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Abstract: In the development of a multiplex immunofluorescence (IF) platform and the optimization
and validation of new multiplex IF panels using a tyramide signal amplification system, several
technical requirements are important for high-quality staining, analysis, and results. The aim
of this review is to discuss the basic requirements for performing multiplex IF tyramide signal
amplification (TSA) in formalin-fixed, paraffin-embedded cancer tissues to support translational
oncology research. Our laboratory has stained approximately 4000 formalin-fixed, paraffin-embedded
tumor samples using the multiplex IF TSA system for immune profiling of several labeled biomarkers
in a single slide to elucidate cancer biology at a protein level and identify therapeutic targets and
biomarkers. By analyzing several proteins in thousands of cells on a single slide, this technique
provides a systems-level view of various processes in various tumor tissues. Although this technology
shows high flexibility in cancer studies, it presents several challenges when applied to study
different histology cancers. Our experience shows that adequate antibody validation, staining
optimization, analysis strategies, and data generation are important steps for generating quality
results. Tissue management, fixation procedures, storage, and cutting can also affect the results of the
assay and must be standardized. Overall, this method is reliable for supporting translational research
given a precise, step-by-step approach.

Keywords: tumor immune profiling; multiplex immunofluorescence; tyramide signal amplification;
image analysis

Cancers 2020, 12, 255; doi:10.3390/cancers12020255 www.mdpi.com/journal/cancers

http://www.mdpi.com/journal/cancers
http://www.mdpi.com
https://orcid.org/0000-0001-9068-1636
https://orcid.org/0000-0003-4513-6123
https://orcid.org/0000-0001-5926-3460
http://dx.doi.org/10.3390/cancers12020255
http://www.mdpi.com/journal/cancers
https://www.mdpi.com/2072-6694/12/2/255?type=check_update&version=2


Cancers 2020, 12, 255 2 of 16

1. Introduction

In recent years, emerging evidence has revealed the importance of the relationship between the
response to cancer immunotherapy of immune cells in the cancer microenvironment [1–6]. This immune
response against cancer at the cellular level has a clear role in fighting cancer progression and producing
immune resistance. The complexity of studying these cancer tissues demands new systems to allow
the analysis of cell phenotypes in their microenvironment as well as their spatial distribution [7].
Although various sophisticated multiplex immunohistochemistry (IHC) methods are available for
analyzing formalin-fixed, paraffin-embedded (FFPE) material, the current applications have limited
scalability and throughput, because even with high levels of multiplexing, the analysis is limited to
small regions of interests and/or a limited number of fields of view [8] The immune profiling analysis
of tissue samples from FFPE biopsies has become a key tool for understanding the complexity of
tumor immunology and discovering novel predictive biomarkers for cancer immunotherapy. Immune
profiling analysis of tissues requires the evaluation of combined markers, including inflammatory cell
subpopulations and immune checkpoints, in the tumor microenvironment [9].

Multiplex immunofluorescence (IF) methods to simultaneously detect different types of molecules
have been revolutionizing IHC in recent years [10], as they can identify multiple biological markers on
a single tissue sample [7]. With this technique, individual cells can be assessed with extraordinary
fidelity according to the antibodies included in the panel, almost equal to the fidelity of assessment
seen in the bulk population, such that even rare cell populations can be studied. This technology
therefore has an important role in translational oncology research [11–15]. Thus, multiplexed IF can
help characterize the topography of immune cells in cancer in detail, including the relative localizations
and interactions of marker expression on cancer cells, immune cells, stromal cells, and endothelial
cells, furthering our understanding of the disease [8,16]. This approach can reproducibly quantify
multiple protein levels and functional activities in intact tissue specimens. It might also be applicable
to not only cancer but also other diseases, and it is well suited for prognostication at early stages of
pathogenesis, when key signaling protein levels and activities are perturbed [17].

The most important sources of samples for ongoing patient care and for translational studies
using these technologies are still, in most cases, archival paraffin blocks of tissue collections and,
in recent years, small biopsies such as core needle biopsies used in longitudinal studies. Because
the available samples often have been collected using a variety of methods, multiplex IF technique
harmonization is essential to obtain staining varies minimally between different research efforts and is
high-quality, to avoid misinterpretation of the results. In recent years, multiplex IF using a tyramide
signal amplification (TSA) platform arose as a reliable assay capable of assessing several labeled
biomarkers in one sample [18].

