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Abstract

As remarkable advances have been made in immunotherapies, the overall goal of immunotherapy has
become the selection of patients and evaluating the benefits of treatment. One of the major obstacles to develop
immunotherapies is the lack of effective immune monitoring. Monitoring of key changes in the immune system
during immunotherapy (immunomonitoring) provides important insights into efficacy as well as the immune
mechanisms of response at the molecular and cellular levels. Immunomonitoring techniques include traditional
immunoassays that use specific antibodies to recognize the analytes of interest, new high-throughput
immunoassays that target immune cells and nucleic acids, and less classical immunogenomic approaches that
rely on genome-wide profiling and computational analysis on various types of clinical samples. Substantial
progress has been made in the application of immunomonitoring strategies to pre-clinical and clinical studies,
especially for patients with cancer and infectious diseases. Current and emerging immunoassays performed in
clinical practice will be examined herein, and immunogenomic approaches that complement these techniques will
be highlighted and compared with traditional methods. Finally, we will discuss several new computational
methods for analyzing gene signatures for immunomonitoring, including gene expression data profiling by
microarray, the nCounter technique, regular RNA-seq, and single-cell RNA-seq. Novel immunomonitoring
techniques, especially immunogenomic approaches, will continue to be developed to facilitate assessment of
immunotherapeutic response and predict patient outcomes in cancer and infectious disease.

Corresponding author: Xi Zhang, Department of Pediatrics, Northwestern University Feinberg School of
Medicine, Chicago, United States, Email: xi.zhang@northwestern.edu

Keywords: immunomonitoring, immunogenomics, cancer, infectious disease
Received: Dec 10, 2018 Accepted: Jan 03, 2019 Published: Jan 08, 2019

Editor: Hou YC, The Lab of Tumor Molecular Cellular Biology, Shaanxi Normal University Xian, Shaanxi, China.

www.openaccesspub.org | JCGB CC-license DOI:10.14302/issn.2572-3030.jcgb-18-2527 Vol-1 Issue 3 Pg. no.- 1



http://www.openaccesspub.org/
http://openaccesspub.org/
http://openaccesspub.org/journal/jcgb
http://openaccesspub.org/journal/jcgb
https://openaccesspub.org/journal/jcgb/copyright-license
https://doi.org/10.14302/issn.2572-3030.jcgb-18-2527
mailto:xi.zhang@northwestern.edu

Freely Available Online

Introduction

As remarkable clinical success have been made
in  immunotherapies, immunotherapy has been
established as a powerful treatment option in cancer.
Newly emerging immunotherapies, including antibodies
against cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), programmed cell death protein 1 (PD-1), and
programmed death ligand 1 (PD-L1), have demonstrated
notable efficacy in several types of cancer [1]. Currently
only a small group of patients benefit from these
therapies, and the mechanisms of primary and acquired
resistance to these therapies remain poorly understood.
A better understanding is needed of the cellular and
molecular factors that modulate the sustained immune
response after the initial response to
immunotherapy [2].

Immune monitoring (immunomonitoring) of key
changes in the immune system can provide important
insights into the mechanisms that determine therapeutic
response at the molecular and cellular levels [3].
Immune-related adverse events, cytokine and immune
cell responses, and overall survival benefit outcomes of
interest in immunomonitoring studies. Highly specialized
immunoassays have evolved in the past two decades,
and have been applied to immunomonitoring in human
clinical trials [4, 5]. These techniques are useful not only
in dissecting the dynamic changes in the tumor
microenvironment, but also in evaluating immune cell
composition in patients with infectious and other
diseases and the effect of therapy on the immune
response [6, 7]. Thus far, changes in the composition of
immune cell subsets has been investigated with
classical immunomonitoring techniques, including
immunofluorescence, flow cytometry, and mass
cytometry. Recent developments in next-generation
sequencing (NGS) technologies has led to applications in
routine immunomonitoring [8]. For example, the
composition of tumor-infiltrating immune cells can be
characterized from bulk tumor RNA-seq data using
computational approaches based on a set of
immune-specific marker genes or expression signatures.

