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Abstract

Diagnostic procedures play critical roles in 
cancer immunotherapy. In this chapter, we 
briefly discuss three major diagnostic proce-
dures widely used in immunotherapy: immu-
nohistochemistry, next-generation sequencing, 
and flow cytometry. We also describe the uses 
of other diagnostic procedures and preclinical 
animal models in cancer immunotherapy 
translational research.
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�Introduction

Cancer immunotherapy (also called immuno-
oncology) is a cancer treatment designed to stim-
ulate and utilize the body’s own immune system, 
or to block immune escape or immune inhibitory 
pathways, to fight cancer. In the past few decades, 
with the advancement of understanding of immu-
nity in cancer biology and the tumor immune 
microenvironment, immunotherapy has demon-
strated tremendous clinical progress in various 
cancer types [1, 2]. However, only a subset of 
patients have responded to and benefited from 
immunotherapy. Moreover, immunotherapeutic 
drugs have been associated with immune-related 
adverse events, some of them severe and even life 
threatening. For the diagnosis and identification 
of patients whose disease is likely to respond to 
immunotherapy without severe toxicity, diagnos-
tic procedures must be accurate, sensitive, robust, 
and versatile as well as applicable in various 
tumor types to guide the selection of the most 
suitable treatment regimens. In this chapter, we 
briefly discuss several diagnostic techniques, pre-
clinical animal models, and their relevance in 
immunotherapy.

�Immunohistochemistry

Immunohistochemistry (IHC) is a simple diag-
nostic procedure that is well established and 
widely used to detect and visualize antigen (that 
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is, protein) expression levels and cellular or sub-
cellular patterns using highly specific antigen–
antibody reactions in tissue sections [3]. The 
term “immunohistochemistry” comprises three 
parts, “immune”, “histo”, and “chemistry”: (1) 
“immune” indicates antibody–antigen recogni-
tion; (2) “histo” indicates tissue morphology 
preservation; and (3) “chemistry” indicates the 
antibody–antigen reaction, resulting in staining. 
IHC assays can be performed on formalin-fixed 
and paraffin-embedded (FFPE) or fresh frozen 
(FF) tissue sections. IHC has been widely used 
not only for diagnostic pathology classification, 
but also anti-tumor drug development in cancer 
immunotherapy [4]. IHC provides cancer diag-
nostic, prognostic, and predictive guidance for 
immunotherapy [5–9].

�IHC Applications

�Cancer Pathology Diagnostics
Both adjuvant to and independent of conven-
tional hematoxylin and eosin staining, IHC stain-
ing of cells and tissue provides comprehensive 
histologic and morphologic information using 
highly specific antibody markers. In cancer 
pathology diagnostics, these markers include 
tumor cell proliferating antigens, growth factors, 
tumor-specific signaling pathway factors, and 
tumor-infiltrating lymphocytes. IHC assays have 
contributed to the pathologic classification and 
diagnosis of a variety of cancer types, including 
breast, lung, and prostate cancers [4, 5, 10–13], 
using well-established, specific tumor markers 
[14].

�Predictive Biomarker Tests
In addition to cancer diagnostics, IHC assays 
have been increasingly used for predictive bio-
marker tests for targeted immunotherapy, espe-
cially immune checkpoint inhibitors [15]. For 
instance, PD-L1 assessed by IHC has served as a 
predictive biomarker for identifying patients 
more likely to benefit from anti–PD-1/PD-L1 
immunotherapy. The PD-L1 IHC 28-8 and 
PD-L1 IHC 22C3 pharmDx assays (Agilent) 
have been approved by the U.S. Food and Drug 

Administration as diagnostic or companion tests 
for anti–PD-1 therapies [16–19]. However, 
patients with PD-L1− status can still benefit from 
anti–PD-1 or anti–PD-L1 treatment.

In addition, IHC-assessed tumor-infiltrating 
lymphocytes (TILs) play an important role in 
predicting immunotherapy outcomes. Several 
clinical studies have shown that increased TIL 
density is associated with improved survival rate 
in patients receiving immunotherapy for mela-
noma, colorectal cancer, lung cancer, breast can-
cer, and other tumor types [15, 20–24]. TIL 
density can be estimated using routine hematoxy-
lin and eosin staining without distinguishing 
lymphocyte types and populations [25]. With 
IHC, immune-related markers can be used to 
assess specific immune cell types and subsets of 
TILs, including CD3+, CD4+, CD8+, CD20+, 
CD45RO+, and FOXP3+ lymphocytes, as well as 
ratios between these subsets etc., thereby provid-
ing more comprehensive information about the 
tumor microenvironment. For instance, higher 
CD8+ TIL T-cell density and CD8+/FOXP3+ 
ratio were associated with clinical outcomes [26].

Another application of IHC assays in immu-
notherapy diagnostics involves microsatellites, 
which are special repeat sequences in the 
DNA.  When DNA repair genes are not func-
tional, microsatellite sequences can acquire or 
lose nucleotides, which is known as microsatel-
lite instability (MSI). High neoantigen load or 
tumor mutational burden caused by deficiency in 
the DNA mismatch repair protein function, also 
interpreted as MSI-High (MSI-H), is a well-
known indicator of genomic instability. Patients 
with high MSI or DNA mismatch repair protein 
deficiency (dMMR) usually carry a high number 
of genetic mutations in tumors. MSI-H/ or 
dMMR has been associated with increased T-cell 
activation and immune cell infiltration and there-
fore better response, especially in patients with 
colorectal tumors or metastatic colorectal cancer 
treated with immunotherapy [27–30].

MSI test can be assessed by detecting micro-
satellite DNA loci in the genome using poly-
merase chain reaction (PCR) or by examining 
loss of expression of mismatch repair proteins 
MLH1, MSH2, MSH6, and PMS2 using 
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IHC. The PCR test provides direct evidence for 
MSI status, whereas IHC assesses the expression 
levels of mismatch repair proteins, an indirect 
indicator of MSI. Nonetheless, comparison stud-
ies suggested high concordance between IHC 
testing and DNA-based MSI PCR testing (>90% 
coincidence rate) [28, 31–34]. Moreover, IHC 
assays are more feasible and economical for the 
clinical setting. IHC analysis requires only 
4 × 3 μm formalin-fixed, paraffin-embedded sec-
tions, whereas PCR requires more biopsy mate-
rial for DNA extraction. Therefore, IHC has been 
used as a primary detection method: if no defi-
ciency of any repair protein is detected, indicat-
ing microsatellite stability, then no further PCR is 
required. On the other hand, if any repair protein 
is found to be deficient on IHC, PCR can be used 
as a complementary, secondary detection assay to 
further determine MSI status. Although a few 
studies have shown discordance between IHC 
and PCR tests for MSI in ovarian cancer [35], 
most studies have suggested that IHC is a reliable 
and economical method for MSI diagnostics.

�Single-Marker Versus 
Multiplexed IHC

While conventional chromogenic IHC can detect 
only one targeted antigen per experimental run 
using chromogens such as 3,3′-diaminobenzidine 
tetrahydrochloride, multiplexed IHC enables the 
detection of multiple targeted antigens simulta-
neously on a single tissue section or assembled 
tissue microarray section. Current multiplexed 
IHC platforms use either fluorescence-labeled 
antigens (up to eight) detected by fluorescence 
microscopy [9] or, in “next-generation” IHC, 
metal-conjugated antigens (up to 60) detected by 
mass spectrometry [36] to maximize antigen 
detection capacity and the quality and resolution 
of image acquisition.