Multiplex IF platforms have arisen to detect multiple biological markers on a single tissue sample
or an ensemble of different tissue samples [7]. Multiplex IF is important to translational oncology
research because this technique can easily assess individual cells according to the antibodies included in
the panel and can be used to discover rare cells. Among the most popular multiplex IF techniques is the
TSA method, described by Bobrow and colleagues in the 1990s [19,20]. The method is an enzyme-linked
signal amplification that detects and amplifies low copy numbers of proteins present in tissue using
a conventional IHC protocol. In recent years, Akoya/PerkinElmer developed the Opal workflow,
which allows simultaneous staining of multiple biomarkers within a single paraffin tissue section
using TSA methodology that allows the use of antibodies raised in the same species (Supplementary
Figure S1). Different panels (seven or nine markers per panel) can be created and combined to target
specific biomarkers using this technology [14,21], providing a comprehensive system for cancer studies.
However, rigorous steps are needed to obtain reproducible, reliable, and high-quality staining data.

Our Immunoprofiling Laboratory at The University of Texas MD Anderson Cancer Center is
currently working with this technique and has had the opportunity, during 2015 through 2018,
to stain and analyze 4142 samples, using different panels for immune profiling of paraffin tissues.
We have analyzed over 20,000 regions of interest (ROIs), as well as staining slides for panel design
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and optimization and validation of antibodies by single chromogenic IHC, single IF, and multiplex
IF (Supplementary Table S1). On the basis of our experience, this review will describe the minimal
conditions for biomarker validation, tissue staining preparation, staining, scanning, ROI selection,
and analysis to obtain consistent results using the multiplex IF TSA platform (Figure 1). Common
problems that we observed in these different steps will be discussed, and recommendations will be
proposed to improve the quality of each step, increasing the potential use of this assay for future
applications in cancer immunotherapy, biomarker discovery, and precision medicine.
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Figure 1. Factors that can influence multiplex image staining and analysis. Digital image analysis
platforms can be influenced by factors related to tissue processing and handling, including cutting and
storage. Antibody optimization and validation by immunohistochemistry (IHC), immunofluorescence
(IF), and multiplex IF as well as staining, scanning and analysis procedures must be standardized to
obtain accurate data.

2. New Panel Design of the Study

There are several technical requirements for developing an automated multiplex IF imaging
platform: (1) the ability to quantitate multiple markers in a defined region of interest, (2) rigorous tissue
quality controls, (3) a balanced multiplex assay staining format, and (4) experimental reproducibility [17].
After a platform is developed, creating a new multiplex IF panel for a project requires the selection of
appropriate antibodies. These antibodies should be chosen by a multidisciplinary team, including
pathologists, oncologists, and immunologists, to ensure that the panel will appropriately address the
aims of the project. The new panel needs to be comprehensive and coherent in the cell phenotypes that
will be characterized. The identification of specific cell phenotypes—for example, by combined marker
expression—needs to be defined before antibody validation.

Selecting an antibody for multiplex IF requires an understanding of the protein of interest.
The relevant literature should be thoroughly reviewed [22] using various sources, such as the websites
Biocompare, Antibodypedia, SelectScience, UniProt, and the National Center for Biotechnology
information to understand the roles of the proteins targeted by the antibodies under consideration.
Some antibodies, such as those targeting HER2, estrogen receptor, and progesterone receptor, may be
selected because of their clinical implications, while other antibodies, such as those targeting immune
checkpoint markers [23], may be selected to answer specific scientific or research questions. Antibodies
vary in their known validity and reliability: some antibodies are well known in the literature with
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recognized high quality performance; some are well known for their use in alternative species or
unverified tissues; and some are unknown, with inconsistent or no literature evidence [24,25].

An antibody’s clonality must also be considered. Polyclonal antibodies bind to different epitopes
on the same protein and are obtained from experimental animals through repetitive stimulation of
the antigen. These antibodies can enhance the IHC signal, when compared to monoclonal antibodies,
but may have higher background and lot-to-lot variability. On the other hand, monoclonal antibodies
bind only to a single epitope and are obtained through hybridoma technology. These antibodies have
more specificity and lower background and lot-to-lot variability. Recombinant antibodies, produced
by recombinant DNA technology, should also be considered. Each of these types of antibodies has
advantages and disadvantages that need to be considered during the optimization and validation of a
new multiplex IF panel (Table 1).

