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Immune monitoring in the tumor microenvironment allows for
important insights into immune mechanisms of response and
resistance to various cancer treatments; however clinical
challenges exist using current strategies. Significant questions
remain regarding monitoring of archival versus fresh tissue,
assessment of static versus dynamic markers, evaluation of
limited tissue samples, and the translation of insights gained
from immunologically ‘hot’ tumors such as melanoma to other
‘cold’ tumor microenvironments prevalent in other cancer
types. Current and emerging immune monitoring strategies will
be examined herein, and genomic-based assays
complementing these techniques will also be discussed.
Finally, host genomic and external environmental factors
influencing anti-tumor immune responses will be considered,
including the role of the gut microbiome. Though optimal
immune monitoring techniques are in evolution, great promise
exists in recent advances that will help guide patient selection
as far as type, sequence, and combination of therapeutic
regimens to enhance anti-tumor immunity and clinical
responses.
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Introduction

The field of cancer treatment has seen unprecedented
advances over the past decade through the use of immu-
notherapy, targeted therapy, and combination regimens.
In addition to this, there is growing awareness of the role
of anti-tumor immunity in mediating responses to each of
these strategies, and an increasing need to be able to
understand immune responses to optimize therapeutic
regimens and combination strategies. Although current
immune monitoring strategies pose clinical challenges
(Figure 1), advances in approaches and techniques are
improving our ability to better understand immune
responses in the tumor microenvironment. In addition
to this, improvements in genomic profiling have allowed
for a deeper understanding of the influence of mutational
burden and other genomic factors on anti-tumor immu-
nity. Continued progress in immune monitoring strate-
gies will help us better understand who will benefit from
therapy and will help guide rational choice of treat-
ment — as well as proper timing, sequence, and combi-
nations of therapeutic regimens.

Clinical challenges of immune monitoring
Archival versus fresh tissue

With the increasing use of immunomodulatory agents in
clinical practice, there is a growing interest in assessing
anti-tumor immune responses via tissue-based and blood-
based assays. However complexities exist in this analysis
(Figure 1), particularly when considering use of archival
versus fresh tissue. First, cryopreservation has been shown
to alter certain immune cell subsets and cytokine profiles
[1] as well as gene expression profiles [2] when assessing
immune cell function in tumors and blood by flow cyto-
metry, rendering this information less reliable compared to
fresh tissue. Similarly, comparison of whole exome se-
quencing (WES) — important for determination of muta-
tional burden and neoantigen prediction — in archival
versus paired fresh tissue shows that genomic variants
are lost by using formalin fixed paraffin embedded (FFPE)
tissue [3]. In addition to inherent challenges introduced by
preservation techniques, the dynamic properties of the
immune system and that archival tissue is often collected
inadvance of treatment of interest may make data obtained
from archival tissue less relevant. This is particularly
pertinent with the use of immune checkpoint inhibitors
in clinical trials and in standard of care treatment, where
assessment of programmed death receptor-1 ligand (PD-
LL1) is often mandated and may be used to guide treatment
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Challenges in performing translational research using patient cancer samples. Current immune monitoring strategies are limited by method and
source of tissue collection, each with its own strengths and weaknesses. As illustrated in this figure, there are advantages and disadvantages, for
example, of working with archival versus fresh specimens (top left), limited versus abundant tissue (bottom left), and static versus dynamic
samples (top right). In addition, immune heterogeneity between tumor types must be considered, in particular between highly immune cell
infiltrated or ‘hot’ tumors (e.g. melanoma) and poorly infiltrated or ‘cold’ tumors (e.g. prostate cancer); therefore immune monitoring strategies
should account for different immune mechanisms depending on tumor type being studied.

decisions. However, this assessment is often done on
archival tissue from a primary lesion or a metastatic focus
temporally distinct from the current disease state. This
may in part explain why clinical studies have produced
varying results regarding utility of PD-L.1 as a predictive
biomarker for selection of patients [4-7], in which archival
tissue was often used for PD-IL1 determination. Rather,
attempts should be made to obtain fresh tissue for analysis
for immune and genomic analyses, also in light of clonal
evolution of tumor cells and host anti-tumor responses
observed during the course of therapy [8]. We as a group
strive to perform analysis on fresh tissue and blood given
these issues, though these factors should be taken into
account in analyses of archival or cryopreserved samples.