Here, we describe current and
emerging immunomonitoring techniques, especially
immunogenomic approaches, and how they are used to
predict or monitor immune status in clinical samples
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(Fig 1). We also describe state-of-the-art computational
methods that are being used to quantify immune cell
subsets through gene expression data generated from
microarray, the nCounter technique, regular RNA-seq,
and single-cell level RNA-seq. This review is intended to
summarize the development and application of
immunomonitoring approaches, and discuss the
challenges that must be addressed to accurately
guantify the dynamic changes in immune cell
composition using bulk RNA-seq data from clinical
samples. Other challenges facing the field include
incorporating immunotherapy into adjuvant and
neoadjuvant cancer therapy; using immunomonitoring
data to refine dose, schedule, and duration of
treatment; and developing novel surrogate endpoints
that accurately capture overall survival benefit early in
the treatment course.

Classical Immune Monitoring Techniques

Several classical immunoassays routinely
performed for disease diagnosis is discussed below and
summarized in Fig 1. Though several new approaches to
immunomonitoring are currently under development,
recent advances in traditional immunoassays such as
enzyme-linked immunosorbent assays (ELISA) and
real-time quantitative PCR (RT-PCR) also have huge
potential for expanding the breadth of immune
monitoring.

Elisa

ELISA is an antibody-based assay that is used to
quantify protein, peptides, and antibodies. An ELISA is
typically performed with an antigen immobilized on a
solid surface while a detection enzyme can be linked
directly to the matching antibody (primary antibody)
over the surface or introduced through a secondary
antibody that recognizes the primary antibody. ELISA is
cost-effective and easy to perform, and it is widely used
in disease diagnosis throughout the world, especially for
infectious diseases such as chronic hepatitis C and
chronic hepatitis B, as well as certain cancers, including
hepatocellular carcinoma [9, 10]. Although classic ELISA
is a simple test that measures a single analyte with
limited sensitivity, to date ELISA techniques have been
independently developed by many laboratories to detect
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levels of various cytokines and other immune factors in
blood, body fluid, and cell culture supernatants [11, 12].
For instance, modified ELISA tests with high sensitivity
and selectivity have been developed to detect
monoclonal antibodies (such as bevacizumab) that are
used for cancer immunotherapy [13, 14]. Newer
bead-based immunoassays utilize the same principle as
ELISA but allow simultaneous detection of multiple
analytes [15]. These multiplex ELISA assays have been
validated for /n vitro diagnosis and monitoring the early
effects of immunotherapy based on plasma markers in
pericarditis patients [16]. In 2016, a test called a digital
ELISA that uses high-affinity autoantibodies was
developed for the detection of cytokines at attomolar
concentrations, about thousand-fold more sensitive than
a traditional ELISA [17]. Digital ELISA is able to detect
cytokines expressed at very low levels in plasma (such
as CXCL10) as markers of specific source cells (such as
CXCR3+ T cells) [18-20].

Elispot

The Enzyme-Linked Immunospot (ELISPOT)
assay measures the enzymatic activity of
antigen-specific cells with antigen(s) of interest. Unlike
ELISA or other techniques, ELISPOT assays detect the
secreted analytes (mostly cytokines) directly around the
secreting cell, rather than after those analytes are
diluted in the supernatant, absorbed by receptors of
adjacent cells, or degraded by proteases [21]. Although
the ELISPOT was initially developed to detect
antibody-releasing cells, it has been adapted to quantify
cytokine-secreting cells and has become the most
sensitive approach to directly monitor and evaluate
T cell- and B cell-mediated cellular immunity /n
vitro [22, 23]. Today, ELISPOT is one of the most
common immunoassays used in clinical trials of
immunotherapies and other immune studies around the
world [24]. Given that traditional ELISPOT requires
proper immune cell preparation and long incubation
time, a number of protocol enhancements have been
introduced over the last decade to modify and improve
ELISPOT and facilitate its application in clinical
practice [25-27]. For example, a recent study reported
the successful development of a multi-color ELISPOT
assay—the FLUOROSPOT—that uses an automatic image
acquisition unit to generate colorful fluorescent spots
that can be quantified [28].
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Flow Cytometry