Table 1. Antibody properties and comparisons.

Properties Monoclonal Antibody Polyclonal Antibody Recombinant Antibody

Epitope selectivity
Generated by a single B-cell line
and thus recognize only a single
epitope of a protein of interest

Mixture of antibodies that all
recognize different epitopes

of the protein of interest

Antibodies created to
recognize a specific epitope

of a protein of interest

Source Mouse or rabbit
Variety of species including
mouse, rabbit, goat, sheep,

and donkey

Entirely animal-free
production process

Reproducibility More reproducible generated
immortal B-cell hybridomas

Prone to batch-to-batch
variability (produced from

animal sera)

High reproducibility and
guaranteed continuity of
availability without any
dependence on animal

immunization

Cross-reactivity
Less likely to cross-react with

other proteins and lower
background staining

May contain non-specific
antibodies and background

staining
No background staining

Specificity/sensitivity

Highly specific owing to single
target epitope but less sensitive
because often unable to detect

masked antigen

More sensitive owing to
targeting of multiple

epitopes of an antigen but
less specific than monoclonal

antibodies

Highly specific and sensitive

Challenges

More challenging to work with
when looking at low-abundance

proteins or proteins with high
variability

Poor choice for long-running
studies

Last resort owing to higher
cost

3. Tissue Control Selection

Selection of positive and negative tissue controls for antibody optimization, as well as cell line
pellets and controls with different levels of expression [23,26,27], are essential for specific antibody
validation. For research antibodies that are not yet well understood, a Western blot [23] assay in positive
and negative cell lines [28] can help corroborate the specificity of the antibody. Although sometimes
antibodies that are suitable for FFPE tissues are not suitable for Western blot analysis and vice versa,
having Western blot results can provide more confidence in the specific of the antibodies, as seen with
Programed Death Ligand 1 (PD-L1) optimization and validation (Supplementary Figure S2). The cellular
location and pattern of the expression (e.g., nuclear, dot-like, diffuse cytoplasmic, or complete or partial
membrane staining) [29] should be identified during the optimization process to confirm that the
antibody is working perfectly, and this information must be documented for unknown antibodies.
Online resources such as The Human Protein Atlas can be used for comparison of optimization results.

4. Antibody Optimization and Validation

The optimization and validation of antibodies for multiplex IF panels can begin with optimization
by chromogenic IHC, for example with the different clones of PD-L1 marker (Supplementary Figure S2).
Alternatively, depending on the experimenter’s confidence and experience with the IF protocols and
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targets of interest, antibody optimization and validation using only IF is acceptable [30]. For antibody
optimization, several steps need to be considered, including clone selection, and cellular expression
and pattern of expression, to achieve higher specificity with minimal or no background along with
reproducible and reliable results for pre-analytical, analytical, and post-analytical validation [28,31].

4.1. Uniplex IF Antibody Optimization

After the necessary optimization of each individual antibody, including dilution, incubation times,
and blocking, to determine the optimal conditions using IHC, antibody optimization should also be
performed using IF and the TSA system to create individual protocols that will provide equivalent
results between chromogenic IHC and IF in the same positive and negative tissue controls, disclosing
any discrepancy or background staining [23]. The antibody dilution in most cases will be the same in
IF as in IHC, but the fluorophore for each antibody needs to be carefully studied and chosen to start
the process of antibody optimization by IF. In general, antibodies with relatively strong expression
or with high dilution in IHC with low fluorophore intensity represent an easy starting point in this
step. Each antibody needs to be tested with a fluorophore. According to our experience, the starting
incubation time for any antibody is 30 min, and the starting dilution of the fluorophore conjugated
to the antibody can be 1:100. These two parameters need to be tested separately to obtain similar
dynamic ranges between the antibodies and their fluorophores. The ideal dynamic range of antibody
fluorescence capture expression is between 50 nm and 150 nm using the Vectra/Polaris scanning
system (Akoya/PerkinElmer), which means approximately 10 to 30 counts of fluorescence expression
of each antibody using the inForm software (Akoya/PerkinElmer). The variation of this dynamic range
needs to be optimized for each antibody conjugated with its fluorophore to ensure similar thresholds
of expression for all selected markers. The use of tissue controls, such as reactive human tonsils,
that reflect an exact cell subpopulation distribution is important, and we highly recommend using a
set of cases from the desired primary tumor to set up the final thresholds of the antibodies and the
dynamic ranges of their fluorophore expression (Figure 2).  
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4.2. Multiplex IF Optimization

