boundaries of tumors, at which immune cells can sometimes
be detected (e.g., by immunohistochemistry) as barred from
entry. Furthermore, it should be noted that a specific
intratumoral location is not necessarily a requirement for tu-
mor cell influence on immune cells, since tumor cells can
influence immune cells either by direct contact (including
receptor-mediated interaction) or via secreted factors, such
as cytokines or metabolic products that can alter the local
pH [4]. Longitudinal differences in immune cell presence that
are observed over the duration of cancer development and/or
therapy can be informative about the kinetics of immune re-
sponses and/or the effectiveness of treatments [5, 6].

Progress in comprehending tumor/immune cell interaction
is due, in large part, to innovative advances in sequencing
approaches [7]. In addition, new strategies for data analysis
have provided tools for handling complex sequencing data for
tumors and types of infiltrating immune cells. Widespread
usage by investigators of the Cell Type Identification by
Estimating Relative Subsets of Known RNA Transcripts
(CIBERSORT) computational approach has contributed to
progress in the investigations of tumor/immune interaction.
CIBERSORT allows estimation of the amounts of specific
RNA transcripts, and by those approximations, it provides
results on the relative numbers of various types of cells in a
source of mixed cells, such as a tumor [8]. A striking example
of the utility of CIBERSORT was the analysis of patterns of
expression from ~18,000 separate patient-derived tumors,
representing 39 types of cancer [9]. Across a wide spectrum
of cancers, connections were drawn between specific
intratumoral immune cell populations and the duration of pa-
tient survival, noting either a positive correlation (especially

Fig. 1 Immune cells (including T
cells, DCs, NKs, and others) can
defend against primary tumors (a)
or metastatic lesions (b). Immune
cell infiltrates can differ in
composition in primary tumors
versus metastases, in terms of
numbers, types, activation levels,
and/or specificities (a, b). In some
instances, immune cells can
potentially modify tumor
heterogeneity by selective
targeting (c). Immune cell
infiltration can be variable in
location within tumors, between
tumors, and/or can change in
quantity or composition within
the same tumors over time (d)
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with high numbers of gamma-delta T cells) or a negative one
(having increased numbers of neutrophils was strongly linked
to adverse outcomes). The findings in this report provided a
clearer overall picture of tumor/immune cell association, as
well as fresh impetus for the investigation of the intratumoral
roles of the cell types found in the largest quantities in these
cancers.

Another recently generated resource for approaching re-
search questions related to tumor heterogeneity and immune/
tumor interaction is a database termed The Cancer Immunome
Atlas [10]. This database includes immune cell infiltration and
tumor antigen data, as well as tumor clonality/heterogeneity
results, for more than 8000 tissue samples representing 20
cancers listed in The Cancer Genome Atlas. By the applica-
tion of machine learning, Charoentong et al. generated ratings
that they referred to as immunophenoscores [10]. The
immunophenoscore adds to the utility of the previously
established immunoscore for disease prognosis (developed
byMlecnik et al. [11]) in that the immunophenoscore has also
been demonstrated to serve as a forecaster of therapeutic re-
sponsiveness to immune checkpoint inhibitor treatment.

3 Murine models provide evidence for role
of tumor heterogeneity in immune-tumor
interactions

Animal models have been indispensable in the analysis of the
relationship between heterogeneity in tumors and immune cell
associations with tumors, since such models allow detailed
examination of changes in tumor composition over time and
at various in vivo locations to an extent that is not feasible in
human patients. Early reports by Fidler and colleagues pro-
vided an initial understanding of selective pressures involved
in tumor evolution, and the influence of that selection on me-
tastasis [12, 13]. From their investigation of mouse melanoma
models, Price et al. described metastasis as dependent on a
subset of tumor cells having a set of distinctive features that
allow their persistence during spread to distant sites [12]. This
view was also supported by work from the same research
group that characterized metastasis in mouse melanoma
models as “sequential and selective and contains stochastic
elements” [13].

Non-genetic heterogeneity of tumors has also been shown
by variations in the growth, maintenance, and responsiveness
to chemotherapy of human xenografted colorectal tumor sam-
ples that lacked mutational changes after multiple serial pas-
sages in mice [14]. The use of immunodeficient mice
xenografted with limiting dilutions of cancer cell populations
containing putative stem cells has also enabled the develop-
ment of the concept of cancer stemness [15]. Evidence has
been presented in a murine breast cancer model that cancer
stem cells themselves are heterogeneous populations [16].

Characteristics of cancer stemness are linked to intratumoral
heterogeneity (in terms of tumor clone diversity) and also to
the deficiency in intratumoral immune cells [17, 18].