Assessment of static versus dynamic markers
The immune system is a network of dynamic players that
are interdependent and is therefore difficult to capture in

a single snapshot. PD-L1, for example, is upregulated by
T cell infiltration and IFN-y secretion. Therefore, while
assessment of PD-LL1 may be negative at one time point,
immune stimulatory agents that cause tumor infiltration
of T cells with resultant IFN-vy such as ipilimumab may
convert a ‘PD-LL1 negative’ to a ‘PD-L1 positive’ tumor
that may be more amenable to successful anti-PD-1/PD-
L1 axis targeted therapy. Accordingly, there is a need
for longitudinal tissue-based and blood-based studies in
order to better understand the complex interactions
between host immunity, tumor molecular features, and
response to therapeutic agents (Figure 2) [9]. In addition
to dynamic PD-L1 assessment, clinical studies of im-
mune checkpoint inhibitors, have highlighted the impor-
tance of assessment of early on-treatment immune
signatures in predicting responses to therapy, as seen
with CD8 T cells and ICOS positive CD4 T cells after
ipilimumab treatment and CD3 and CDS8 T cells after
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Proposed longitudinal studies to inform translational cancer research. Paired tumor tissue and blood samples pre-treatment, early on-treatment,
and post-treatment maximize our understanding of treatment response and mechanism of action. Additionally, assessment of samples at the time
of progression can offer insight into resistance mechanisms and subsequent therapeutic options. Microbiome analysis is emerging as a potential
immune monitoring strategy but its use in this regard is currently highly experimental.

anti-PD1 treatment [10,11]. As we move forward in this
era of personalized medicine, it is critical to implement
analysis of dynamic changes during the course of therapy
that will help guide treatment choice, sequence, and
potential combination regimens. This approach should
certainly be adopted in clinical trials of novel agents and
combination strategies, and should also be considered in
monitoring responses on standard of care therapy.

Assessment of limited versus abundant tissue

Another important consideration in monitoring anti-tu-
mor immune responses is the amount of tissue available
for analysis. Analysis of limited tissue samples (such as
from core biopsies) poses challenges with regard to pri-
oritization of assays, and also limits assessment of impor-
tant features — such as enumeration of tumor infiltrating
lymphocytes (TIL) in the invasive margin versus center
of the tumor (Figure 1). The significance of this is seen in
colorectal cancer, where assessment of TIL subsets at
center of the tumor as well as invasive margin from whole
tissue sections increases accuracy of prediction of disease

free and overall survival outcomes compared to single
region analysis [12]. Another shortcoming of assessing
limited tissue samples is the issue of tumor heterogeneity,
as significant genomic and immune heterogeneity has
been demonstrated between tumor sites and even within
a single tumor site [13,14]. To address this, efforts should
be made to obtain ample tissue for analysis at baseline and
during the course of therapy. Pre-surgical trials, also
known as neoadjuvant ‘window’ trials, offer a unique
opportunity to collect sufficient tissue for genomic and
immune analysis in the context of therapy, and may allow
for concurrent informed analysis of markers in blood.
Such an approach was used in a bladder cancer pre-
surgical trial to identify ICOS expression on CD4 T cells
as a biomarker of response to ipilimumab [15,16].

Melanoma versus other tumor types

We have learned a great deal about the role of anti-
tumor immunity in shaping responses to therapy in
melanoma, and these concepts are now being extended
to other tumor types. However it is not clear that clinical
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observations made in immunologically ‘hot’ tumors that
have high numbers of immune infiltrating cells such as
melanoma may be translated to more prevalent tumor
types with lower frequencies of tumor-immune infiltrat-
ing immune cells [15]. As such, assessment of multiple
markers within these tumors (including assessment of
genomic and immune parameters) should be considered
to understand the immune landscape of other tumor
types as compared to melanoma and to provide infor-
mation to guide therapeutic strategies. Research in this
area has demonstrated different mechanisms of tumor
immune escape between these ‘hot’ and ‘cold’ tumors
[17]. While more heavily immune cell infiltrated
tumors may escape anti-tumor immune responses by
up-regulation of checkpoint inhibitory ligands and
secretion of immunosuppressive factors such as T regula-
tory cells and IDO, more scarcely immune cell infiltrated
tumors show escape through impaired recruitment of
dendritic cells to the tumor microenvironment, and lack
of effector T cell recruitment via reduced chemokine
expression [17]. These immunologically ‘cold’ tumors also
demonstrate dysregulated oncogenic signaling pathways
such as PI3 kinase/PTEN and p53 which may contribute
to immune evasion [18,19°]. Further comprehensive im-
mune monitoring is needed to advance our understanding
of underlying immune pathophysiology and treatment
responses across the full range of tumors.