The last and most crucial step for a new multiplex IF panel is to combine all the antibodies
previously tested in a new multiplex protocol. Such a multiplex protocol essentially consolidates the
uniplex IF protocols in a unique protocol that allows all the antibodies to be used in a specific order to
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obtain similar patterns to those observed in the uniplex IF staining (Figure 2). However, as there is
no specific order for the different antibodies, since the order of the antibodies must be determined
by the experimenter, we recommend starting the process with the antibodies that have the lowest
concentrations or strongest expression, as observed in the uniplex IF protocols, and ending with the
antibodies that have the highest concentrations or the lowest expression to avoid the umbrella effect.
A checklist of all the steps and modifications made during the different multiplex staining tests will help
track or identify possible errors during the different multiplex staining tests. As described for the uniplex
IF protocols, similar dynamic ranges of each antibody’s expression should be maintained to balance
all the markers in the panels with the same intensity of expression. During the multiplex staining,
positive controls should be included as described above. To exclude endogenous and exogenous
autofluorescence during the image analysis, the same type of tissues can be stained in parallel: with all
the antibodies but no fluorophores, all the fluorophores but no antibodies, or without antibodies or
fluorophores. Antigen retrieval also requires optimization and endogenous horseradish peroxidase
quenching, all while ensuring complete antibody stripping and tissue integrity. In addition, properly
balanced horseradish peroxidase is required to prevent TSA dimer formation, typically through
titration of primary antibodies, although the dimer formation can also be reduced through titration
of the secondary antibody [21]. Overall, when all these steps are followed carefully, this method is
reliable and yields results that can be compared with those of uniplex IF or individual IHC antibody
staining as well as other multiplex methodologies [32].

4.3. Staining Interferences

Cross-talking reactions between fluorophores is the most common interference that we have
observed during the optimization of a panel. This interference can occur between fluorophores
with similar wavelengths when one signal appears in the channel for a neighboring signal, leading
to false-positives. Corrective actions include changing the position of the antibodies that produce
the interference and increasing the time of the antigen retrieval related to the antibody causing
the interference.

Another type of staining artifact occurs because TSA reagents covalently bind to sites surrounding
the antigen, and the reagents can inhibit the binding of a subsequent primary antibody through steric
hindrance, a situation known as blocking or an umbrella effect. In general, this situation occurs when
multiple markers reside in a single cell compartment, such as CD3+, CD8+, and CD4+ lymphocyte
membrane markers, when the tyramide from a preceding marker is deposited in the same compartment
and blocks the following antigen. This phenomenon is easily detected during the optimization process
through comparison with chromogenic IHC or uniplex IF using the same markers and can be corrected
by increasing the primary antibody concentrations, reducing TSA fluorophore concentrations, and/or
changing the order of targets in the panel. A useful approach when a staining artifact persists is to
determine which antibody or fluorophore is causing the interference or blocking using the drop-control
method described by Surace and colleagues [9].

5. Spectral Library

In parallel to antibody optimization, creation of a spectral library is necessary to detect the
correct spectra excitation from each fluorophore in the multiplex IF-stained slide and avoid overlap
between fluorophore excitation ranges during the analysis. Every pixel should be classified as a linear
combination of spectra using a library as a reference of intensity spectra known to constitute an image
(Supplementary Figure S3). In this way, the percentage of each intensity basis spectrum contributing to
each pixel can be determined [33]. To generate an appropriate spectral library, uniplex IF staining needs
to be performed with each fluorophore used in the panels with a primary antibody (e.g., a cytokeratin,
vimentin, CD3, or CD20) without 4′,6-diamidino-2-phenylindole (DAPI) and with similar dynamic
ranges, as described for the uniplex IF staining.
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6. Pre-Analytical Interference