Analysis of mouse models has also revealed that a set of
immune response-related genes for which expression can vary
in tumor cells is that encoding the immune messengers called
chemokines. A chemokine was found to have a pivotal role in
an investigation of intratumoral immune cell infiltration con-
ducted with congenic tumor cell clones derived from KPCY
mice backcrossed to C57BL/6 [19]. The KPC strain is a
mouse model that mimics the progression of human pancre-
atic cancer, due to pancreas-specific expression of K-ras and
p53 mutations; for KPCY mice, the “Y” represents yellow
fluorescent protein [20, 21]. The implantation of individual
clones resulted in tumors that either had T cell–rich microen-
vironment or T cell–poor microenvironment; thus, the hetero-
geneity of these clones was maintained following transplanta-
tion. The expression of the chemokines CXCL15, CCL20,
and CXCL1 had differential expression in T cell–rich versus
T cell–poor tumors. Furthermore, CXCL1 was identified as
having a high tumor cell-intrinsic expression level. Better ac-
cessibility, as found for the CXCL1 gene’s promoter in T cell–
poor versus T cell–high tumors, is consistent with an epige-
netic mechanism of control in these pancreatic cancer cells.
Transcriptional regulation of the gene for CXCL1 by MYC
was also evident in this model. The CXCL1 chemokine acts as
a ligand for the receptor CXCR2, which is involved in the
infiltration of myeloid cells into pancreatic tumors [22, 23].
These data, together with the investigators’ discovery that
CXCL1 knockout increased T cell infiltration, suggests that
CXCL1 attraction of myeloid-lineage cells could be a major
factor in shaping the intratumoral T cell population.

Heterogeneous production of cytokines by tumors can also
regulate immune/tumor interactions, as demonstrated by mu-
rine models. In addition to originating in various types of
immune cells, several cytokines (e.g., IL-15) can be produced
by tumor cells [24]. The supposition that tumor cell–secreted
IL-15 has profound effects has been supported by studies in
mouse models showing that IL-15 can contribute to tumor
eradication by T cells [24] and by NK cells [25].
Conversely, variation in cytokine production by immune cells
can also influence heterogeneity of the tumor cells. As an
example, the cytokine IFN-gamma has also been shown to
influence tumor heterogeneity in mouse tumor models [26].
An investigation by Takeda et al. of IFN-gamma’s functions
in intratumoral diversity utilized murine tumor models of
mammary cancer and lymphoma (each expressing an exoge-
nous antigen) and of fibrosarcoma (expressing a known en-
dogenous tumor antigen) [26]. Only if IFN-gamma was pres-
ent in the tumor microenvironment did mouse CD8+ T cell
activity lead to the development of cancer clones that were
resistant due to antigen loss. Furthermore, CD8+ T cells se-
creting IFN-gamma exerted genetic effects on tumor cells,
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such as changes in gene copy numbers and expression of
DNA repair-related genes. These data suggest that T cells
may, in some instances, alter diversity in tumor cells and in-
duce immune resistance in the tumor cells by IFN-gamma.

By employing a mouse melanoma cell line, Wolf et al. [27]
examined the effects of mutational burden and intratumoral
heterogeneity on immune responses. In these experiments, the
murine melanoma cell line B2905 was irradiated with UVB to
augment the mutational burden, and then the irradiated B2905
cells (or non-irradiated B2905 cells, as a control) were im-
planted into mice. Compared to the non-irradiated cells, the
irradiated cells generated tumors with a faster growth rate. The
tumors were then subsequently treated with anti-PD-1, and the
mice that received the UVB-irradiated B2905 cells had less of
a therapeutic response to the immune checkpoint inhibitor
than those mice that received the non-irradiated cells.
However, when the mice were each injected with a single-
cell-derived UVB-irradiated B2905 clone, the tumors had a
reduced rate of growth. Through an examination of the growth
rates of single-cell clones in immunocompetent versus immu-
nodeficient mice, it was discerned that the single-cell clones
grew at a relatively slower pace because they were undergoing
immune rejection. The non-heterogeneous nature of the
single-cell clone-initiated tumors resulted in more T cell infil-
tration and higher levels of T cell reactivity. These discoveries
indicate that tumor heterogeneity detracts from anti-tumor-
immune responsiveness.

Results published on an investigation of B cell lymphoma
support the supposition that immunity depresses tumor het-
erogeneity [28]. The employed model used was lymphoma
derived from Eμ-myc transgenic mice; these mice consistent-
ly generate B cell lymphomas early in life. Lymphoma cells
were taken from an Eμ-myc mouse and fluorescently tagged
to create populations with distinct colors, and mixtures of the
tagged cells were made that had matched growth rates. The
labeled mixtures were then administered to a series of new
mouse hosts. By intravital two-photon imaging, lymphomas
were observed to be present as spatially separated areas in the
bonemarrow. Areas that had increased T cell infiltration had a
lesser number of lymphoma cells, perhaps due to cytolysis.
Whole-exome sequencing of these subclones revealed that
those that had intratumoral evidence of more active immunity
also had more limited lymphoma cell heterogeneity.
Furthermore, anti-PD-1 therapy also acted to depress the ge-
netic diversity of the lymphoma cells.

In mouse model studies, connections have been drawn be-
tween tumor characteristics (e.g., tumor burden and stage),
growth factor secretion, and both myeloid cell expansion
and T cell depletion. For example, Donkor et al. [29] reported
a positive correlation between tumor burden and an increased
number of spleen and tumor myeloid-derived suppressor cells
(MDSCs), as well as a diminishment in T lymphocyte fre-
quency at the same sites. Cyclophosphamide chemotherapy

treatment of mice, with subsequent adoptive transfer of
tumor-immune cells, led to abrogation of subcutaneous tu-
mors [30], likely due to the pre-transplant lymphodepletion
and increased IL-7 production caused by cyclophosphamide
allowing effective expansion of the transplanted T cells [30].