Compared with traditional, single-marker 
IHC, multiplexed IHC offers several advantages. 
First, by labeling multiple antibodies on a single 
section and obtaining maximal data sets from one 
sample, multiplexed IHC saves precious samples, 
including clinical samples with limited availabil-

ity. Second, traditional IHC stains use one anti-
body per section, so spatial and co-localization 
data from multiple-antibody staining are obtained 
by staining serially cut sections individually and 
aligning the serial images. The more sections 
stained, the less accurate the spatial information. 
However, for multiplexed IHC, multiple-antibody 
staining is performed simultaneously or sequen-
tially on one section, providing accurate spatial 
information that is easily assessable. Finally, 
multiplexed IHC enables the introduction of 
housekeeping protein markers as references for 
normalization, eliminating potential errors 
between batches and producing more accurate 
IHC data. Nonetheless, despite its comprehen-
sive insights into tissue context and microenvi-
ronment, multiplexed IHC has some technical 
limitations and complications. Highly specific, 
high-quality IHC antibodies are required for a 
multiplexed IHC platform to produce accurate 
results; antibody cross-reactivity leads to unre-
producible, unreliable results. Additionally, inter-
preting multiplexed IHC data can be challenging 
and more time consuming.

IHC has been an essential diagnostic proce-
dure in cancer diagnosis and therapy for many 
years. With technical advancements, automation, 
and standardization of IHC techniques, as well as 
the application of multiplexed IHC platforms, 
IHC will play an expanding role in cancer diag-
nostics, predictive biomarker testing in the era of 
immunotherapy.

�Next-Generation Sequencing

Next-generation sequencing (NGS) techniques 
have enabled fast, affordable analysis of the 
genome and transcriptome in immunotherapy. 
There are three major sequencing platforms: 454 
sequencing, SOLiD, and Solexa. 454 sequencing, 
among the first NGS platforms, has the longest 
read length and is very fast but is expensive and 
has a high error rate. The SOLiD platform is the 
most accurate but has shorter reads. Solexa has 
the lowest price and highest throughput and has a 
low error rate but uses short reads [37–39]. 
Recently, third-generation sequencing has 
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emerged, which can generate very long reads 
(1–100 kb). Two such techniques are PacBio and 
Oxford Nanopore. Long reads at this scale are 
essential when a reference genome is lacking or 
for identification of a novel gene or isoform. 
However, these platforms also have high error 
rates [40].

Most genetic diseases are not caused by a sin-
gle mutation in a single region. Instead, complex 
diseases are the result of variations in many dif-
ferent genomic regions. For years, researchers 
tried to connect genomic variations to complex 
diseases using genome-wide association studies 
[41]. Because individual genetic variations with a 
large effect size are very rare and hard to detect in 
these studies, studying gene interactions with this 
method is challenging, and epigenetic causes are 
often overlooked [42]. Identifying these rare vari-
ants became more achievable with NGS technol-
ogies. This approach can powerfully contribute to 
personalized medicine, as each cancer patient has 
a distinct mutational signature, and tailoring 
treatment to each patient can improve clinical 
outcomes.

High-throughput sequencing has enabled fast, 
unbiased genetic comparisons of patients and 
healthy controls. However, although NGS tech-
nologies have substantially decreased the costs of 
sequencing, these technologies did not render 
large-scale sequencing of the entire genome 
affordable. Thus, targeted enrichment techniques 
were developed to limit sequencing to areas of 
interest, reducing cost and time spent. Targeted 
enrichment techniques can be PCR- or 
hybridization-based. If the genomic region of 
interest is known, researchers can use flanking 
PCR primers to amplify specific regions before 
library preparation for sequencing. As longer 
PCR products have more errors, PCR enrichment 
requires many parallel reactions with shorter 
products, which increases cost. Despite its limita-
tions, PCR enrichment can be very useful in the 
clinic, as sequencing of enriched regions leads to 
higher accuracy, which is essential in the clinical 
setting. In hybridization-based methods, the tar-
get regions are captured after the sequencing 
library is prepared, using complementary oligo-
nucleotides. These oligonucleotides can be 

attached to an array or can be in solution. 
Generating microarrays can be costly and 
requires large amounts of input DNA, while 
hybridization to labeled oligonucleotides in solu-
tion is more affordable and can be performed 
using a small amount of input DNA [42].

A widely used method of targeted enrichment 
is whole-exome sequencing (WES). The exome 
comprises the protein-coding regions of the 
genome, and sequencing only the exome can still 
give essential insights about genetic diseases, 
many of which are caused by mutations in these 
regions, while sequencing only approximately 
2% of the sequences required for whole-genome 
sequencing (WGS) [43]. So far, many studies 
have identified mutations that cause genetic dis-
eases and cancers using whole-exome sequenc-
ing [42, 44].

The causes of many diseases lie not only at the 
DNA level but also at the RNA level. For this rea-
son, RNA sequencing (RNA-Seq), which uses 
NGS technologies to analyze RNA transcripts 
(the transcriptome), is essential for understand-
ing the changes in tissues and cells under differ-
ent conditions. RNA sequencing quantifies the 
abundance levels of both mRNAs and non-coding 
RNAs. RNA seq is very advantageous while 
studying complex diseases, as it can efficiently 
detect gene fusions, allele-specific expressions, 
and non-coding RNAs, which can have regula-
tory functions [42, 45]. Recently, platforms such 
as 10x Genomics started to sequence RNAs from 
single cells instead of bulk samples. Single-cell 
RNA sequencing has the potential to identify and 
analyze rare cell populations that might be missed 
in pooled analysis [46, 47].

Many diseases involve epigenetic abnormali-
ties [48]. Epigenetic means utilization of the 
genomic information to establish specific gene 
expression patterns. The cellular states in devel-
opment and disease rely on a particular gene 
expression program that is facilitated by 
transcribing the genetic code on the DNA and 
making RNA [49]. This particular RNA program 
can then be translated to a particular protein pro-
gram, which executes cellular functions and phe-
notypic features. It is important to understand 
how epigenetic mechanisms control diverse cel-
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lular fates through establishing unique gene 
expression programs [50]. Chromatin in eukary-
otic cells consists of DNA that is wrapped around 
highly conserved histone proteins [51]. The 
amino-termini tails (N-terminal tails) of histones 
undergo posttranslational modifications that alter 
the nucleosome structure [52]. Proteins that rec-
ognize these modifications or the changes in 
nucleosome structure play an important role in 
regulating gene expression [53, 54] and are fre-
quently mutated in cancer [49].

A common technique for studying the epig-
enome is chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) [55–57]. In this 
technique, samples are fixed to maintain DNA–
protein interactions; DNA that is not bound to 
any protein is digested and removed; and pro-
tein–DNA complexes are precipitated using an 
antibody specific to the protein of interest. Then, 
the cross-links are reversed, and DNA sequences 
that bind to the protein are sequenced using NGS 
technologies. ChIP-seq reveals histone modifica-
tions and binding patterns of DNA-binding pro-
teins such as transcription factors [58]. Thus, 
ChIP-seq can be used to determine the molecular 
causes of complex diseases [59].

Another technique for studying chromatin 
state is called Assay for Transposase-Accessible 
Chromatin followed by sequencing (ATAC-seq) 
[60]. In this method, open chromatin is mapped 
using a special type of transposase that can insert 
certain sequences into chromatin regions that are 
open or accessible. The inserted sequences are 
then used for PCR amplification followed by 
NGS. As DNA accessibility affects gene expres-
sion, ATAC-seq from clinical samples can iden-
tify many clinically relevant epigenetic changes 
[61].