To avoid pre-analytical variability, the laboratory must standardize variables related to handling
of the tissue and use a standard operational procedure for collection of samples and cutting. Between
tissue removal and the initiation of fixation, tissue samples undergo ischemia time, meaning time
without oxygen supply. During this period, the tissue suffers degradation of proteins, RNA, and DNA;
activation of enzymes; and autolysis [34]. Therefore, variations in ischemia time can crucially affect
IHC and multiplex IF staining (Supplementary Figure S4). Numerous reports have shown alterations
in the results of estrogen receptor, progesterone receptor, HER2, procaspase, active caspase, and Ki-67
IHC due to variable ischemic times [35–37]. Although the American Society of Clinical Oncology
and College of American Pathologists have developed guidelines for handling of tissues for estrogen
receptor, progesterone receptor, and HER2 detection in breast cancer patients [38], such guidelines are
not available for handling of other surgical specimens or biomarkers.

Other tissue handling practices that can make a difference in the quality of multiplex IF staining
include fixing tissue as quickly as possible after resection (within less than 20 min is prudent),
recommended overall sample dimensions (a suitable maximum for good fixation is 1.5 × 1.5 × 0.4 cm),
an adequate volume of fixative (10–20 times the volume of the tissues for immersion fixation),
and adequate time of fixation (6–18 h for small biopsy specimens as core needle biopsies and 24 h
for standard samples as whole section samples approximately 1 × 1 cm.). The fixation process is
another critical step in the pre-analytical validation that can interfere in the staining results. The most
popular fixative used in histopathology laboratories is 10% neutral-buffered formalin, comprising 4%
paraformaldehyde solution buffered to a neutral pH, in part because of its low cost and easy preparation.
However, the formalin fixation process can be influenced by temperature, time, penetration rate,
specimen dimension, volume ratio, pH of the buffer, and osmolality, it is a controllable step. Formalin
fixation creates cross-links with peptides in the tissue by formation of hydroxymethyl groups on reactive
amino acid side chains and preserves tissue morphologic characteristics with very few alterations.
In addition, the duration of the formalin process can mask or damage some antibody-binding sites,
decreasing antigenicity, but some antigen retrieval methods or amplification systems can help the link
the antibodies with their epitopes [34,35]. Although there is a lack of available guidelines to establish a
standard practice across pathology laboratories in general, we recommend following the basic rules
suggested above to obtain good staining results.

Biomarker tests that will be used in tissues that undergo additional procedures before the fixation
process, such as decalcification, present additional challenges, such as the need for more additional
tests of the antibody of interest in this type of tissues to obtain similar results as tissues without
decalcification procedures. In this situation, the panel needs to be re-optimized using decalcified
tissue [31]. However, it is a challenge to find decalcified tissue with the right positive control, especially
if the antibody is not expressed at higher frequencies or higher levels.

Finally, on the basis of our experience, we recommend a tissue section thickness of 3 to 4 µm for
multiplex IF staining to minimize the geographic cellular distribution of the markers and to avoid cell
overlap during the analysis in the same sample. An experienced technician is needed to avoid rips and
folds of the tissue and to maintain similar tissue orientation across sequential slides. Although we can
control the cutting procedure, most of the time we cannot control the collecting and storage conditions,
so quality control of the pathology samples that are processed in multiplex IF needs to be established
to avoid poor-quality staining and results.

7. Tissue Quality Components

We have noticed that in translational research, there is more demand for performance of this type
of multiplex IF staining in small biopsies than in whole sections and we are frequently challenged to
perform immune profiling on relatively scant samples. However, larger tumor samples do not present
many problems with staining or evaluation because they have abundant material to choose from for
the analysis. Still, we have observed that certain components or characteristics of the samples can
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affected the multiplex IF staining, especially in small biopsies. In our experience, surgical resections
containing abundant fat tissue, as observed in breast cancer samples, can be difficult to stain. In general,
an abundant fat component contributes to detachment of the material during the staining procedure,
probably because the tissue does not have a good support component. Abundant necrotic areas are
always a challenge for staining and analysis procedures, especially when they are between tumor.
In cases with large necrotic areas, as observed in tumors treated with neoadjuvant therapies, the best
option is to exclude those areas as much as possible during the analysis, although the quantity of the
material analyzed may then needs to be evaluated as a limitation of the study. Bone marrow samples
processed using decalcification methods can also be problematic during the staining. Decalcification
procedures can alter the cells and the staining pattern, as mentioned above.