Mathematical modeling based on the autochthonousmouse
prostate cancer TRAMP model has been generated by
Robertson-Tessi et al. to take into account changes in metab-
olism that occur with tumorigenesis, the interactions of me-
tabolites with the tumor microenvironment, and the influence
of chemotherapy on tumor metabolic stratification and growth
patterns [31]. Thus, investigations in the field have moved
from using mouse models in the very first steps in understand-
ing the nature of multiple influences (including immunologi-
cal pressures) on metastasis, to the use of data obtained from a
well-established mouse tumor model (the TRAMP model) to
create simulations to extrapolate multiple events and interac-
tions in the cancer microenvironment. From this point forward
in this review, we will turn our attention from mouse models
to human patient-based studies.

4 The impact of intratumoral heterogeneity
on immune cell interactions with the tumor

4.1 Molecular phenotypes of tumors influence
immune infiltration and immunotherapy response

Among individual tumor cells present within each tumor
mass, there can be variation in the expression of immune
response-related genes, such as ligands for immune check-
point proteins. Programmed cell death protein-ligand 1 (PD-
L1) can be expressed on tumor cells and bind to the immune
checkpoint programmed cell death protein-1 (PD-1) on the
surface of T cells, thereby inhibiting effector T cell functions.
Several immune checkpoint inhibitors are now FDA-ap-
proved, and the range of cancers for which their use is permit-
ted is steadily increasing. Due to the potential for immuno-
therapies as viable treatments for cancer, numerous studies
have been conducted to monitor both the expression of PD-
L1 in tumors and potential pathways of resistance to anti-PD-1
exhibited by tumors.

As an example of the latter type of investigation, Hugo
et al. delineated an expression pattern in melanoma patients
that was characteristic of resistance to anti-PD-1 treatment
[32]. They found that responsiveness to anti-PD-1 checkpoint
inhibitor treatment did not show a positive correlation with an
overall elevation in the number of tumor mutations, but they
observed some association with increased mutation of
BRCA2. Since BRCA2 has a role in DNA repair, this may
indicate linkage to a distinctive set of mutations or simply
increased cellular stress conducive to cell death [32]. Using
the same bioinformatics strategy for gene expression analysis
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that was utilized in the aforementionedmelanoma study, com-
prehensive gene expression data from three to four separate
regions per tumor obtained from a total of ten non-small cell
lung cancer tumors was evaluated to determine the enrichment
scores for anti-PD-1 resistance signatures [33]. In the separate
samples from discrete regions of the same tumor, there was
some consistency in the anti-PD-1 resistance co-enrichment
score, but four out of ten patients had intratumoral variation in
the extent to which an anti-PD-1 resistance signature was
exhibited.

To further address the question of what tumor cell pheno-
types influence responsiveness to immunotherapy, whole-
exome sequencing was performed on anti-PD-1 resistant mel-
anoma metastases [34]. Samples from four patients were eval-
uated, and two of the patients had mutations resulting in loss
of function of the Janus kinase 1 or 2 proteins (JAK1/2) along
with loss of the corresponding wild-type JAK1/2. These mu-
tations caused impairment of IFN-gamma signaling, and
therefore of IFN-gamma-mediated arrest of proliferation. A
third patient among the four had a homozygous loss of func-
tion mutation (due to truncation) in the gene that encodes beta
2-microglobulin (β2m). Because the β2m subunit is required
for proper folding and expression of the major histocompati-
bility complex (MHC) class I molecule that presents tumor
antigens to T cells to trigger lysis of cancer cells, the localiza-
tion of MHC class I molecules to the plasma membrane was
deficient in the anti-PD-1 therapy-resistant cancer cells de-
rived from this patient. The fourth patient in the group had
no evident tumor cell genetic defect that could be deemed
responsible, yet had no upregulated PD-L1 expression.
Thus, molecular phenotypes affecting anti-PD-1 resistance
were identified, but were heterogeneous among the patients,
with 50% having resistant tumors bearing JAK1/2 mutations,
25% having the mutation in the β2m gene, and 25% having a
lack of PD-L1 expression but no evident genetic basis.

In addition to the presence of JAK1/2 mutations in mela-
noma, such a mutation was also identified in one of sixteen
patients who had mismatch repair-deficient colon cancer and
who had been unresponsive to anti-PD-1 treatment [35]. This
observation is consistent with the notion that JAK1/2
mutation can lead to anti-PD-1 resistance in a subset
of patients, but that this phenotype is heterogeneous
among the population of patients treated with immune
checkpoint inhibitors. Corresponding to the aforemen-
tioned results from investigation of anti-PD-1-resistant
melanoma patient-derived samples [34], a recent case
study of a patient with mismatch repair-deficient colo-
rectal cancer that was anti-PD-1-resistant also described
a β2m mutation in one allele and loss of the wild-type
β2m allele [36]. Such findings suggest that loss of
intratumoral β2m could be a recurring challenge for
some patients in the clinical implementation of immune
checkpoint inhibitor therapy.

Another recent report described the impact of heteroge-
neous MHC class I expression by tumor cells on the localiza-
tion of T cells in stage III metastatic melanoma tissue samples
[37]. In this study, the researchers used a multiplexed tissue
imaging platform that allows repeated rounds of antibody
staining and imaging on each individual sample to assemble
detailed information about relative locations. High expression
of MHC class I molecules on the tumor cells was discovered
to be necessary, yet not sufficient, for elevated levels of T cells
to be present. In addition to tumor cell MHC class I molecule
expression influencing the overall number of T cells within
the tumor, the presence of Treg cells and B cells was also a
factor. High MHC class I expression was associated with lon-
ger overall survival, but only in cases with concurrent elevated
numbers of intratumoral T cells. These data on positive cor-
relations of MHC class I expression with the intratumoral
presence of T cells are consistent with other investigations
of melanoma tumor samples [34, 38, 39].