NanoString gene expression panels (also 
known as nCounter panels) offer a distinct way of 
analyzing gene expression. This method does not 
involve any enzyme: no reverse transcription or 
amplification. Instead, individual mRNAs are 
labeled with DNA barcodes. Each barcode has a 
sequence of six fluorescent spots that can be one 
of four colors, as well as complementary 
sequences for the gene of interest. mRNA tran-
scripts are hybridized to these barcodes and then 

imaged on a slide. Instead of quantifying the 
overall fluorescence intensity, the assay counts 
individual barcodes, which is equivalent to count-
ing individual mRNA transcripts. This direct, 
single-molecule counting method is precise and 
reproducible and works well with formalin-fixed, 
paraffin-embedded tissue samples. NanoString 
offers many different gene panels targeted for 
oncology, immunology, and neuroscience. Each 
panel contains up to 800 targets and can be cus-
tomized to an extent [62].

Most human T cells have T-cell receptors 
(TCRs) that comprise alpha and beta chains. 
TCR chains are highly diverse as a result of 
recombination and can detect millions of anti-
gens. Complementarity-determining region 3 
(CDR3) is a site of antigen contact in the variable 
region of TCRs and thus is often studied to deter-
mine T-cell repertoire diversity [63]. Most com-
monly used for characterizing the T-cell repertoire 
are NGS-based assays that involve sequencing 
the CDR3 region of the TCR beta chain. These 
assays can be used to analyze T-cell clones in 
formalin-fixed, paraffin-embedded tumor sam-
ples. More recently, advances in single-cell 
genomics have enabled single-cell TCR sequenc-
ing to identify the T-cell repertoire in patients 
[64]. There is growing interest in identifying 
T-cell clones in cancer that can be expanded to 
respond to specific tumor antigens after immuno-
therapy. Importantly, when combined with tumor 
cell sequencing and T-cell phenotyping, TCR 
sequencing can provide comprehensive informa-
tion for monitoring and predicting immunother-
apy response [65].

Response to immunotherapy varies widely 
between individuals, so there is a dire need to 
identify predictive biomarkers for immunother-
apy response. A potential predictor of this 
response is a high tumor mutational burden, or 
the proportion of nonsynonymous mutations in 
the tumor genome [66]. Tumor mutational burden 
can be determined by whole-exome sequencing 
or gene-targeted sequencing. Initially, whole-
exome sequencing, by comparing tumor data 
with matched non-tumor tissue, was preferred; 
however, gene-targeted sequencing can be more 
advantageous owing to lower costs and higher 
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sensitivity. Tumor mutational burden has the 
potential to play a key role in the immuno-
oncology field [67].

NGS can also be used to predict immunother-
apy response via microsatellites. MSI is observed 
in many cancer types and is a potential predictive 
marker for immunotherapy response. While MSI 
testing often uses PCR amplification of known 
repeat regions, MSI status can also be determined 
using NGS methods such as targeted sequencing 
using gene panels [68].

Tumors that lack functional DNA repair genes 
acquire many mutations and are thus more immu-
nogenic and sensitive to immunotherapy. 
However, not all tumors that lack DNA repair 
genes respond to immunotherapy. It was recently 
shown that this variable immunotherapy response 
can be explained by the extent of MSI. This study 
suggests the potential of analyzing MSI intensity 
using NGS techniques as a means to predicting 
immunotherapy response [69].

�Flow Cytometry

Clinicians have recently started to use flow 
cytometry techniques as flow cytometers have 
become smaller and more affordable, allowing 
the rapid analysis of many characteristics of a 
wide variety of samples, including blood and 
bone marrow [70]. Flow cytometers take cells in 
suspension, focus the cells into a stream using a 
fluidics system, and create liquid droplets that 
each contain a single cell. Thus, each cell can be 
analyzed individually. To analyze the cells, flow 
cytometers use lasers to record single cells’ opti-
cal and fluorescence properties. While light scat-
tering patterns can indicate the size and internal 
complexity of cells, fluorescence can be used to 
analyze many different properties that the 
researchers are interested in through the use of 
fluorescence-labeled antibodies, which can stain 
cell-surface proteins and internal proteins. 
Samples can be stained with several antibodies at 
once, so many different properties can be 
obtained simultaneously. After optical and fluo-
rescent signals are detected, amplification and 
conversion steps enable data analysis on comput-

ers. These data are often visualized using two-
dimensional dot plots and histograms.

Flow cytometry can assess the DNA content of 
cells using dyes that stain DNA. The signal from 
these DNA-intercalating dyes is directly propor-
tional to the amount of DNA, allowing ploidy and 
cell cycle kinetics of tumor cells to be determined. 
DNA analysis can also have prognostic value in 
several types of cancer [71]. A frequently used 
application of flow cytometry in the clinic is 
immunophenotyping, which characterizes cell 
populations according to the antigens they express 
either on their surface or intracellularly. 
Immunophenotyping is used to diagnose and clas-
sify lymphoma and leukemia, diagnose immune 
deficiency disorders, quantify stem cells in the 
blood, monitor HIV+ patients, and so forth [71].

Immune cells have many different subtypes 
that express various cell-surface markers. Recent 
advances allow analysis of many different anti-
gens simultaneously using antibodies that are 
tagged with different fluorescent colors. This 
multicolor analysis allows precise gating of cell 
populations. For instance, one can quantify the 
proportions of B cells and different subtypes of T 
cells using sequential gating based on the mark-
ers these cells are known to express. In the clinic, 
CD4+ T cells can be quantified by flow cytome-
try to monitor the infection stage of HIV+ indi-
viduals [71]. However, not all antigens are on the 
cell surface. Other recent advances in flow 
cytometry allow staining of intracellular antigens 
as well, by permeabilization of the samples 
before staining. This intracellular staining of 
lymphoid and myeloid differentiation markers 
can be very useful in leukemia diagnosis [72].

Flow cytometry can also be used to assess the 
functionality of immune cells. Cell proliferation 
can be measured using fluorescently labeled anti-
bodies that recognize the thymidine analog 
5-bromo-2′-deoxyuridine (BrdU), as proliferating 
cells incorporate BrdU into their DNA. The cyto-
toxicity of natural killer cells can be measured 
using fluorescently labeled target cells; as the tar-
get cells are killed by natural killer cells, the 
amount of fluorescence decreases. Moreover, 
neutrophil function can be measured by analyz-
ing phagocytosis, which is done by incubating 
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neutrophils with fluorescently labeled bacteria 
and then quantifying the neutrophils’ fluores-
cence levels.

Tumor-specific T-cell responses are often 
studied in immunotherapy patients, as antigen-
reactive T cells are crucial for a successful anti-
tumor response. Antigen-specific T cells can be 
detected either directly through their TCRs or by 
functional assays measuring cytokine secretion, 
proliferation, cytotoxicity, and so forth. Flow 
cytometry can be used for direct detection of 
antigen-specific T cells using fluorescently 
labeled major histocompatibility complex–pep-
tide complexes, although this direct detection 
does not give information about cell function. 
Flow cytometry can also analyze various func-
tionality parameters using in vitro stimulation of 
cells with peptides or protein lysates. One way to 
assess T-cell activation is to quantify cytokine 
secretion. By inhibition of cytokine secretion 
using chemicals such as brefeldin A, intracellular 
cytokines can be quantified by flow cytometry as 
discussed above. Another method of measuring 
T-cell activation is to quantify cell-surface mole-
cules that are known to be upregulated upon 
T-cell activation, such as CD69 and CD25. T-cell 
function can also be studied by measuring their 
proliferation and cytotoxicity with flow cytome-
try [73].