Good staining is more challenging with small biopsies, such as core needle biopsies available in
longitudinal studies. In these biopsies, the presence of fat and necrosis, as well as cartilage or bone,
which can affect the success of the staining depending on their proportions, are more problematic
because of the small amount of the samples (Table 2). Material secreted by tumors, such as mucus,
can interfere with the quality of the staining, limiting the quality of the analysis and the results.
The quantity of the tumor content can also interfere in the analysis, especially in core needle biopsies.
However, there is no specific threshold of tumor content in small biopsies to determine whether
the tissue is adequate for multiplex IF immune profiling. We recommend a threshold greater than
100 malignant cells to minimize the risk of errors in the analysis and interpretation of the samples.
In addition, it is important that the tumor compartment in small biopsies be at least 10% of the entire
biopsy in a minimum sample size of 10 mm × 2 mm to qualify for multiplex IF staining.

Table 2. Recommended baseline sample exclusion criteria for longitudinal studies.

Tissue Characteristic Hematoxylin and Eosin

Size Less than 2 × 2 mm
Fragmentation Multi-fragmentation

Tumor content Non-malignant cells or fewer than 100 malignant cells in the
sample*

Fibrosis Fibrotic tissue without inflammatory cells

Necrosis Necrotic tissue or malignant cells surrounding with necrosis
with any parenchymal sustentation

Previous procedures Decalcification procedures that can alter the quality of the
staining**

Preservation Staining artifact of oxidation/desiccation
Cellular characteristics Crushed cells artifact

Multiplex immunofluorescence

Size (vectra) ‡
Minimum total area of five regions of interest (each

660 × 500 µm, at 20×) or 1.65 mm2 of total area analyzed***

Tumor content Non-malignant cells or fewer than 100 malignant cells in the
total area of analysis

Inflammation Non-inflammatory cells or fewer than 10 cells expressing the
principal marker in the entire area analyzed (e.g., CD3)

Fibrosis/necrosis Exclusion’s criteria when interfere in the analysis.

Tissue/cellular characteristics Several folds, crushed cells, overlapping, or mucinous
tumoral secretion †

* Presence of malignant cells are not necessary in the post-treatment biopsies. ** These cases need specific marker
validation in the panels that are not affected for the decalcification procedures. ‡ The region of interest of a Vectra
Polaris scanner (each 770 × 600 µm, at 20×) is larger than that of a Vectra scanner. *** The analysis of fewer regions of
interest is possible but warrants cautious interpretation of the data. † Each sample needs to be evaluated individually.

The multifragmentation of small samples should also be considered. In this situation, these cases
must be considered individually, and we must determine whether we will be able to obtain enough
representative, quality staining of the material. In our experience, if the fragments of the sample are
approximately 2 mm × 2 mm each or less, success of the staining will be very limited, compromising
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the quality of the results. All these characteristics can be considered as criteria for exclusion for staining
and analysis (Table 2).

8. Pathology Quality Control for Selection of Oncology Samples

To minimize these pre-analytical variables, a pathology quality assessment is a necessary initial
step. Quality assessment of biopsy samples by a well-trained pathologist to determine various
histologic parameters including the dimensions of the sample and the locations of the different cell
types comprising the sample (Figure 3) helps ensure high-quality results from multiplex IF and guides
the use of resources by identifying high-quality samples for multiplex IF. For oncologic samples,
the pathologist must first confirm the diagnosis; in cases with a discordant diagnosis revealed by the
pathologist, a second opinion is needed from a specialist in the tumor type observed to avoid errors in
the analysis, especially for rare tumors. There are currently no guidelines for assessing the quality of
tumor samples for multiplex IF staining. In our experience, sample size, tumor content, and other
characteristics can predict the quality of the staining and analysis. We identify these characteristics as
follows: (1) Using a simple hematoxylin and eosin stain, the tissue is measured for length and width
(Figure 3A), then divided into tumor and non-tumor compartments. (2) The tumor compartment is
then divided into a cellular component and a non-cellular component, including necrosis, mucin, and
fibrin. (3) The cellular component of the tumor compartment is further sub-divided into malignant cells
and non-malignant cells, including inflammatory cells. (4) The number of tissue fragments is recorded
so that representative areas from the entire tumor compartment can be analyzed. (5) The percentage
of inflammatory cells among the non-malignant cells in the tumor compartment, not including any
ulcerated tumor areas, is scored as low (<25%), medium (25–75%), or high (>75%) infiltration to
provide a preliminary characterization of the tumor microenvironment (Figure 3B). This pathology
quality assessment thus helps triage out cases with inadequate malignant cells or abundant cellular and
non-cellular components that could reduce the quality of multiplex IF staining and the interpretation
of the results.
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Figure 3. Microphotographs of hematoxylin and eosin (H&E), multiplex IF, and schematic representation
of tissue quality components in longitudinal studies. (A) Principal measurements on a core needle
biopsy with H&E. (B) Schematic of the same core needle biopsy showing the principal compartments
and inflammatory evaluation during the pathology quality control of the sample. (C) Multiplex IF
microphotograph showing the selection of regions of interest in the same core needle biopsy. H&E and
multiplex IF are at 4×magnification.