Cancer stemness molecular features are associated with the
degree of tumor-immune infiltration. Analyzing gene expres-
sion data from 8290 primary tumors from twenty-one different
solid tumor types, Miranda et al. [40] described a negative
correlation across cancer types between tumor stemness and
survival and also between tumor stemness and infiltration of
CD8+ T cells, natural killer (NK) cells, and B cells. Notably,
other immune cell types had heterogeneous association with
stemness; these cell types included neutrophils, CD4+ T cells,
and T regulatory cells (Tregs). An immune cell pattern
representing the presence of NK cells, CD8+ T cells, and B
cells was observed to have a negative correlation with cancer-
testis antigens [40], possibly indicating that cells expressing
these antigens had been successfully diminished by these im-
mune components. In this study, cancer stemness was also
found to correlate negatively with an IFN-α/β signaling sig-
nature while corresponding positively with the expression of
certain genes associated with immunosuppression (CD276/
B7-H3, CD155/PVR, and TGFB1). In total, these findings
are consistent with stemness paralleling increased
intratumoral heterogeneity and deleterious effects on
immunity.

4.2 Tumor heterogeneity’s impact on neutrophils and
MDSCs

Single-cell RNA sequencing of tissue samples from human
colorectal liver metastases was performed to assess tumor mi-
croenvironment heterogeneity [41]. The frequencies of T
helper cells, CD8+ cytotoxic T cells, and memory T cells were
reduced in the tumor samples, relative to the normal tissue
samples, whereas Treg and CD4+ T cell frequencies were
increased, and neutrophil marker expression was also aug-
mented. A molecular change in colorectal cancer cells that is
associated with neutrophil infiltration is SMAD4 loss
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[42–44]. Deficiency in SMAD4 corresponds with an influx of
CCR1+ myeloid cells. The predominant CCR1+ cell type in-
filtrating primary colorectal tumors was found to be MDSCs,
and the CCR1+ cells infiltrating metastatic colorectal cancer
samples principally had neutrophil markers [43, 44]. Factors
affecting the presence of MDSCs were evaluated by Diaz-
Montero [45]; in samples from solid tumor patients, these cells
were found to be elevated in parallel with the tumor burden
and stage, and to impair T cell proliferation. Additional stud-
ies, focused on breast cancer and pancreatic cancer, showed an
increase in MDSCs with worsening cancer stage [46, 47].

4.3 Tumor heterogeneity can be altered by immune-
tumor interactions

Two scenarios exist for the cause-and-effect relationships of
tumor heterogeneity and immune/tumor interactions (Fig. 2).
The extent of heterogeneity for a tumor can potentially dictate
immune responses, via stimulating reactivity to tumor neo-
antigens and thereby causing increased immune infiltration
if heterogeneity is elevated. On the other hand, the interactions
and influence of intratumoral immune cells can possibly in-
fluence the degree to which tumors are heterogeneous by de-
leting tumor cells expressing certain antigens. Work by
McDonald et al. [48] provides backing for the latter, i.e., that
immunity guides heterogeneity. On breast cancer patient data
from The Cancer Genome Atlas, these researchers used a cal-
culation called mutant allele tumor heterogeneity (MATH) to
determine the likely heterogeneity of the tumors, and
CIBERSORT was used as the tool to assess the

immunological components in the tumors. The observations
from this research were that more genetically heterogeneous
tumors (those with a higherMATH score) had greatly reduced
CD8+ T cells (and markers of cytotoxicity, such as granzyme
A) and CD4+ T cells, an increased number of Treg cells, and
fewer markers of T cell exhaustion. Therefore, the more het-
erogeneous tumors had impaired immune/tumor interactions
and reduced immune reactivity. In this case, increased muta-
tional diversity was not facilitating the immune response
targeting the tumor, and relatively weak anti-tumor responses
had failed to limit tumor heterogeneity.

For high-grade serous ovarian cancer, support has also
been found for immune/tumor interactions constraining tumor
heterogeneity [49]. In patient tumor samples, three types of
immune-infiltrating cell patterns were identified: N-TIL (few
tumor-infiltrating lymphocytes), S-TIL (tumor-infiltrating
lymphocytes in the stroma), and ES-TIL (having lymphocytes
present in both stroma and epithelium, and more lymphocytes
closely proximal to tumor cells). Among these types, the ES-
TIL immunologic pattern had a negative correlation with tu-
mor heterogeneity. In addition, certain genomic abnormalities
were discovered as being linked to immune cell infiltration,
indicating that restrictions on tumor development were poten-
tially imposed by immune reactivity.

Lung squamous cell carcinoma was discovered to have
extensive non-genetically induced heterogeneity, in addition
to genetically mediated heterogeneity [1]. Within local areas,
and in some cases even within subclones of lung squamous
cell carcinomas, alterations were identified in expression rel-
evant to cancer signaling pathways [1]. By examination of

Fig. 2 Scenarios for relationships
of tumor heterogeneity and
immune/tumor interactions.
Heterogeneous primary tumors
give rise to metastases with
expression patterns that are
potentially overlapping but
distinct from the primary tumor.
Tumor heterogeneity can induce
immune cell proliferation,
activation, and differentiation,
along with intratumoral immune
infiltration and tumor
immunoediting. Cytokines and
growth factors in the peripheral
blood, due to secretions by
immune cells in lymph node and
spleen, can result in modifications
of tumor growth and
heterogeneity
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immune cell heterogeneity, the frequency of tumor neo-
antigens was found inversely correlated with the extent of
immune cell infiltration. This is consistent with the destruction
of tumor cells expressing neo-antigens that had been recog-
nized by the local lymphocytes and with immune escape by
those tumor cells with a lesser degree of non-genetic, as well
as genetic, diversity.