Current and emerging immune monitoring
strategies

Immunohistochemistry

Perhaps the most prevalent current strategy to assess
immune responses within solid tumors involves enumer-
ation of TIL via conventional staining with hematoxylin
and eosin on paraffin embedded tissue — though this
approach is admittedly quite limited. The use of singlet
stain immunohistochemistry (IHC) for markers such as
CD8 and PD-L.1 is becoming more pervasive, though the
predictive utility of PD-L1 assessment varies across stud-
ies [4-7] with several different antibodies and thresholds
in use [20]. Markers such as these are being incorporated
into algorithms such as the ‘Immunoscore’, which was
developed in colorectal cancer to improve the prognostic
yield of current AJCC/UICC TNM staging. The Immu-
noscore employs measurement of CD3 and CD8 at both
tumor center and invasive margin based on findings that
this improves prognostic accuracy, and utilizes digital
pathology to minimize inter-observer variability and to
provide specific quantitative cell density [12]. It was
demonstrated to be prognostic beyond TNM staging
alone in multivariable analysis of colorectal cancer
patients and is currently being validated by a worldwide
taskforce led by the Society for Inmunotherapy of Cancer
for incorporation into clinical practice [21]. However, this
approach was developed in primary colorectal cancer
tumors that were surgically resected, thus may not be
broadly applicable in the setting of metastatic disease.

In addition, use of the Immunoscore in limited tissue
samples (such as core biopsies) will not be optimal given
the small amount of tissue available and lack of an
invasive margin available for assessment.

While single stain IHC is being optimized for clinical
applicability, there are a growing number of platforms
using multiplex ITHC [22] that allow for multiple markers
to be assessed on a single tissue section [22,23°°]. Multi-
plex tissue imaging is critical to understanding not only
the relative abundance of immune cells, but also spatial
relationship of cells in the microenvironment and
immune cell functionality [22,24]. To date, this technol-
ogy has been limited by technical issues such as cross-
reactivity between stains and difficulty with interpreta-
tion of color combinations, among others [22]. However,
these limitations are being addressed and are also cir-
cumvented by techniques incorporating sequential mul-
tiplex IHC [24]. Pushing the envelope even further, novel
mass spectrometry based approaches on FFPE sections
are being developed, and further enhance analyses that
may be performed on single sections of tissue in the
context of treatment with up to 100 markers addressed
[23°°,25]. This mass spectrometry based multiplex
approach was recently used to simultancously image
32 different proteins and protein modifications at subcel-
lular resolution in human breast tissue [23°°].

Flow cytometry/CyTOF

In addition to IHC-based techniques, flow cytometry may
be performed to gain insight into the phenotype of
infiltrating immune cells (and may help inform markers
to study in peripheral blood). Though prognostic signa-
tures to therapy have been described [11,26,27], pheno-
typic analysis of conventional markers in peripheral blood
alone does not provide sufficient information about the
tumor immune microenvironment and should be discour-
aged. Rather, paired tissue-based and blood-based phe-
notyping should be performed, and ideally should involve
conventional markers as well as novel markers to gain
insight into mechanisms of therapeutic response and
resistance.

In addition to conventional flow cytometry, novel meth-
ods are gaining use in characterizing immune responses in
tumor and blood — such as cytometry by time-of-flight
(CyTOF) [28]. This technology utilizes a mass-spectrom-
etry approach with antibodies labeled with rare metals
[28], with current capabilities of labeling cells with up to
40 separate markers [28,29]. It has been used recently, for
example, to show by simultaneous profiling of 16 surface
and 15 intracellular proteins (in 15 million cells) to show
that leukemic blasts’ surface phenotype is not reflective
of the intracellular state [30], and also to identify that cell
cycle differences in leukemia stem cells mediate differ-
ential responses to therapy [31°]. While CyTOF is some-
what limited in tissue-based studies due to a requirement
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for a significant amount of substrate, its ability to allow in
depth profiling of immune cells makes it advantageous
when complex phenotyping is desired. This approach is
being augmented by efforts to develop frameworks to
couple in depth immune profiling technologies such as
CyTOF and multiplex IHC with genomic, expression,
and proteomic information to allow a comprehensive and
real time understanding of the dynamic immune system
[32°°].

Relationship between tissue and blood based markers
Though unpaired assessment of phenotypic markers in
blood provides limited information, significant insights
may be gained by paired analysis of longitudinal tumor
and blood samples during the course of treatment. As a
group we do this routinely, and use information gained
from tissue-based analysis to inform markers to interro-
gate in peripheral blood. As an example, we performed
tissue-based and blood-based analyses in patients on
immune checkpoint blockade, and demonstrated that
expression of inducible T cell co-stimulator (ICOS) on
CD4+ T cells may be used as a peripheral blood phar-
macodynamic marker of biologic activity of ipilimumab
[11].