Fluorescence-activated cell sorting separates 
cells according to their characteristics. The anal-
ysis of particles by this method is the same as that 
used for flow cytometry with some additional 
steps. After the properties of each droplet are 
determined by the computer, each droplet is 
charged and deflected in a specific direction 
based on its properties. For instance, cells that 
express green fluorescence can be directed into 
one tube, and cells that express red fluorescence 
can be directed into another tube. Using multiple 
colors allows more precise separation of cells 
based on the markers they express. Although 
sorting is not yet a common clinical procedure, it 
has significant clinical potential, as it can allow 
high-purity isolation of very specific cell types, 
which can then be cultured and expanded in vitro 
and reinfused into patients in cell-based thera-
pies. For instance, while chemotherapy can be 

highly toxic to the hematopoietic compartment, 
autologous transplant of hematopoietic stem cells 
sorted by fluorescence-activated cell sorting can 
increase the survival of cancer patients [74].

Mass cytometry, also known as cytometry by 
time-of-flight (or CyTOF), is a fusion of flow 
cytometry and mass spectrometry that allows the 
simultaneous characterization of over 40 proper-
ties of single cells. In mass cytometry experi-
ments, cells are labeled with antibodies of 
interest. Unlike in flow cytometry, these antibod-
ies are not labeled with fluorescence but with 
heavy metals. Samples that are labeled with anti-
bodies are charged and deflected in a magnetic 
field. Their time of flight in the magnetic field is 
then recorded. Lighter ions deflect more than 
heavier ions, and the specific heavy-metal probes 
can be identified using their mass-to-charge ratio. 
These signals are recorded for each cell, and the 
quantity of probes in each cell corresponds to the 
expression levels of the antigen that was labeled 
with the specific antibody–heavy metal complex. 
As the signal overlap with different heavy metals 
is minimal, many parameters can be quantified 
simultaneously with mass cytometry. In contrast, 
emission spectra of fluorophores can overlap eas-
ily, limiting the number of antigens that can be 
characterized in a flow cytometry experiment 
[75].

Furthermore, mass cytometry can identify 
molecular changes that cause diseases and thus 
has potential in the clinic for observing disease 
progression and predicting therapy response [76]. 
For instance, Yao et  al. analyzed inflammatory 
cells in the airway from patients with cystic fibro-
sis and asthma patients using mass cytometry and 
found differences in the frequencies and func-
tions of different immune cell subtypes [77]. In 
another study, Corneau et al. investigated CD4+ 
T cells from healthy and HIV+ individuals for 
activation, differentiation, exhaustion, and cell 
cycle markers. The researchers concluded that 
many “resting” cells express cell cycle markers 
or co-inhibitory receptors, which challenge the 
current definition of resting T cells in the HIV 
context [78]. Mass cytometry is often used to 
characterize immune cells but can also be applied 
to other cell types from any tissue [79].
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Another modified version of flow cytometry is 
imaging flow cytometry, which captures fluores-
cence, bright-field, and dark-field images of each 
cell as it flows through the cytometer. Imaging 
flow cytometry includes many magnifying objec-
tives, two cameras, and up to 10 fluorescence 
channels, allowing the measurement of thou-
sands of parameters of a single cell. This method 
can be used to diagnose leukemia from even 
unstained blood samples, which would not only 
make sample preparation in the clinic easier but 
also allow analysis of samples that are close to 
their native state. Moreover, imaging flow cytom-
etry can be used to study rare cell types in liquid 
biopsy and can efficiently identify circulating 
tumor cells [80].

�Other Preclinical and Clinical 
Diagnostics Techniques 
in Immunotherapy Research

Besides the major diagnostic procedures we dis-
cussed above, here, we briefly present additional 
preclinical methods and clinical diagnostic tech-
niques and concepts used in immunotherapy 
research.

PCR is a frequently used, fundamental molec-
ular biological technique that amplifies a DNA 
region of interest. While NGS uses massive, 
simultaneous deep sequencing to generate com-
prehensive genomic information with low cost 
and fast turnaround time in many clinical genetic 
diagnostic applications, routine PCR (including 
reverse transcriptase PCR (RT-PCR)) is still a 
very sensitive molecular genetic test for cancer 
diagnosis and has a wide application in cancer 
clinics. On the other hand, before the explosion 
of NGS techniques, hybridization-based gene 
expression microarray (also known as chip assay) 
technologies, including RNA and DNA microar-
rays, have been extensively used in cancer diag-
nosis to evaluate alterations in the expression of 
large numbers of cancer-related pathway gene 
sets, in many types of cancer [81–84].

Another well-established molecular technique 
to examine gene expression patterns is Southern 
blot (also called Southern blot hybridization), 

named after Edwin Southern, who developed this 
technique in the mid-1970  s [85]. In brief, 
Southern blot detects and locates specific gene 
sequences using designated labeled DNA probes 
that hybridize with denatured DNA fragments 
that have been pre-transferred and immobilized 
on a supporting membrane from an electrophore-
sis separation gel.

Like other blotting techniques, Western immu-
noblotting emerged from the Southern blot and is 
a semi-quantitative biological technique for 
detecting protein–protein interaction via a highly 
specific antibody–antigen binding blot. Western 
blot has been widely used in biology research 
since its development in the late 1970s [86, 87]. 
In addition, Western blot has been used for clini-
cal diagnosis, including the detection of infec-
tious diseases such as HIV, bovine spongiform 
encephalopathy, feline immunodeficiency, hepa-
titis B, and hepatitis C as well as autoimmune 
diseases such as paraneoplastic disease and myo-
sitis conditions. Western blot has also been used 
to identify malignant lymphoma and stomach 
cancer antigens [88]. Nonetheless, to date, 
Western blot has had limited clinical diagnostic 
use in cancer immunotherapy. The labeled 
probes, detection targets, and applications of five 
blotting techniques using similar principles are 
shown in Table 2.1.

Like Western blotting, enzyme-linked immu-
nosorbent assay (ELISA) is an antibody-based 
bioassay with extensive uses, from basic research 
to clinical diagnostics. However, unlike other 
antibody-based assays, ELISA is a plate-based, 
cell-based quantitative bioassay that detects not 
only proteins but also other protein-binding 
ligands, including hormones, drugs, small-
molecule compounds, and cytokines. As a fast, 
sensitive quantitative immunoassay, ELISA has 
been widely used in preclinical and clinical can-
cer immunotherapy research [89–91].

mRNA-based arrays and sequencing assays 
are usually carried out to monitor mRNA or gene 
expression profiles at the transcriptional level and 
infer protein expression levels. However, in some 
circumstances, RNA levels are not consistent 
with protein levels. Thus, direct detection of pro-
tein level and activity is desirable. Nowadays, 
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with the advancement of quantitative mass spec-
trometry techniques, proteomic arrays (also 
called proteomic profiling) provide more direct 
protein measurement for discovery of tumor-
specific and tumor-associated antigens as predic-
tive diagnostics biomarkers [92–94]. Proteomic 
arrays also have specific antibody–antigen 
recognition-based clinical diagnostic applica-
tions. As with other array assays, the complex 
data sets from proteomic arrays are usually 
recorded and visualized as comprehensive heat 
maps [95].

Western blotting, IHC, flow cytometry, 
ELISA, and proteomic arrays are all based on 
antibody–antigen interaction. In IHC, formalin 
fixation preserves tissue section morphology and 
architecture, but antigen retrieval is required to 
break the cross-link introduced by fixation and 
unmask antigen sites and therefore may limit 
antibody usage. IHC assays are multiplexible, but 
standardizing IHC assays is a challenge. On the 
other hand, Western blot detects target proteins 
from cells or tissue extraction, so cell morphol-
ogy and tissue architecture information are lost, 
and Western blot is not multiplexible, although 
target protein data can be semi-quantified or 
quantified. With recent advances in mass spec-
trometry, proteomic arrays offer more an effec-
tive, global, and direct way to measure, monitor, 
and identify immune-related proteins in the 
tumor microenvironment. Proteomic arrays thus 
play an increasingly important role in the discov-
ery of tumor-specific and tumor-associated anti-
gens and potential drug targets in immunotherapy 
[96–99].