In clinical assessments of outcomes, IFN-gamma receptor
signaling defects have been demonstrated in anti-PD-1
therapy-resistant tumor cells from some patients [34, 35, 50].
The effects of IFN-gamma expression on tumor heterogeneity
are complicated, as illustrated in a study by Williams et al.
[51]. In an in vitro T cell assay, expression of the genes
encoding IFN-gamma receptor and JAK1 (which is involved
in IFN-gamma receptor signaling) contributed to susceptibil-
ity of melanoma cell line lysis. Despite this, when the same
IFN-gamma receptor-knockout and JAK1-knockout cells that
had been evaluated in vitro were grown in mice, they were
more sensitive (rather than less susceptible) to CD8+ T cell
attack, and this in vivo phenomenon was linked to lower PD-
L1 expression by the tumor cells (as shown by RNA-Seq).

4.4 Neo-antigens are heterogeneous among tumor
cells and influence T cell recognition

In an analysis of 45 discrete regions in 11 tumors classified as
lung adenocarcinoma, neo-antigen intratumoral heterogeneity
had a positive correlation with T cell receptor intratumoral
heterogeneity [52]. This relationship may indicate that neo-
antigen presence might dictate the composition of the local
intratumoral T cell receptor repertoire. Greater intratumoral
heterogeneity of T cell receptors corresponded to more likeli-
hood of relapse and a briefer duration of survival post-surgery.
Therefore, these data suggest that although more diverse neo-
antigens may attract a wider range of T cells, if the T cells do
not successfully eradicate the tumor, then patient survival will
not be prolonged.

Lung adenocarcinoma patient tumors and tumor-derived
cell lines were monitored by RNA-Seq to gain information
about the intratumoral heterogeneity of immune-response
gene expression in these samples [53]. Genes integral to the
IFN-gamma pathway were diversely expressed. Notably, de-
creased expression of these genes positively correlated with
resistance to vandetanib, a small molecule drug with inhibito-
ry activity against the constitutively active RET tyrosine ki-
nases generated by gene fusions in some lung adenocarci-
nomas. The expression of neo-antigens was also heteroge-
neous, and the presence of fewer neo-antigens also
corresponded to vandetanib resistance. MHC class II gene
expression was upregulated in a heterogeneous manner in
these samples. According to these investigators’ analysis of
data from The Cancer Genome Atlas, increased expression of
MHC class II, more thanMHC class I, is a positive prognostic

marker, suggesting possible presentation of the heterogeneous
neo-antigens on MHC class II molecules expressed on these
tumors to T cells.

Probing the intratumoral heterogeneity of antigens in pri-
mary liver cancer samples from patients indicated that tumor
neo-epitopes were the predominant antigens leading to lym-
phocyte infiltration, rather than cancer-testis antigens or viral
(hepatitis B) antigens [54]. The distribution of somatic muta-
tions (leading to neo-antigen production) across tumor areas
was heterogeneous, as was the distribution of CD8+ T cells,
CD4+ T cells, macrophages, and memory B cells.
Comparisons of the neo-antigen pool with tumor-infiltrating
lymphocyte numbers gave indications of pruning of tumor
cells to constrain immunogenic diversity in certain areas.
Upregulated expression of genes encoding immune check-
point proteins corresponded to tumor-infiltrating lymphocyte
quantity, which suggests a tumor counter-response to the lym-
phocytes’ attack.

By analyzing the heterogeneity and antigenicity of colorec-
tal cancer antigens, as well as the immune reactivity induced
by these antigens, Angelova et al. demonstrated that the infil-
trating immune cell populations were linked with specific mo-
lecular phenotypes of tumor cells [55]. Many cancer germline
antigens were present in tumors from all 598 patients whose
cancers were included in this study, but the neo-antigens that
were identified in the tumors were typically unique to specific
patients. Tumors with signs of having undergone
hypermutation had increased levels of immunoinhibitory pro-
teins (e.g., CTLA-4) and only limited numbers of infiltrating
immunosuppressive immune cells (such as MDSCs and
Tregs). Microsatellite instable high (MSI-H) tumors, which
were all hypermutated, contained elevated numbers of lym-
phocytes indicative of an adaptive immune response. In con-
trast, tumors that were not hypermutated tended to have lower
expression of MHC class I molecules and immunoinhibitory
proteins, in addition to infiltration by immunosuppressive
cells.

4.5 Treatment of cancer can correspond with changes
in intratumoral immune cell interactions

The treatment of cancer, by any type of modality, can poten-
tially lead to the evolution of tumor heterogeneity by selection
mechanisms. Hanin et al. developed a detailed computational
model for the prediction of the natural history of cancer me-
tastases in individual patients [56]. Various studies have ex-
plored whether, and in what manner, this evolution is subse-
quently followed by corresponding changes in immune/tumor
cell interactions within the tumor. Since chemotherapy can be
toxic to lymphocytes, in addition to cancer cells, the balance
of tumor diminishment versus maintenance of the patient’s
immunocompetence has been explored. In silico modeling
has been developed by Park et al. for the purpose of attaining
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equilibrium in tumor attack and immunity protection [57]. The
optimal dosing (balancing therapeutic effectiveness and lack
of harm to immunity) that was the goal of this modeling was
termed by these authors as the “GoldilocksWindow,” indicat-
ing the point at which the personalized level of therapy would
be neither too little nor too much, and thus most favorable for
each individual patient.