Genomics in immune monitoring

Tissue DNA-based assays

In addition to assessing immune markers within the
microenvironment, there is increasing use of genomic
profiling from tumor tissue and mounting evidence re-
garding the influence of genomic mutations on anti-tumor
immunity [18,19°,33]. This includes total mutational load
derived from WES or targeted gene sequencing [34],
which has been shown to correlate to improved treatment
responses to immunotherapy [35-37]. However this is not
perfectly predictive, and there is significant overlap in
mutational load between those who respond to therapy
and those who do not [35]. Other genomic markers such as
mismatch repair (MMR) deficiency have been shown to
be biomarkers of response to PD-1 based immunotherapy
[38,39]. Efforts are now also underway to characterize
epigenetic alterations in tumor and immune cells that
correlate with response to immunotherapy [40].

Another means of genomic characterization in the tumor
microenvironment involves the use of T cell receptor
sequencing (TCRseq). Monitoring changes in T cell
clonality using TCRseq in longitudinal tumor biopsies
during the course of treatment has been described
[41,42], and differences in T cell clonality in responders
versus non-responders to therapy have been noted [43].
Like other DNA-based technologies this assay can be
performed in FFPE, providing opportunities to query this
in archival tissue. 'T" cell repertoires in tumors may also be
compared to those in peripheral blood from matched time
points, when available. We as a group are incorporating
TCRseq into many of our translational studies and novel

clinical trials incorporating longitudinal blood-based and
tissue-based studies.

Neoantigen prediction

Beyond using tumor genomics as a predictive variable of
response, WES is also being combined with neoantigen
prediction algorithms to define personalized immune
targets for therapy. Algorithms can help predict putative
neoepitopes in tumors by combining algorithms that
model formation of neoepitopes from non-synonymous
somatic mutations, proteasomal processing, HLA bind-
ing, and likelihood of neoepitopes being identified by T
cell receptors [44,45]. This is a complex pipeline with
varying technologies published for each step, and opti-
mization is needed to efficiently identify immunogenic
neoantigens from WES data. Additional filters may be
added to more accurately identify these neoepitopes —
such as incorporating mRNA expression data to only
select genes that are likely to be transcribed, peptide
elution and mass spectrometry data to identify peptides
that are actually expressed on the surface of the tumor
cell, and MHC multimer or functional assays to select
immunogenic complexes [46]. Identified neoepitopes can
subsequently be used to identify personalized immune
targets for adoptive cell therapy or personalized cancer
vaccines [44,47-50], and have even be used to monitor
immune responses during therapy [51]. Limitations exist
however, as existing algorithms are biased toward MHC
Class I peptides leading to inaccuracies and limited
understanding of the complete antigenic pool.

RNA-based assays

In addition to DNA-based assays to interrogate tumor
mutational landscapes and mutational burden, RNA-
based assays may be used to query transcriptomic profiles
in the tumor microenvironment. Importantly this cap-
tures cancer cells as well as stroma (including signatures
from infiltrating immune cells). RNA sequencing (RNA-
seq) can be used, though is somewhat costly and requires
significant bioinformatic input for analysis. However,
more targeted approaches are available such as Nano-
String nCounter that allows the added benefit of the
ability to perform gene expression technology in FFPE
tissue [52]. These technologies have been applied, for
example, to understand the differential effects of anti-
CTLA4 and anti-PD1 therapy on immune cell gene
expression and function [53].

Single cell technology

Single cell technologies have highlighted the extensive
heterogeneity that exists both within tumor as well as
among even specific subsets of immune cells. This het-
erogeneity is especially important to study as we recog-
nize the significance of individual or subset of clones to
treatment resistance and tumor recurrence. Akin to
CyTOF for immune markers, single cell sequencing
technologies are being optimized to perform single cell
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WES, whole mRNA transcriptome sequencing [54], and
also targeted sequencing of DNA regions or mRNA
transcripts [29].

Single cell sequencing can be performed on tumor cells
themselves, and also on infiltrating immune cells. Tech-
nology now exists to perform single cell TCR sequencing
[55°°], and further linking of the T'CR sequence to single
cell gene expression profiling allows more accurate cap-
turing of T cell subsets, as cells with same TCR can be
functionally distinct [55°°]. This coupling has been used
to identify allergen-specific anergic CD4+ T cell subsets
that may mediate responses to successful allergen immu-
notherapy [56]. Other examples of coupling of single cell
technologies include RNA-seq of individual macrophages
with fluorescent labeling of bacterial pathogens [57] to
understand heterogeneity of host immune responses to
bacterial invasion, and pairing immunophenotypic with

cell signaling information via antibodies against phos-
phorylated proteins to understand heterogeneity in
AML responses to therapy [31°]. As these technologies
are being optimized, it is becoming possible to perform
noninvasive deep single cell profiling to allow a better
appreciation of /z vive cell function and immune and
tumor heterogeneity [29]. Equally important are advances
in bioinformatics and platforms required to synthesize the
data generated from these technologies [32°°].