�Preclinical Tumor Models 
in Immunotherapy Research

In the research and development of new immuno-
therapeutic drugs, in  vivo preclinical data from 
animal tumor models are critical for evaluation of 
drug activity, understanding drug action mecha-
nisms, and optimizing drug administration plans 
before drugs enter clinical trials. Because only a 
subset of patients respond to immunotherapy, it is 
critical to develop and establish animal models 
with functional immune systems and tumors that 
resemble human cancer as closely as possible for 
the testing of novel immunotherapeutic treat-
ments. Common techniques for generating ani-
mal models used in cancer immunotherapy 
research and cancer biology include spontaneous 
tumors, genetic engineering, graft transplanta-
tion, and carcinogenesis induced chemically, 
physically, virally, or by radiation [100–103]. 
Below, we describe preclinical animal model 
types and related concepts in immunotherapy.

�Immunodeficient 
and Immunocompetent Mouse 
Models, Nude Mouse

In general, preclinical animal models can be 
divided into two categories: immunodeficient 
and immunocompetent. Immunodeficient models 
include nude mice, which have a T-cell produc-
tion deficiency, and severe combined immunode-
ficiency (SCID) mice, which have defects in both 
T-cell and B-cell function, but normal natural 

Table 2.1  Summary of five blotting techniques

Blotting Labeled probe Detection targets Applications
Southern DNA oligonucleotides 

complementary to target DNA 
sequence

DNA Detection or identification of DNA or 
gene of interest

Northern DNA or RNA oligonucleotides 
complementary to target RNA 
sequence

RNA Detection of gene expression pattern 
or profile

Western Protein, antibody, or peptide Protein Detection of protein expression level 
and pattern

Eastern Protein, antibody, or peptide Protein post-
translational 
modifications

Detection of post-translational 
modifications such as phosphorylation 
and glycosylation

Southwestern DNA oligonucleotides DNA-binding protein Detection of DNA–protein interactions
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killer cell and macrophage function [104, 105]. 
An even more severely immunodeficient mouse 
strain, developed by the Jackson Laboratory, is 
nonobese diabetic/SCID mice. In addition to 
T-cell and B-cell deficiency, nonobese diabetic/
SCID mice also have reduced natural killer cells 
and reduced mature macrophage populations 
[106, 107].

A nude mouse, or athymic nude mouse, is a 
laboratory mouse bearing a spontaneous deletion 
in the FOXN1 gene. Phenotypically, nude mice 
lack body hair (hence their name) and have no 
functional thymus gland, leading to a defective 
immune system for production of mature T cells 
[108–110]. In cancer immunotherapy research, 
since nude mice are immunodeficient and inca-
pable of rejecting tumor cells or transplants from 
humans or other species, these mice are often 
used to grow grafted tissue to test novel 
therapies.

In immunocompetent models, however, the 
immune system is preserved or reconstituted. 
With the success of cancer immunotherapy 
agents, the development of immunocompetent 
models is urgently needed to test novel immuno-
therapeutic agents. There are three major immu-
nocompetent mouse model types, as follows.

Syngeneic tumor models are generated by 
inoculating allografts (also called homografts) of 
mouse cancer cell lines into host mice from the 
same inbred strain to induce and establish a 
tumor-bearing system. Through the use of synge-
neic allografts, immune rejection of transplants 
can be avoided. Syngeneic tumor models are 
fully immunocompetent.

In genetically engineered mouse models, the 
tumor-bearing system is introduced by genetic 
manipulation techniques, such as transgenic 
methods, knock-in, or knock-out to develop 
endogenously arising tumors, genetically mim-
icking human disease that is caused by gene 
mutation, deletion, insertion, or other alteration. 
For instance, the introduction of double deletion 
of the Trp53 and Pten genes in mice leads to inva-
sive bladder cancer [111].

Carcinogen-induced tumor models develop 
tumors after carcinogenic induction by chemi-
cals, virus, radiation, physical stress, etc. For 
instance, Fantini et  al. developed a muscle-
invasive bladder cancer mouse model induced by 
N-butyl-N-(4-hydroxybutyl)-nitrosamine, bear-
ing histologic resemblance to human tumor as 
well as a competent immune system [112].

�Xenograft Tumor Models

Xenograft tumor models are generated by inocu-
lating xenograft tumors from a different species 
into a host animal to establish a tumor-bearing 
system, including patient-derived xenografts and 
cell line–derived xenografts.

A translational cancer patient-derived xeno-
graft model is a humanized tumor model, in 
which human tumor grafts or primary human 
cancer cells are transplanted to a host animal. 
Xenograft mouse models of human cancer can be 
generated heterotopically (usually subcutane-
ously) or orthotopically; however, orthotopic 
tumor models, in which the specific tissue site of 
the tumor remains the same, are preferred.

Immunocompetent humanized xenograft 
models are of particular value for immuno-
oncology research, allowing human tumors to be 
assessed in a functional immune system. Since 
graft transplantation requires an immunodefi-
cient recipient as host, the immunocompetency 
of humanized xenograft models can be achieved 
by reconstitution of the host immune system via 
co-engraftment. The transplant types used to gen-
erate these preclinical animal models are summa-
rized in Table 2.2.

�Common Translational Research 
Techniques and their Biospecimen 
Requirements

Biospecimen types used in various translational 
tests are summarized in Table 2.3 [113].

M. Xu et al.



47

References

	 1.	Vesely MD, Kershaw MH, Schreiber RD, et  al. 
Natural innate and adaptive immunity to cancer. 
Annu Rev Immunol. 2011;29:235–71.

	 2.	Hainaut P, Plymoth A. Targeting the hallmarks of can-
cer: towards a rational approach to next-generation 
cancer therapy. Curr Opin Oncol. 2013;25:50–1.

	 3.	Ramos-Vara JA.  Principles and methods of 
immunohistochemistry. Methods Mol Biol. 
2017;1641:115–28.

	 4.	Matos LL, Trufelli DC, de Matos MG, et  al. 
Immunohistochemistry as an important tool in bio-
markers detection and clinical practice. Biomark 
Insights. 2010;5:9–20.

	 5.	Osmani L, Askin F, Gabrielson E, et  al. Current 
WHO guidelines and the critical role of immunohis-
tochemical markers in the subclassification of non-
small cell lung carcinoma (NSCLC): moving from 
targeted therapy to immunotherapy. Semin Cancer 
Biol. 2018;52:103–9.

	 6.	Halse H, Colebatch AJ, Petrone P, et  al. Multiplex 
immunohistochemistry accurately defines the 
immune context of metastatic melanoma. Sci Rep. 
2018;8:11158.

	 7.	Selves J, Long-Mira E, Mathieu MC, et  al. 
Immunohistochemistry for diagnosis of metastatic 
carcinomas of unknown primary site. Cancers 
(Basel). 2018;10

	 8.	Yarchoan M, Xing D, Luan L, et al. Characterization 
of the immune microenvironment in hepatocellular 
carcinoma. Clin Cancer Res. 2017;23:7333–9.

	 9.	Gorris MAJ, Halilovic A, Rabold K, et  al. Eight-
color multiplex immunohistochemistry for simul-
taneous detection of multiple immune checkpoint 
molecules within the tumor microenvironment. J 
Immunol. 2018;200:347–54.

	 10.	Capelozzi VL.  Role of immunohistochemistry 
in the diagnosis of lung cancer. J Bras Pneumol. 
2009;35:375–82.

	 11.	Leite KRM, Srougi M, Sanudo A, et al. The use of 
immunohistochemistry for diagnosis of prostate can-
cer. Int Braz J Urol. 2010;36:583–7.