Jiménez-Sánchez et al. reported their evaluation of a spe-
cific patient suffering from high-grade serous ovarian cancer
who had received several types of chemotherapeutic drugs
[58]. The patient experienced growth of some metastases but
regression of others; those that regressed were demonstrated
to contain T cell infiltrates. Several years after tumor resec-
tion, the patient’s peripheral blood had T cells capable of
recognition of presumptive ovarian cancer neo-antigens.
Taken together, these data present the coupled effects of che-
motherapy and heterogeneous immunological responsiveness
on patient outcome. In a later study, Jiménez-Sánchez et al.
undertook additional investigation of high-grade serous ovar-
ian cancer patient samples, with immunogenomic assessment
prior to, and following, administration of chemotherapeutic
agents [59]. They showed both “hot” (i.e., inflammatory)
and “cold” (immune cell-depleted) tumor microenvironments
were present even within the same regions of tumors in pa-
tients that had not yet undergone chemotherapy; the presence
of “cold” areas was linked to Wnt signaling. After neoadju-
vant chemotherapy, NK cell infiltration and T cell expansion
increased. Overall, this study portrays chemotherapy as an
activator of immunity in intratumoral locales, with the poten-
tial to cause the entry of anti-tumor lymphocytes into ovarian
cancer areas deficient in immune cells.

In the treatment of human hematological malignancies,
lymphodepletion can be utilized prior to transfer of donor
cells, in order to facilitate the proliferation of the adoptively
transferred cells. Analysis of the impact on cytokine levels
following myeloma patient melphalan depletion of lympho-
cytes revealed elevation in circulating IL-6, IL-7, and IL-15
[60]. Likewise, fludarabine pre-treatment prolonged the sur-
vival of cytotoxic T lymphocytes transplanted into melanoma
patients, and the conditioning regimen increased blood levels
of IL-7 and IL15 [61].

5 Primary tumors versus metastasis
heterogeneity: impact on immune/tumor
interactions

Several studies have investigated the effects of heterogeneity
between primary tumors and metastases on the expression of
immune checkpoint proteins, which are capable of influencing
the extent of immune cell interactions in tumors. Matched
primary tumor and metastases from lung cancer patients were
immunostained for PD-L1 and PD-L2, and heterogeneous

PD-L1 ligand expression was found for primary versus meta-
static non-small cell lung cancer sites in instances where the
primary tumor expressed PD-L1 [62]. However, this was not
found to be true when the primary tumor lacked PD-L1 ex-
pression; typically there was also an absence of PD-L1 in the
paired metastasis. However, for small cell lung cancer, PD-L1
was not expressed either in primary or in metastatic lesions.
Thus, there was substantial heterogeneity in PD-L1 distribu-
tion noted in non-small cell lung cancer, whereas this was not
the case for small cell lung cancer. In contrast, PD-L2 showed
comparable heterogeneity for both the small cell lung cancer
and the non-small cell lung cancer tissue samples. Immune
infiltration was not directly assessed in this study, and no
correlation was discovered between PD ligand expression
and the stage of disease or the number of metastatic lesions
for either the small cell lung cancer cases or the non-small cell
lung cancer cases.

Evaluation of patient-matched primary and metastasis sam-
ples of squamous cell carcinoma of the lung also revealed
frequent heterogeneity in PD ligand expression between the
two sets of samples [63]. Although the expression of both PD-
L1 and PD-L2 was retained in a majority of the metastases
from the same patients, in some cases, expression was lost
(~18.9% for PD-L1 and 6.5% for PD-L2) or gained (in
10.8% of the samples for PD-L1 and 31.2% for PD-L2).
Furthermore, in their investigation of squamous cell carcino-
ma of the lung, the samples that were PD-L1-high had a
strongly positive correlation with greater numbers of infiltrat-
ing CD8+ T cells, but a similar positive correlation was not
found for PD-L2-high samples [63]. Therefore, the heteroge-
neity exhibited by primary tumor versus metastasis influenced
the resultant degree of CD8+ T cell interactions with the squa-
mous cell carcinoma tumors.

In order to understand the variability of PD-L1 and T cell
presence in primary tumors versus metastases, both primary
lung cancer samples and patient-matched brain metastases
were tested for PD-L1 and for the CD3 T cell marker by the
use of immunostaining [64]. Since PD-L1 can be expressed on
T cells and tumor cells, both cell types were evaluated for PD-
L1 expression. Out of 176 tumor pairs (from 73 patients), PD-
L1 expression was discordant on tumor cells in 14% of the
pairs and on the tumor-infiltrating lymphocytes in 26% of the
pairs. Disparities were most frequent in cases for which the
samples were resected with a time difference of at least six
months. A substantial fraction of the brain metastases did not
express PD-L1 and/or did not have lymphocytes present.
These results indicate the existence of heterogeneity in many
of the paired samples, implying that identification of immune
checkpoint protein expression in the primary lung tumor may
not necessarily indicate similar expression of the correspond-
ing protein in the metastases. In addition, because of the ne-
cessity for tumor cell expression ofMHC class I molecules for
successful tumor cell lysis by cytotoxic T lymphocytes, paired
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primary lung tumors and brain metastases were evaluated for
MHC class I expression by immunostaining [65]. In a group
of 51 patients, 24 brain metastases and 27 primary tumors
expressed detectable MHC class I molecules, with discor-
dance in pairs found with samples for 11 patients. This degree
of MHC class I expression difference in primary tumors ver-
sus metastases should be considered in cases in which immu-
notherapies are found to be poorly effective.