Another emerging technology involves the analysis of
tumor-derived exosomes, with the potential to gain in-
sight into several aspects of the tumor microenvironment
via a non-invasive, blood-based approach. Exosomes are
50-100 nm membrane vesicles secreted by tumor and
immune cells for short and long distance intercellular
communication and mediate exchange of protein and
genetic material between cells [58], and are thought to
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The host microbiome may contribute to responses to immunotherapy. Many factors can shape immune responses, including hereditary,
environmental and lifestyle factors, as well as the host microbiome. Recent studies have suggested a role for the gastrointestinal microbiome in
contributing to response and resistance to checkpoint blockade immunotherapy in melanoma. The proposed mechanism behind this is via
modulation of dendritic cell function affecting downstream antigen presentation and priming of anti-tumor CD4 and CD8 T cells. Microbiome
constitution may either be immune stimulating or immunosuppressive, and thereby either promote or inhibit activity of checkpoint blockade and

other immunotherapies.
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play an important role in mechanisms of therapeutic
response and resistance [58,59]. Importantly, several com-
ponents of exosomes can be studied, including DNA,
RNA, miRNA, and proteins [59]. Recent evidence sug-
gests that longitudinally monitoring RNA expression
profiles in circulating exosomes can be used to assess
changes in immune pathway genes during immunothera-
py, and that differential patterns of expression between
responders and non-responders may be observed [58,60].

Impact of host genomics and external
environment on immune system

Host genomic factors

In addition to studying tumor-intrinsic features, we must
consider the influence of host genomics and our external
environment in shaping anti-tumor immunity. There is a
growing appreciation of the influence of single nucleotide
polymorphisms (SNPs) on host immune responses [61],
and also evidence that non-heritable factors may signifi-
cantly influence immunity [62]. In cancer immunothera-
py, several studies have explored effect of SNPs on
responses [63-65] as well as toxicity [66] to immunothera-
pies. Results vary, however, and large studies with func-
tional validation are needed to identify SNPs and other
host genomic factors associated with response to therapy.

Microbiome

Another rapidly emerging area of investigation that must
be considered in the context of anti-tumor immune
responses is the microbiome (Figure 3). The microbiome
refers to the entire community of bacteria (and their
genomes) within an organism, and the number of bacteria
within a human outnumbers the number of human cells
by at least 10:1. There is a growing role of the microbiome
in health and disease, and evidence that the gut micro-
biome may shape anti-tumor immune responses as well as
responses to immune checkpoint blockade and other
immunotherapies [67,68°,69]. Recently, it was shown that
optimal anti-tumor response to ipilimumab and anti-PD-
L1 therapies are dependent on Bacteroides species
B. thetaiotaomicron and B. fragilis and Bifidobacterium
spp; however these were largely based on results from
murine studies thus the role of these bacteria in patients
needs to be studied further. Accordingly, as we move
forward with immune monitoring techniques, we must
strongly consider assessment of the host microbiome to
better understand its influence. Ultimately, such studies
may lead to enhanced mechanistic insight and actionable
strategies to help overcome therapeutic resistance.

Conclusion

As immune monitoring techniques evolve, it is becoming
increasingly possible to identify determinants of treat-
ment response and to gain mechanistic insight into im-
mune mechanisms of response and resistance. A key
feature as we move forward is the need to perform
longitudinal assessment throughout the course of therapy,

as static assessments are limited and do not take into
account the dynamics of anti-tumor immune responses.
Furthermore, we as a field must better understand tumor
heterogeneity as it relates to anti-tumor immune
responses, and must better understand and optimize
concordance between tissue-based, blood-based and nov-
el imaging techniques to assess immune responses.
Emerging techniques hold promise for less invasive
and more robust assessment of anti-tumor immune
responses, especially with advances in single cell based
technologies and tissue imaging. Novel frameworks and
bioinformatics strategies will allow the integration of the
extensive data that will be generated from these technol-
ogies, and preliminary work is already revealing the power
of this comprehensive and systematic assessment.
T'hrough this approach, we will realize the potential to
obtain a dynamic and comprehensive understanding of
tumor-microenvironment interactions, as well as their
relationship to therapeutic response and resistance.
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