	 12.	Yeh IT, Mies C.  Application of immunohisto-
chemistry to breast lesions. Arch Pathol Lab Med. 
2008;132:349–58.

	 13.	Leong AS, Wright J.  The contribution of immu-
nohistochemical staining in tumour diagnosis. 
Histopathology. 1987;11:1295–305.

	 14.	Sturgeon CM, Hoffman BR, Chan DW, et  al. 
National academy of clinical biochemistry labora-
tory medicine practice guidelines for use of tumor 
markers in clinical practice: quality requirements. 
Clin Chem. 2008;54:E1–E10.

	 15.	Gibney GT, Weiner LM, Atkins MB. Predictive bio-
markers for checkpoint inhibitor-based immunother-
apy. Lancet Oncol. 2016;17:e542–51.

Table 2.2  Transplant types for generating preclinical 
animal models

Transplant 
type Description
Autograft The transplantation of cells, tissues, or 

organs from one part of the body to 
another in the same individual

Allograft/
Homograft

The transplantation of cells, tissues, or 
organs, to a recipient from a 
genetically non-identical donor of the 
same species

Xenograft The transplantation of cells, tissues, or 
organs, to a recipient from a different 
species

Table 2.3  Summary of biospecimens used in common 
translational research techniques

Common translational tests Biospecimen
Nucleotide- 
based assays

DNA-
sequencing, 
RNA 
sequencing

DNA/RNA 
extracted from any 
type of tissue, liquid 
biopsy

Cell-free DNA 
sequencing

Total cell-free DNA 
isolated from 
plasma, cell-free 
samples

TCR 
sequencing

DNA/RNA 
extracted from any 
type of tissue, liquid 
biopsy

Southern blot DNA extracted from 
any type of tissue, 
liquid biopsy

Northern blot RNA extracted from 
any type of tissue, 
liquid biopsy

Microarray DNA/RNA 
extracted from any 
type of tissue, liquid 
biopsy

Antibody-
based assays

Western blot Homogenized 
tissue, liquid biopsy

Proteomic 
array

Homogenized 
tissue, liquid biopsy

IHC Tissue specimen 
(FFPE, FF, FNA, 
etc. section)

Flow 
cytometry

Any tissue 
specimen, liquid 
biopsy

NGS next-generation sequencing, TCR T-cell receptor, 
IHC immunohistochemistry, FFPE formalin-fixed 
paraffin-embedded, FF fresh-frozen; fine-needle 
aspirated

2  Advances in Diagnostic Procedures and Their Applications in the Era of Cancer Immunotherapy



48

	 16.	Meng X, Huang Z, Teng F, et al. Predictive biomark-
ers in PD-1/PD-L1 checkpoint blockade immuno-
therapy. Cancer Treat Rev. 2015;41:868–76.

	 17.	Patel SP, Kurzrock R.  PD-L1 expression as a pre-
dictive biomarker in cancer immunotherapy. Mol 
Cancer Ther. 2015;14:847–56.

	 18.	https://www.fda.gov/Drugs/InformationOnDrugs/
ApprovedDrugs/ucm279174.htm.

	 19.	Fujii T, Naing A, Rolfo C, et  al. Biomarkers 
of response to immune checkpoint blockade 
in cancer treatment. Crit Rev Oncol Hematol. 
2018;130:108–20.

	 20.	Hamid O, Schmidt H, Nissan A, et  al. A prospec-
tive phase II trial exploring the association between 
tumor microenvironment biomarkers and clinical 
activity of ipilimumab in advanced melanoma. J 
Transl Med. 2011;9:204.

	 21.	Tumeh PC, Harview CL, Yearley JH, et  al. PD-1 
blockade induces responses by inhibiting adaptive 
immune resistance. Nature. 2014;515:568–71.

	 22.	Huh JW, Lee JH, Kim HR. Prognostic significance 
of tumor-infiltrating lymphocytes for patients with 
colorectal cancer. Arch Surg. 2012;147:366–71.

	 23.	Zeng DQ, Yu YF, Ou QY, et al. Prognostic and predic-
tive value of tumor-infiltrating lymphocytes for clin-
ical therapeutic research in patients with non-small 
cell lung cancer. Oncotarget. 2016;7:13765–81.

	 24.	Buisseret L, Garaud S, de Wind A, et  al. Tumor-
infiltrating lymphocyte composition, organization 
and PD-1/PD-L1 expression are linked in breast 
cancer. Oncoimmunology. 2017;6:e1257452.

	 25.	Rakaee M, Kilvaer TK, Dalen SM, et al. Evaluation 
of tumor-infiltrating lymphocytes using routine H&E 
slides predicts patient survival in resected non-small 
cell lung cancer. Hum Pathol. 2018;79:188–98.

	 26.	de Leeuw RJ, Kost SE, Kakal JA, et al. The prognos-
tic value of FoxP3+ tumor-infiltrating lymphocytes 
in cancer: a critical review of the literature. Clin 
Cancer Res. 2012;18:3022–9.

	 27.	Richman S.  Deficient mismatch repair: read all 
about it (review). Int J Oncol. 2015;47:1189–202.

	 28.	Kawakami H, Zaanan A, Sinicrope FA. Microsatellite 
instability testing and its role in the management 
of colorectal cancer. Curr Treat Options in Oncol. 
2015;16:30.

	 29.	Overman MJ, McDermott R, Leach JL, et  al. 
Nivolumab in patients with metastatic DNA mis-
match repair-deficient or microsatellite instability-
high colorectal cancer (CheckMate 142): an 
open-label, multicentre, phase 2 study. Lancet 
Oncol. 2017;18:1182–91.

	 30.	Kopetz S, Lonardi S, McDermott RS, et  al. 
Concordance of DNA mismatch repair deficient 
(dMMR)/microsatellite instability (MSI) assessment 
by local and central testing in patients with meta-
static CRC (mCRC) receiving nivolumab (nivo) in 
CheckMate 142 study. J Clin Oncol. 2017;35:3548.

	 31.	Lindor NM, Burgart LJ, Leontovich O, et  al. 
Immunohistochemistry versus microsatellite insta-

bility testing in phenotyping colorectal tumors. J 
Clin Oncol. 2002;20:1043–8.

	 32.	Chen ML, Chen JY, Hu J, et al. Comparison of mic-
rosatellite status detection methods in colorectal car-
cinoma. Int J Clin Exp Pathol. 2018;11:1431–8.

	 33.	Geiersbach KB, Samowitz WS. Microsatellite insta-
bility and colorectal cancer. Arch Pathol Lab Med. 
2011;135:1269–77.

	 34.	Hissong E, Crowe EP, Yantiss RK, et al. Assessing 
colorectal cancer mismatch repair status in the 
modern era: a survey of current practices and re-
evaluation of the role of microsatellite instability 
testing. Mod Pathol. 2018;31:1756–66.

	 35.	Lee JH, Cragun D, Thompson Z, et al. Association 
between IHC and MSI testing to identify mismatch 
repair-deficient patients with ovarian cancer. Genet 
Test Mol Biomarkers. 2014;18:229–35.

	 36.	Rimm DL.  Next-gen immunohistochemistry. Nat 
Methods. 2014;11:381–3.

	 37.	Liu L, Li Y, Li S, et  al. Comparison of next-
generation sequencing systems. J Biomed 
Biotechnol. 2012;2012:251364.