Clinical immunology analysis performed by
ELISA and ELISPOT is very much complemented by flow
cytometry techniques. Flow cytometry is a powerful tool
to analyze multiple analytes via a variety of parameters
on an individual cell basis [29]. Recently, development
of monoclonal antibodies and immunofluorescence
analysis as incorporated in flow cytometry provided
many highly sensitive approaches to analyze immune
response and change of human mononuclear cell
subsets. Compared to other techniques, flow cytometry
provides more detailed information on complex immune
cell populations by recognizing and counting cells via
specific cell surface markers. Flow cytometry is one of
the most commonly used methods to measure immune
response at single-cell level resolution [30]. Recognition
of cell surface proteins can identify distinct cell subsets
as well as their activation status and many other
functional immune features, such as response to a
vaccine or immunotherapy [31]. Flow cytometry is highly
adaptable, not only for the evaluation of immune
responses, but also for investigation of cell functions,
such as cell apoptosis.

As the demand for immune monitoring
technologies has grown, however, the disadvantages of
flow cytometry have become apparent, including lack of
reproducibility for complex panels, the need for
expensive instrumentation and high standards for
technicians and maintenance, and limited information
observed from on intra-cellular events [32, 33]. The
increasing number of fluorophores and antibodies
available have provided technical innovations in flow
cytometry to fit the need from an increasing number of
researchers [34]. A classic example is flow cytometry
was developed and continually modified to evaluate the
frequencies of peripheral blood CD4+ and CD8+ T cells
in whole blood in patients with cancer, autoimmune
diseases and infectious diseases since 1980s [35-37].
The quantity and quality of tumor antigen-specific
effector CD4+ and CD8+ T cells are essential markers
for monitoring cancer immunotherapies, and flow
cytometry is ubiquitously used for immune monitoring in
preclinical tumor immunology and in cancer
immunotherapy trials [29]. In a phase II clinical trial of
anti-PD-1 treatment and radiotherapy, flow cytometry
was used to identify peripheral blood biomarkers in
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mononuclear cells and serum samples [38]. More
recently, a modified flow cytometry was used for
advanced analysis of T cells (including regulatory T
cells), B cells, natural killer (NK) cells, monocytes, and
dendritic cells [39]. Improvements in the standardization
of flow cytometry labeling and operating protocols has
reduced the whole blood sample size required for flow
cytometry to less than 2 ml. These “deep
immunophenotyping” flow cytometry panels constitute a
powerful tool for immune monitoring in autoimmune and
cancer clinical trials [39].

RT-PCR

RT-PCR is a powerful tool for quantifying and
comparing expression profiles of genes of interest. In
RT-PCR (or quantitative PCR, gPCR) techniques,
fluorescent signals from the PCR reaction are monitored
and tracked over time, then the reaction is stopped
before it reaches a plateau. The rate of PCR
amplification is then used to quantify the starting
amount of genomic material. Because of its high
sensitivity, RT-PCR has become the gold standard
technique for quantifying cDNA, gDNA, and RNA
transcripts (with quantitative reverse transcription PCR)
in cultured or primary cells, body fluids, or tissue, as
markers of immune response [40]. This is the most
common and typical immunomonitoring approach used
to evaluate changes in human immune system status in
response to infection, vaccination, or immunotherapies.
For instance, in a phase I clinical trial in patients with
acute lymphoblastic leukemia, RT-PCR was used to
quantify the copy number of the CAR transgene in
CAR-T cells [41]. In other pre-clinical studies and
immunological research, RT-PCR is commonly used to
measure cytokine mRNA levels in inflammation as a way
to dissect the early steps of the immune
response [42-46]. Similar to ELISA and ELISPOT, highly
multiplexed RT-PCR has been developed that allows
simultaneous detection and reliable measurement of
highly polymorphic target antigens and pathogens in
clinical samples [47, 48]. Multiplexed RT-PCR is superior
to ELISA in terms of diagnostic sensitivity and specificity,
and has the advantage of being able to discriminate
between species [49].