To determine whether there is heterogeneity in the expres-
sion of PD-L1 in the primary tumors versus synchronous ax-
illary lymph node tumors in patients with triple-negative
breast cancer, immunostaining for PD-L1 was employed
[66]. Evidence was obtained of considerable heterogeneity
in PD-L1-staining spatial localization both for immune cells
and for tumor cells in the primary tumors and lymph node
metastases. Notably, PD-L1 expression was increased on both
the tumor cells and the lymphocytes in the lymph node me-
tastases, relative to the primary tumors. Correspondence was
observed between PD-L1 expression and the quantity of lym-
phocytes infiltrating the tumor stroma. The expression of PD-
L1 at either the primary tumor site or the lymph node metas-
tasis site was a negative prognostic indicator. Overall, these
findings suggest that the presence of PD-L1 expression by a
lymph node metastasis may be a valid biomarker for imple-
mentation of immune checkpoint inhibitor therapy for patients
with triple-negative breast cancer.

Although T cell infiltration of primary ovarian tumors is
known to be a favorable sign, less is understood about lym-
phocyte infiltration of ovarian tumor metastases. Dötzer et al.
undertook an immunohistochemical assessment of 38 metas-
tases to the omentum and 49 patient-matched primary tumors,
finding heterogeneity in the comparisons of patient-matched
samples for a variety of immune cell types [67]. In the stromal
areas, staining of omental metastases had more extensive im-
mune infiltration, relative to the primary ovarian tumors; this
was shown by staining for markers of total leukocytes, T cells,
cytotoxic T cells, as well as for PD-1. Notably, increased
infiltration of leukocytes and T cells into omentum metastasis
stroma positively correlated with the presence of metastasis in
the lymph node. Furthermore, for ovarian cancers that were
responsive to platinum-based therapy, there was a positive
correspondence between increased CD8+ T cell presence in
metastases to the peritoneum, whereas increased PD-1-
expressing cells in the stroma of peritoneal metastases were
linked to poorer platinum-based drug response. Thus, the pos-
itive correlations between diversity in immune cell presence
and chemotherapy sensitivity may provide improved guid-
ance for ovarian cancer treatment.

Closely related to the issue of disparity between primary
versus metastasis lesions is the effect of stage on tumor het-
erogeneity and immune/tumor cell interactions. The influence
of tumor stage on infiltration by many types of immune cells
was assessed by review of patient immunohistochemistry and

outcome data of a period spanning eight years [68]. Overall,
longer duration of survival was positively correlated with
markers of T cells (cytotoxic, T helper 1, and gamma-delta
T), mast cells, and macrophages, whereas poorer survival cor-
related with infiltration by eosinophils, T helper 2 cells, T
central memory cells, T helper-17 cells, Tregs, and NK cells.
With increasing stage, most T cells were present at
diminishing levels. B cell numbers rose at later stages of tumor
progression, and the presence of B cell and T follicular helper
(Tfh) markers correlated with longer survival. In addition,
these researchers utilized mouse orthotopic colon cancer
models with targeted gene knockouts to confirm the impor-
tance of B and T cells (including Tfh cells) to immune protec-
tion against colon cancer progression and to prolongation of
survival.

6 The impact of heterogeneity in cancer
subtypes and types on immune/tumor
interactions

Variations in cancer subtypes can distinctly influence immune
cell interactions. By a novel virtual biopsy approach, variabil-
ity in immune infiltration was investigated in breast cancer
subtypes [69]. To produce virtual biopsies, images of three
whole-tumor hematoxylin and eosin-stained sections were
combined with automated image analysis to generate repre-
sentations of 998 human primary breast tumors. For the hu-
man epidermal growth factor receptor 2-positive (Her2+) sub-
type of breast cancer, the virtual biopsies tended to reveal
more variability in lymphocyte infiltrate, as compared to other
breast cancer subtypes.

Several transcriptomic classifications of pancreatic cancer
subtypes have been generated [70–72]. New pancreatic ductal
adenocarcinoma liver metastases subtypes have been recently
delineated by proteomics analysis, which were classified as
metabolic, progenitor-like, proliferative, and inflammatory
[73]. The inflammatory subtype contains increased numbers
of proteins relevant to the adaptive immune response, comple-
ment activation, and IL-8, which has been established as an
immunosuppressive factor in the tumor microenvironment
[74]. Thus, pancreatic cancer subtypes are heterogeneous in
regard to immunologically relevant cells, activated immune-
related pathways, and cytokine expression.