	 38.	Ansorge WJ.  Next-generation DNA sequencing 
techniques. New Biotechnol. 2009;25:195–203.

	 39.	Mardis ER.  The impact of next-generation 
sequencing technology on genetics. Trends Genet. 
2008;24:133–41.

	 40.	Weirather JL, de Cesare M, Wang Y, et  al. 
Comprehensive comparison of Pacific Biosciences 
and Oxford Nanopore Technologies and their 
applications to transcriptome analysis. F1000Res. 
2017;6:100.

	 41.	Song H, Ramus SJ, Tyrer J, et  al. A genome-wide 
association study identifies a new ovarian cancer 
susceptibility locus on 9p22.2. Nat Genet. 2009;41: 
996–1000.

	 42.	Xuan J, Yu Y, Qing T, et al. Next-generation sequenc-
ing in the clinic: promises and challenges. Cancer 
Lett. 2013;340:284–95.

	 43.	Petersen BS, Fredrich B, Hoeppner MP, et  al. 
Opportunities and challenges of whole-genome and 
-exome sequencing. BMC Genet. 2017;18:14.

	 44.	Yang Y, Muzny DM, Reid JG, et al. Clinical whole-
exome sequencing for the diagnosis of mendelian 
disorders. N Engl J Med. 2013;369:1502–11.

	 45.	Costa V, Aprile M, Esposito R, et  al. RNA-Seq 
and human complex diseases: recent accomplish-
ments and future perspectives. Eur J Hum Genet. 
2012;21:134.

	 46.	Hwang B, Lee JH, Bang D.  Single-cell RNA 
sequencing technologies and bioinformatics pipe-
lines. Exp Mol Med. 2018;50:96.

	 47.	Haber AL, Biton M, Rogel N, et  al. A single-cell 
survey of the small intestinal epithelium. Nature. 
2017;551:333–9.

	 48.	Zoghbi HY, Beaudet AL.  Epigenetics and 
human disease. Cold Spring Harb Perspect Biol. 
2016;8:a019497.

M. Xu et al.

https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm279174.htm
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm279174.htm


49

	 49.	Flavahan WA, Gaskell E, Bernstein BE. Epigenetic 
plasticity and the hallmarks of cancer. Science. 
2017;357

	 50.	Beyaz S, Kim JH, Pinello L, et  al. The histone 
demethylase UTX regulates the lineage-specific epi-
genetic program of invariant natural killer T cells. 
Nat Immunol. 2017;18:184–95.

	 51.	Kornberg RD. Chromatin structure: a repeating unit 
of histones and DNA. Science. 1974;184:868–71.

	 52.	Strahl BD, Allis CD. The language of covalent his-
tone modifications. Nature. 2000;403:41–5.

	 53.	Patel DJ, Wang Z. Readout of epigenetic modifica-
tions. Annu Rev Biochem. 2013;82:81–118.

	 54.	Das PP, Shao Z, Beyaz S, et al. Distinct and com-
binatorial functions of Jmjd2b/Kdm4b and Jmjd2c/
Kdm4c in mouse embryonic stem cell identity. Mol 
Cell. 2014;53:32–48.

	 55.	Albert I, Mavrich TN, Tomsho LP, et al. Translational 
and rotational settings of H2A.Z nucleosomes across 
the Saccharomyces cerevisiae genome. Nature. 
2007;446:572–6.

	 56.	Barski A, Cuddapah S, Cui K, et al. High-resolution 
profiling of histone methylations in the human 
genome. Cell. 2007;129:823–37.

	 57.	Mikkelsen TS, Ku M, Jaffe DB, et al. Genome-wide 
maps of chromatin state in pluripotent and lineage-
committed cells. Nature. 2007;448:553–60.

	 58.	Yan H, Tian S, Slager SL, et al. ChIP-seq in study-
ing epigenetic mechanisms of disease and promoting 
precision medicine: progresses and future directions. 
Epigenomics. 2016;8:1239–58.

	 59.	Ramagopalan SV, Heger A, Berlanga AJ, et  al. A 
ChIP-seq defined genome-wide map of vitamin D 
receptor binding: associations with disease and evo-
lution. Genome Res. 2010;20:1352–60.

	 60.	Buenrostro JD, Wu B, Chang HY, et  al. ATAC-
seq: a method for assaying chromatin accessibility 
genome-wide. Curr Protoc Mol Biol. 2015;109:21 
29 1–9.

	 61.	Fujiwara S, Baek S, Varticovski L, et al. High quality 
ATAC-Seq data recovered from cryopreserved breast 
cell lines and tissue. Sci Rep. 2019;9:516.

	 62.	Kulkarni MM. Digital multiplexed gene expression 
analysis using the NanoString nCounter system. Curr 
Protoc Mol Biol. 2011;94:25B.10.1–25B.10.17.

	 63.	Rosati E, Dowds CM, Liaskou E, et al. Overview of 
methodologies for T-cell receptor repertoire analy-
sis. BMC Biotechnol. 2017;17:61.

	 64.	De Simone M, Rossetti G, Pagani M. Single cell T 
cell receptor sequencing: techniques and future chal-
lenges. Front Immunol. 2018;9:1638.

	 65.	Jiang N, Schonnesen AA, Ma KY. Ushering in inte-
grated T cell repertoire profiling in cancer. Trends 
Cancer. 2019;5:85–94.

	 66.	Yarchoan M, Hopkins A, Jaffee EM. Tumor muta-
tional burden and response rate to PD-1 inhibition. 
N Engl J Med. 2017;377:2500–1.

	 67.	Melendez B, Van Campenhout C, Rorive S, et  al. 
Methods of measurement for tumor mutational 

burden in tumor tissue. Transl Lung Cancer Res. 
2018;7:661–7.

	 68.	Vanderwalde A, Spetzler D, Xiao N, et  al. 
Microsatellite instability status determined by next-
generation sequencing and compared with PD-L1 
and tumor mutational burden in 11,348 patients. 
Cancer Med. 2018;7:746–56.

	 69.	Mandal R, Samstein RM, Lee KW, et  al. Genetic 
diversity of tumors with mismatch repair deficiency 
influences anti-PD-1 immunotherapy response. 
Science. 2019;364:485–91.

	 70.	Brown M, Wittwer C.  Flow cytometry: principles 
and clinical applications in hematology. Clin Chem. 
2000;46:1221–9.

	 71.	Bakke AC. Clinical applications of flow cytometry. 
Lab Med. 2000;31:97–104.

	 72.	Knapp W, Strobl H, Majdic O.  Flow cytometric 
analysis of cell-surface and intracellular antigens in 
leukemia diagnosis. Cytometry. 1994;18:187–98.

	 73.	Bacher P, Scheffold A.  Flow-cytometric analy-
sis of rare antigen-specific T cells. Cytometry A. 
2013;83A:692–701.

	 74.	Muller AM, Kohrt HE, Cha S, et al. Long-term out-
come of patients with metastatic breast cancer treated 
with high-dose chemotherapy and transplantation of 
purified autologous hematopoietic stem cells. Biol 
Blood Marrow Transplant. 2012;18:125–33.

	 75.	Spitzer MH, Nolan GP. Mass cytometry: single cells, 
many features. Cell. 2016;165:780–91.

	 76.	Baca Q, Cosma A, Nolan G, et al. The road ahead: 
implementing mass cytometry in clinical stud-
ies, one cell at a time. Cytometry B Clin Cytom. 
2017;92:10–1.

	 77.	Yao Y, Welp T, Liu Q, et  al. Multiparameter sin-
gle cell profiling of airway inflammatory cells. 
Cytometry B Clin Cytom. 2017;92:12–20.

	 78.	Corneau A, Cosma A, Even S, et al. Comprehensive 
mass cytometry analysis of cell cycle, activation, 
and coinhibitory receptors expression in CD4 T 
cells from healthy and HIV-infected individuals. 
Cytometry B Clin Cytom. 2017;92:21–32.