Despite its popularity, the data generated from
RT-PCR can be highly variable and may not be
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reproducible without appropriate validation tests. Digital
PCR is a new approach that offers the possibility of
absolute quantification. Digital PCR has been applied to
the detection of circulating cell-free DNA, which may
serve as a unique tumor marker in certain
virus-associated malignancies. Digital droplet PCR was
designed to genotype and quantify circulating HPV DNA
in patients with HPV16- or HPV18-positive metastatic
cervical cancer [50]. Moreover, circulating tumor DNA
(ctDNA) is one of the best-known indicators of response
to anti-PD1 and somatic alterations in ctDNA can be
guantified by digital PCR to reveal the gene mutation
status of the tumor tissue [51, 52]. As measured by
digital PCR, if a significant decrease in the amount of
CtDNA relative to the baseline level is observed after
treatment, it indicates a lack of clinical benefit under
anti-PD1 therapy [53-56]. Digital PCR is also an accurate
method to assess differentially methylated genomic
signatures of immune cells, a marker of immune cell
activation in various disease states [57].

Emerging Immunomonitoring Technigues

For decades, immunologists have relied heavily
on ELISA and flow cytometry to study human immune
responses with low power and minor efficiency. Over the
past dozen years, mass spectrometry, mass cytometry,
and genomics and transcriptomics approaches have
offered higher throughput, and more detailed glimpses
into the immune responses in diseases such as cancer
and infections, and response to therapies. The recent
development of several key techniques is briefly
introduced below and summarized in Fig. 1.

Mass Spectrometry

Mass spectrometry (MS) accurately measures
the mass-to-charge ratio of ions to identify and quantify
different molecules within a single sample in an
unbiased manner. MS-based proteomics makes it
possible to evaluate protein expression, subcellular
localization,  post-translational = maodifications, and
interactions in immune cells upon activation [58]. Many
MS-based methods have been developed to study
specific targets of the immune response [59]. For
instance, an MS assay was developed to detect serum
prostate-specific antigen (PSA) protein levels, with
results correlating well with those from ELISA
immunoassays [60, 61]. MS is also used to rapidly and
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Figure 1. Overview of classical and emerging immunomonitoring approaches

reliably quantify catecholamines in peripheral blood
mononuclear cells (PBMCs) with significantly improved
sensitivity and selectivity as compared to classical
immunomonitoring techniques. MS was used to improve
understanding of the network between the nervous and

immune systems and its dysfunction in various
autoimmune and neurological diseases [62-64].
MS-based imaging techniques have been used to

visualize the spatial distribution of molecules to analyze
biomarkers, metabolites, peptides, and proteins by their
molecular masses. MS-based imaging was successfully
used to directly isolate and identify special outer
membrane vesicles secreted by bacteria such as
Pseudomonas aeruginosa , which is the most common
cause of lung infection in genetic disease cystic fibrosis
and major cause of morbidity and mortality [65]. In
immunology research, mass spectrometric immunoassay
(MSIA) was developed as a rapid, top-down method
with high sensitivity and precision for quantification of
many clinical analytes [66, 67]. A newer and more
accurate variation of MSIA, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
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(MALDI-TOF MS), has been used to identify various
immune cell subsets and associated modifications in cell
activity [68]. Reliable insulin-like growth factor 1 (IGF1)
quantification in human plasma in the range of 10-1000
ng/mL was achieved by employing MALDI-TOF MS,
producing results that were highly correlated with a
conventional IGF1 immunoassay [69]. The major
limitation of current MS and MS-based techniques is the
need for large amounts of sample.