The molecular subtypes of glioblastoma (known as classi-
cal, neural, mesenchymal, and proneural) exhibit heterogene-
ity in immune cell infiltration [75–77]. Engler et al. reported
that elevated expression of immune response-related genes
was characteristic of the mesenchymal subtype of adult glio-
blastoma and of pediatric high-grade gliomas [75].
Furthermore, these investigators discovered an increase in ex-
pression of microglia/macrophage-related genes in mesenchy-
mal subtype glioblastoma tumor samples from both adult and
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pediatric patients. By immunostaining of glioblastoma tumor
samples from adults, the presence of higher numbers of
microglia/macrophages in the mesenchymal subtype was con-
firmed. Elevated expression of microglia/macrophage-related
genes in glioblastoma tumors from adults (though not from
pediatric patients) was observed to be a negative prognostic
factor. In related findings, Doucette et al. noted that the glio-
blastoma mesenchymal subtype had increased gene expres-
sion characteristic of immunosuppressive responses, innate
immune cells, and cells involved in the adaptive immune re-
sponse [76]. Wang et al. also found a correlation between a
microglia/macrophage signature and a mesenchymal subtype
[77]. In addition, they determined that abrogation of NF1 ex-
pression (as is often characteristic of mesenchymal glioblas-
toma) was linked to chemotaxis of microglia/macrophages,
although the mechanism underlying the attraction is still
unknown.

Heterogeneity in immune checkpoint protein expression
was examined across cancer types [78]. Notable correspon-
dences were found for various cancers between duration of
survival and immune checkpoint protein expression, and also
between patterns of tumor-immune infiltrate and expression
of immune checkpoint proteins. For breast cancer patients, the
expression of CTLA-4, LAG-3, PD-1, and TIM-3 was asso-
ciated with intratumoral infiltration by CD8+ and CD4+ T
lymphocytes, B lymphocytes, dendritic cells, and neutrophils.
Additionally, the expression of each of these immune check-
point markers was associated with longer patient survival. PD-
1 expression positively correlated with the presence of all
immune cell types examined in lung cancer and breast cancer,
and it had weaker positive correspondence with most immune
cell types in the ovarian cancer cases. Patient survival was
improved in the ovarian cancer cases in which CTLA-4 and
PD-1 intratumoral expression was increased. Immune check-
point protein expression was not universally a positive factor;
for example, TIM-3 expression correlated with worse survival
for lung cancer patients. Altogether, this examination of im-
mune checkpoint protein heterogeneity yielded guidance for
several cancers as to which immune responses and interac-
tions correspond to the expression of particular immune
checkpoint protein markers and what prognosis may be ex-
pected for patients with these diseases.

In comparisons of immune cell infiltration across heteroge-
neous cancer types, tumors that had progressed to more ad-
vanced stages were found to have fewer cytotoxic immune
cells, indicating that the cytotoxic cells were likely restricting
the advancement of the cancers [79]. For this study, the set of
genes chosen to indicate the presence of cytotoxic cells was
focused on those highly expressed in CD8+ T cells, NK cells,
and gamma-delta T cells. For several of the cancers examined,
patient tumors having greater heterogeneity in tumor genomic

status had positive correspondence with diminished cytotoxic
cell presence, suggesting that immune-mediated pruning of
tumor cell diversity had reduced tumor clonal variation.
Intratumoral cytotoxic immunophenotypes were associated
with increased expression of MHC class I and II genes, pro-
inflammatory chemokines and cytokines, and cancer germline
antigens. Prolonged patient survival positively correlated with
increased presence of cytotoxic immune cells, except in the
case of low-grade gliomas. For low-grade gliomas, patient
survival was shorter; conceivably, larger gliomas may disrupt
the blood-brain barrier and allow for further entry of these
immune cells. This broad view of a spectrum of cancers re-
veals major, concurrent changes in cytotoxic cell populations,
tumor expression profiles, and patient outcomes.

7 Conclusions and future directions

As described above, new approaches in analyzing the relation-
ship between tumor heterogeneity and immune/tumor interac-
tions have led to great progress in comprehending the com-
plexity of this field. The tumor microenvironment has been
described as an ecosystem, which aptly depicts the complicat-
ed and dynamic interconnectedness of tumor cells, stroma
cells, immune cells, and other cells [80, 81]. Cutting-edge
genomic, transcriptomic, proteomic, and bioinformatics strat-
egies to characterize the tumor microenvironment have been
rapidly yielding data with consequences for scientific under-
standing and for patient prognosis and treatment [82]. A de-
veloping new frontier, in terms of strategy for new investiga-
tions, lies in the application of in silico analysis techniques to
tumor heterogeneity studies. As mentioned above, by mathe-
matical modeling, Park et al. are developing the means to
personalize the “Goldilocks Window” of chemotherapy for
patients, in order to clear the tumor microenvironment prefer-
entially of tumor cells while retaining immune cells [57]. As
another example of a novel approach using in silico technol-
ogy, Puniya et al. have generated computational modeling,
beginning from microenvironmental cues, of signal transduc-
tion leading to CD4+ T cell subtype differentiation, thus pro-
viding a means to assess how T cell subtypes may be altered
by their surroundings [83]. In addition, Wells et al. have pro-
duced a computer model of a developing tumor that includes
the major attributes of tumor/immune cell associations and
reflects the influences of spatial and functional effects [84].
By their modeling, increased heterogeneity in cell types and
locations resulted in immunosuppressive patterns of expres-
sion. This model also proved to be useful by allowing com-
putational testing of cell-mediated treatments to alleviate such
immunosuppression. Although in silico models will not fully
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replace cell models and, in particular, animal models of the
tumor microenvironment, they are already driving progress
forward in grasping the nature of the challenges and seeking
clinically relevant solutions.
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