	 79.	Leelatian N, Doxie DB, Greenplate AR, et al. Single 
cell analysis of human tissues and solid tumors 
with mass cytometry. Cytometry B Clin Cytom. 
2017;92:68–78.

	 80.	Doan M, Vorobjev I, Rees P, et al. Diagnostic poten-
tial of imaging flow cytometry. Trends Biotechnol. 
2018;36:649–52.

	 81.	Kim IJ, Kang HC, Park JG.  Microarray appli-
cations in cancer research. Cancer Res Treat. 
2004;36:207–13.

	 82.	Kanamaru R. [Cancer diagnosis using micro-
array technologies]. Gan To Kagaku Ryoho. 
2000;27:949–53.

	 83.	Perez-Diez A, Morgun A, Shulzhenko 
N. Microarrays for cancer diagnosis and classifica-
tion. Adv Exp Med Biol. 2007;593:74–85.

	 84.	Sealfon SC, Chu TT.  RNA and DNA microarrays. 
Methods Mol Biol. 2011;671:3–34.

2  Advances in Diagnostic Procedures and Their Applications in the Era of Cancer Immunotherapy



50

	 85.	Southern EM. Detection of specific sequences among 
DNA fragments separated by gel-electrophoresis. J 
Mol Biol. 1975;98:503.

	 86.	Burnette WN.  Western blotting  – electropho-
retic transfer of proteins from sodium dodecyl 
sulfate-polyacrylamide gels to unmodified nitro-
cellulose and radiographic detection with anti-
body and radioiodinated protein-a. Anal Biochem. 
1981;112:195–203.

	 87.	Towbin H, Staehelin T, Gordon J.  Electrophoretic 
transfer of proteins from polyacrylamide gels to 
nitrocellulose sheets – procedure and some applica-
tions. Proc Natl Acad Sci U S A. 1979;76:4350–4.

	 88.	Shiraishi Y.  Western blotting analysis for malig-
nant lymphoma and stomach cancer antigens from 
carcinogen-transformed Bloom syndrome cells. Int J 
Cancer. 1990;45:783–7.

	 89.	Darwish IA, Al-Shehri MM, El-Gendy 
MA. Development of new ELISA with high sensi-
tivity and selectivity for bioanalysis of bevacizumab: 
a monoclonal antibody used for cancer immunother-
apy. Curr Anal Chem. 2018;14:174–81.

	 90.	Liu MJ, Wang HT, Liu LJ, et  al. Melittin-MIL-2 
fusion protein as a candidate for cancer immuno-
therapy. J Transl Med. 2016;14:155.

	 91.	Ravi R, Noonan KA, Pham V, et  al. Bifunctional 
immune checkpoint-targeted antibody-ligand traps 
that simultaneously disable TGFbeta enhance the 
efficacy of cancer immunotherapy. Nat Commun. 
2018;9:741.

	 92.	Le Naour F.  Contribution of proteomics to tumor 
immunology. Proteomics. 2001;1:1295–302.

	 93.	Diamandis EP, van der Merwe DE. Plasma protein 
profiling by mass spectrometry for cancer diagno-
sis: opportunities and limitations. Clin Cancer Res. 
2005;11:963–5.

	 94.	Hayes SA, Clarke S, Pavlakis N, et al. The role of 
proteomics in the age of immunotherapies. Mamm 
Genome. 2018;29:757–69.

	 95.	Key M. A tutorial in displaying mass spectrometry-
based proteomic data using heat maps. BMC 
Bioinform. 2012;13 Suppl 16:S10.

	 96.	Gonzalez FE, Chernobrovkin A, Pereda C, et  al. 
Proteomic identification of heat shock-induced dan-
ger signals in a melanoma cell lysate used in den-
dritic cell-based cancer immunotherapy. J Immunol 
Res. 2018;2018:1.

	 97.	Pan JB, Song G, Chen DY, et  al. Identification of 
serological biomarkers for early diagnosis of lung 
cancer using a protein array-based approach. Mol 
Cell Proteomics. 2017;16:2069–78.

	 98.	Ge S, Xia X, Ding C, et  al. A proteomic land-
scape of diffuse-type gastric cancer. Nat Commun. 
2018;9:1012.

	 99.	Hanash S, Schliekelman M. Proteomic profiling of 
the tumor microenvironment: recent insights and the 
search for biomarkers. Genome Med. 2014;6:12.

	100.	Schinz HR. Mechanisms of carcinogenesis chemical 
physical and viral. Oncologia. 1964;18:233.

	101.	Kemp CJ. Animal models of chemical carcinogene-
sis: driving breakthroughs in cancer research for 100 
years. Cold Spring Harb Protoc. 2015;2015:865–74.

	102.	Olson B, Li Y, Lin Y, et  al. Mouse models for 
cancer immunotherapy research. Cancer Discov. 
2018;8:1358–65.

	103.	Murphy WJ. Being “penny-wise but pound foolish” 
in cancer immunotherapy research: the urgent need 
for mouse cancer models to reflect human modifying 
factors. J Immunother Cancer. 2016;4:88.

	104.	Bosma GC, Custer RP, Bosma MJ. A severe com-
bined immunodeficiency mutation in the mouse. 
Nature. 1983;301:527–30.

	105.	Lei ZG, Ren XH, Wang SS, et  al. 
Immunocompromised and immunocompetent 
mouse models for head and neck squamous cell car-
cinoma. Onco Ther. 2016;9:545–55.

	106.	Prochazka M, Gaskins HR, Shultz LD, et  al. The 
nonobese diabetic scid mouse – model for spontane-
ous thymomagenesis associated with immunodefi-
ciency. Proc Natl Acad Sci U S A. 1992;89:3290–4.

	107.	Shultz LD, Schweitzer PA, Christianson SW, et al. 
Multiple defects in innate and adaptive immuno-
logic function in NOD/LtSz-scid mice. J Immunol. 
1995;154:180–91.

	108.	Pelleitier M, Montplaisir S.  The nude mouse: a 
model of deficient T-cell function. Methods Achiev 
Exp Pathol. 1975;7:149–66.

	109.	Flanagan SP. ‘Nude’, a new hairless gene with 
pleiotropic effects in the mouse. Genet Res. 
1966;8:295–309.

	110.	Pantelouris EM, Hair J.  Thymus dysgenesis in 
nude (nu nu) mice. J Embryol Exp Morphol. 
1970;24:615–23.

	111.	Puzio-Kuter AM, Castillo-Martin M, Kinkade CW, 
et al. Inactivation of p53 and Pten promotes invasive 
bladder cancer. Genes Dev. 2009;23:675–80.

	112.	Fantini D, Glaser AP, Rimar KJ, et al. A Carcinogen-
induced mouse model recapitulates the molecular 
alterations of human muscle invasive bladder cancer. 
Oncogene. 2018;37:1911–25.

	113.	Vaught J. Developments in biospecimen research. Br 
Med Bull. 2015;114:29–38.

M. Xu et al.


	2: Advances in Diagnostic Procedures and Their Applications in the Era of Cancer Immunotherapy
	Introduction
	Immunohistochemistry
	IHC Applications
	Cancer Pathology Diagnostics
	Predictive Biomarker Tests

	Single-Marker Versus Multiplexed IHC

	Next-Generation Sequencing
	Flow Cytometry
	Other Preclinical and Clinical Diagnostics Techniques in Immunotherapy Research
	Preclinical Tumor Models in Immunotherapy Research
	Immunodeficient and Immunocompetent Mouse Models, Nude Mouse
	Xenograft Tumor Models

	Common Translational Research Techniques and their Biospecimen Requirements
	References