Mass Cytometry

Technological progress in the realm of single-cell
analysis has been a major driver of clinical immunology
research and immunotherapies. Mass cytometry
(or cytometry by time-of-flight, CyTOF) is a newer form
of flow cytometry in which antibodies are labeled with
heavy metal ion tags rather than
fluorochromes [70, 71]. Compared to conventional flow
cytometry, CyTOF allows for single-cell, high-speed
analysis and provides simultaneous interrogation of
more than 50 metal probes targeting cytokines and
transcription factors [3, 72]. Mass cytometry has
enabled comprehensive  immunomonitoring  and
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functional assessments of the complex changes in the
immune system in pre-clinical and clinical studies [73].
Mass cytometry was used to recognize different subsets
of NK T cells in many diseases [74]. CD4+ and CD8+
T-cells as well as their ratios can be analyzed by mass
cytometry, for example, in the study of PBMCs from HIV
patients undergoing antiretroviral therapy [75]. The
mass cytometry technique also allows identification of
novel features in recognized immune cell subsets or new
cell populations during disease development. Recently,
mass cytometry was performed to identify a distinct
monocyte cytokine signature shared by clinically
heterogeneous pediatric patients with systemic lupus
erythematosus. This signature was observed in CD14+
monocytes, with concomitant increased levels of
monocyte chemoattractant protein-1 (MCP1),
macrophage inflammatory protein-1beta (MIP-1beta),
and interleukin-1 receptor antagonist (IL-1RA) [76].
Similarly, new regulatory myeloid cell phenotypes and
their clinical impact were recently revealed by mass
cytometry [77]. In another study, mass cytometry was
used to interrogate 30 cell biomarkers at the single-cell
level to dissect the effects of graphene oxide T-cell and
monocyte activation nanomaterials on distinct immune
cells [78]. These studies hint at the potential
applications of single-cell mass cytometry to the clinical
analysis pipeline and diagnostic protocols. Though the
use of mass cytometry for studying cancer in the context
of cancer immunotherapy has been highlighted in
several recent reviews, it does have some technical
limitations, including reliance on antibody specificity and
quality, expertise required in sample processing and
data analysis, the possibility of heavy metal
contamination, and challenges regarding reproducibility
and high cost [79-81]. Despite many advantages over
traditional immune monitoring techniques are showed in
mass cytometry, mass cytometry has some technical
limitations including limitations in sampling efficiency,
slow acquisition speed, challenge of reproducibility, need
of high quality antibody, and limited clinical accessibility
and feasibility. Although the technique is rapidly
developing, the instrument expense and running costs of
mass cytometry for now are still much higher compared
to conventional immune monitoring techniques such as
flow cytometry.
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Gene  Expression  Based

Approaches

and  Immunogenomic

Until recently, the major immune components
could only be analyzed through antibody-based protein
arrays, with PCR as the only option for quantifying
nucleic acids. Recent advances in genomic technologies
have broadened the possibilities for using gene
expression as a powerful marker of immune system
function, where multiple responding cells and cytokines
in the tissue or blood could be measured simultaneously.
Several methods, including those introduced above, can
monitor changes in immune cells to reveal their distinct
functionality in health and disease [82]. These
techniques mostly rely on the quality of antibody, not
high throughput-compatible and are limited to tracking a
small number of cell subsets or require fresh, live cell
samples. In contrast, gene expression profiling of
heterogeneous cell samples can detect distinct cell types
within populations with high statistical power and strong
sensitivity, even in samples with a limited number of
cells [83]. The deconvolution of cell-specific gene
expression signals can yield dynamic estimates of cell
population proportions [84]. Recent computational
algorithms offer parallel and powerful approaches for
inferring changes in immune cell quantities from gene
expression data [85]. However, many profiling studies
have primarily focused on mRNA in tissue samples, and
therefore required high cellular integrity and minimal
tissue destruction. Compared to tissue samples, blood
cell samples are easy to access and can be collected
before and after treatment for RNA extraction and
transcriptome analysis [86, 87]. In particular, gene
expression microarray and NGS approaches (such as
RNA-seq) are the most successful technologies emerging
from the work of the Human Genome Project.
Application of these approaches to immunomonitoring is
discussed in more detail in Section 5 below.

The Current and Urgent Need for Immunomonitoring

Given significant progresses have taken place in
the field of cancer immunotherapeutics,
immunomonitoring during immunotherapy have become
an emerging need as more and more immunotherapies
are made available for disease including but not limited
to cancer. The overall goal of immunomonitoring is to
screen the “responders” and thus determine which
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strategy would benefit. Taking cancer as an example,
on one hand cancer-induced abnormalities in the
immune system suppresses the cancer immune
surveillance, on the other hand cancer cells also limit
the effect of cancer immunotherapy by regulating
immune network and cell functions. The dynamic and
complex immune status of individual determined that
monitoring and manipulating the immune status in a
timely manner is a key process during immunotherapy.
There are two types of immunotherapies: active
immunotherapy activates the immune system of the
host to attack tumor cells by targeting tumor antigens;
passive immunotherapy enhances existing immune
responses initiated by external antibodies or other
immune components such as checkpoint inhibitors,
adoptive transfer of lymphocytes, macrophages, or
cytokines [88]. Currently, several immune checkpoint
blockade therapies have been approved by the FDA for
the treatment of a broad range of cancer types.
Stimulatory and inhibitory cell surface proteins are
manipulated in cancer immunotherapies, thereby
regulating immune cell function and interaction of
immune cells with tumor cells [89]. In addition to
immune checkpoint blockers, currently available passive
immunotherapies have been developed to treat
infectious diseases [90]. Current therapeutic regimens
for various infectious diseases involve the prolonged use
of antibiotics with potential side effects and may lead to
bacterial resistance. Immunotherapy has become a
powerful tool to combat the risks associated with
overuse of antibiotics. @The emergence of
pathogen-specific monoclonal antibodies has breathed
new life into the immunotherapy field as researchers
seek non-antibiotic interventions for respiratory
infections caused by multi-drug resistant bacteria [91].
A phase III study showed that the immunomodulator
immunoxel and recombinant human interleukin-2 could
reduce pulmonary tuberculosis-associated inflammation,

providing an affordable and fast-acting
immunotherapeutic  intervention to  supplement
conventional chemotherapy [92, 93].

In patients with either cancer or infectious
disease treated by immunotherapies, the change in
immune cells and immunological pathways in response
to immunotherapies need to be assessed and linked to
clinical outcomes [94, 95]. Compared to active
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immunotherapy, passive immunotherapy uses adaptive
materials that modulate the immune system in an
unpredictable manner. Despite of the remarkable
progress of clinical applications of checkpoint blockade,
the efficacy of these immunotherapies are currently
limited to individual patients, tumor types, and
indications. There is a need for more effective and novel
immunomonitoring approaches that can be used to
predict response and better select responder
patients [96]. Using biomarkers in immune monitoring
for prediction of treatment efficacy, immune tolerance,
and disease progression has to potential to improve
therapeutic outcomes by matching treatments to
patients [97]. Thus, there is an urgent need to identify
potential biomarkers, and develop their accompanying
assays, for timely and accurate monitoring of treatment
response in patients receiving immunotherapies.

Immunogenomic Approaches to Monitor the Immune
Landscape

Genome-wide gene expression data derived
from bulk tumor tissue samples has been used to study
immune  cell infiltration ~ within  the  tumor
microenvironment and define molecular subtypes of
many different types of cancers [98]. These data were
mostly generated from immunogenomic platforms such
as immune gene expression microarrays, multiplex flow
cytometry panels, and RNA-seq, providing a more
holistic picture of the different parts of the immune
system from a system immunology
perspective [99, 100]. Although flow cytometry is
capable of measuring more than 50 immune cell
populations to comprehensively identify the immune cell
composition in cancer tissue [101, 102], a couple of
major limitations hinder the routine use of flow
cytometry or mass cytometry methods in the
determination of immune cell compositions in
large-scale samples. These limitations include 1) high
cost and requirement of large volume of samples; 2)
loss of cell in sample processing and lack availability to
analyze the dead cells; and 3) some types of immune
cells have no suitable cell surface markers or no good
quality antibodies [103]. RNA-seq is a more powerful
tool to profile immune cells and assess detailed
information like non-coding RNA and splice variants that
regular gene expression microarray is not able to
obtain. However, RNA-seq requires lengthy analytical

Vol-1 Issue 3 Pg. no.- 7



http://www.openaccesspub.org/
http://openaccesspub.org/
http://openaccesspub.org/journal/jcgb
http://openaccesspub.org/journal/jcgb
https://openaccesspub.org/journal/jcgb/copyright-license
https://doi.org/10.14302/issn.2572-3030.jcgb-18-2527
https://en.wikipedia.org/wiki/Tumor

Freely Available Online

D
(jpen

Table 1. Studies of computational approaches used in cell subset composition analysis

Approach name Application Sample Data source Year Reference
Digital cell Study of global immune cell Lung tissue
quantification dynamics in mouse lungs at 10 (mice with Microarray 2014 | (104)
(DCQ) time points flu)
Unique molecular
Sorting and profiling specific
\dentifiers lym h?)cyte Eub 0 gulart)ions from Human PCR and 2015 | (105)
(UMI)-based ymp Pop PBMCs sequencing
L blood cells
quantification
Enumerating immune cell Cancer tissue .
CIBERSORT i i Microarray 2015 | (84)
subsets in several cancer tissues | (human)
Correlation of immune cell type | Breast cancer )
) . Published gene
CIBERSORT and survival and response to tissue ] 2016 | (106)
. expression data
chemotherapy in breast cancer (human)
. ) Quantification of the absolute
Microenvironment . . . .
) abundance of immune and Cancer tissue | Transcriptomic
cell populations ) . 2016 | (85)
stromal cell populations in (human) data
(MCP)-counter .
heterogeneous cancer tissues
Identification distinct
immune-enriched gene
Immune gene signatures in tumor-infiltrating Cancer tissue | Microarray and 2016 | (109)
signatures leukocytes and their prognostic (human) flow cytometry
implications in several solid
tumor tissues
Immune cell subset | Evaluation of immune cell .
. ) . Cancer tissue | nCounter gene
analysis populations in the tumor , 2017 | (83)
. . . (human) expression data
(NanoString) microenvironment
Inferring relative compositions
ImmuCC of 25 immune cell types in Tissue (mice) | Microarray 2017 | (103)
mouse tissues
Reference gene . . PBMCs and ,
. Determining cellular composition . Single-cell
expression profiles . cancer tissue 2017 | (110)
of solid tumors RNA-seq
(RGEPs) (human)
Microarray (SVP)
Non-invasive diagnosis to . data from The
. Cancer tissue
eTumorType determine cancer types based (human) Cancer Genome | 2017 | (111)
on CNVs of CTCs and cfDNAs Atlas (TCGA)
database
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Quantification of immune cell . . .
. . Cancer tissue | Transcriptomic
ImSig content in tumor and non-tumor 2018 | (107)
. (human) data
tissue samples
Identification of immune cell Human Published
MySort L PBMCs and . 2018 | (112)
types from blood biopsies . microarray data
immune cells
Assessing the relative
roportions of 10 major immune
Seq-ImmuCC propc -~ Ma] Tissue (mice) | RNA-seq 2018 | (113)
cells in mouse tissues from
RNA-seq data
Examining the immune cell Colorectal
MCP-counter and subset composition in the tumor | cancers Whole-genome
RNA deconvolution ) i P . sequencing and | 2018 | (114)
microenvironment of colorectal tissue
method RNA-seq
cancer (human)
To identify novel co-expression | Cancers .
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approaches and long data processing times, which limits
the application of RNA-seq in studies of large sample
sizes in clinical setting. Nevertheless, a few gene
expression-based computational methods have been
developed for immune cell composition analysis in both
tissue and blood samples [82]. A few typical studies are
discussed below and a full summary of these studies is
provided in Table 1.

In a systems biology study published in 2014, a
computational method named digital cell quantification
(DCQ) was used to study global immune cell dynamics in
mouse lungs at 10 time points during 7 days of flu
infection [104]. This method combines genome-wide
gene expression data with an immune cell compendium
to infer in vivo changes in the quantities of 213 immune
cell subpopulations. Dramatic changes in quantities of 70
immune cell types were observed, including various
innate, adaptive, and progenitor immune cells. In 2015,
a robust approach based on unique molecular identifiers
(UMI), called UMI-based quantification, was reported to
identify Ag-specific lymphocyte subpopulations from
several hundred to several thousand Ilymphocytes,
preserving qualitative and quantitative information on
clonal composition of the sample. This data analysis
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provided accurate counting of starting molecules in
high-throughput sequencing applications [105]. The
study demonstrated that gene expression-based
computational methods are powerful tools for analysis
following normalized, error-free sequencing in an
application for qualified analysis of Ag receptors in minor
lymphocyte subsets. Also in 2015, a nu-support vector
regression (SVR) based method termed CIBERSORT
(http://cibersort.stanford.edu/)  showed  significant
advantages in enumeration of immune cell subsets in
RNA mixtures from fresh, frozen, and fixed tissues,
including solid tumors [84]. That study inferred the
proportions of 22 subsets of immune cells using a
well-designed signature matrix optimized for human
cancer deconvolution to characterize the cell
composition of complex tissues from their gene
expression profiles. The same approach was used to
investigate the associations between immune cell type,
survival, and sensitivity of breast cancer to
chemotherapy [106]. In 2016, another similar method,
MCP-counter, identified immune infiltrates across human
healthy tissues and non-hematopoietic human tumors as
well as microenvironment-based patient stratifications
associated with overall survival in lung adenocarcinoma
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Figure 2. Workflow of immunogenomics based cell subset composition analysis
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and colorectal and breast cancer [85]. In 2017, a
scientist from NanoString reported on an analysis
method that identified a list of 60 high confidence
marker genes representing 14 immune cell populations
to create a cell type score [83]. The gene
signature-calculated cell type scores were consistent
with flow cytometry and immunohistochemistry (IHC)
findings. A similar method named ImSig demonstrated
how cell-specific gene markers can be used for the
quantitative estimation of immune cell content of
melanoma and nontumor tissue samples. The ImSig
could also identify immune cells with the use of
single-cell RNA-seq, and use the results to assign
melanoma patients into prognostic subgroups [107]. A
full summary of a standard workflow used in these
studies is showed in Fig. 2.

Taken together, a number of immunogenomic studies
have demonstrated the utility of computational
approaches to analyze immune cell transcriptome
signatures, evaluate immune cell subset composition in
tissue or PBMCs, and investigate the tumor
microenvironment (Fig 2)[8]. Most of these studies were
performed in samples from patients with cancer, but
their findings imply great potential for applications in
other diseases that may also need immunomonitoring.
Knowing the specific immune cell composition in blood
cells may provide clues regarding the immune response
to antibiotic therapy and immunotherapy in patients with
cancer and infectious diseases [98, 108]. Lists of marker
genes have been (and continue to be) identified and
rigorously tested in large and independent samples. The
majority of these gene signatures were obtained from
microarray data, though some were from RNA-seq,
including single-cell RNA-seq (Table 1), suggesting both
the intratumoral and peripheral immune cell landscape
could be broadly assessed in immunogenomic studies.
Due to the computational simplicity and utility of clinical
samples, these approaches may be useful in future
immunological research and clinical trials to understand
how therapeutic interventions shape the local immune
landscape in tumor cells and immune cells.

Conclusion

Overall, computational analysis utilizing gene
expression data from preclinical/clinical samples is one
of the most effective approaches to assessing and
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characterizing molecular-level changes in the immune
landscapes from large groups of patients undergoing
therapy for various diseases and conditions. Future
research should address the association between
immune cell responses to therapies measured using
these approaches and other clinical parameters of
therapeutic response. Immunogenomics may also be
applied to the development and assessment of targeted
therapies complementary to existing immunotherapies.
Though many limitations and difficulties remain in
developing immunogenomic approaches to monitor the
immune landscape, recent advances and their
application to clinical practice may help guide patient
selection and treatment modification to optimize clinical
responses and outcomes.
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