Cancers 2020, 12, 255 10 of 16

9. Area Selection for Multiplex IF Analysis

In the field of multiplex IF, the use of scanners represents a major technological advance that
enables the use of multiple sometimes unstable fluorochromes and thus more than seven different
antibodies on the same slide [16]. A Vectra or Vectra Polaris scanner allows extremely precise imaging
in brightfield or fluorescence detection with high resolution by combining multiband filter cubes,
which increase the flexibility of the multispectral camera [39]. Using these scanners, we can analyze
whole-slide images or specific ROIs. Confining the image analysis region to one or more smaller ROIs
is often necessary to create an accurate and computationally viable method for tissue image analysis
(Figure 4) [40]. Because the strategy of the analysis must be specified according to the aims of the study,
the ROIs must be selected at the beginning of the project. The ROI selection methodology, including
whether the analysis was based on an ROI, hot spots, whole-slide images, or a pre-selected sample,
should be described transparently to be reliable and reproducible. Different ROI selection approaches
are subject to different potential errors, which can impact the study design [41]. However, there is no
established guidance on the quantity of tissue from the sample that can be considered representative
for image analysis. In our experience, ROI selection is more challenging in smaller samples, such as
core needle biopsies, because the small area represented by the biopsy limits the possible ROIs that can
be chosen for the analysis. Overall, we recommend selecting the entire tumor area (Figure 3C).  
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Figure 4. Whole-section sample microphotograph of multiplex IF and the different areas that can
be analyzed in this type of material. (A,B) Normal regions. (C) Peritumoral region. (D) Tertiary
lymphoid structures. (E) Tumor region. (F) Aggregate lymphoid region. (G) Schematic of regions
on a whole-section sample. At 4×magnification of the panoramic view and 20×magnification of the
specific regions.

Detection and phenotypic characterization of cells in ROIs require both the scanner system and
image analysis software, such as the inForm software (Akoya/PerkinElmer). Image analysis software
allows automatic analysis of parameters that cannot be accurately discerned by the human eye (e.g., cell
forms, multiple cell phenotype networks, and vascular network) [16]. InForm in particular includes a
user-trainable algorithm for tissue analysis based on morphology as well as specified markers. Training
is usually performed using quick iterations and adjusted until optimal results are obtained. To begin the
analysis of a tissue image using the trainable algorithm when there are multiple ROIs, the tissue can be
divided into compartments using the tissue segmentation tool, by which a training area can be drawn
for each category, e.g., tumor, stroma, or glass. Tumor markers (e.g., cytokeratins, S100, or glial fibrillary
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acidic protein) are used to differentiate the tumor compartment from the stroma compartment when
possible. We can refine the segmentation by adding new training areas to address any miscategorized
tissue (Supplementary Figure S5). The algorithm then analyzes all tissues included in the inclusion
annotation of the ROIs. Areas of disinterest, such as necrosis, tissue artifacts, and staining artifacts,
must be excluded with the disinterest tool [40].

After tissue segmentation, cell segmentation can be performed using DAPI as counterstaining to
phenotype individual cells. For cell segmentation, the algorithm allows us to combine the expression of
different markers according their compartment of expression, such as nucleus, cytoplasm, or membrane,
to more accurately identify each cell. However, we always recommend including a universal membrane
marker (e.g., a cocktail of membrane markers) in the panel to better characterize the cell segmentation
and to optimize the splitting sensitivity and cytoplasmic thickness to achieve perfect cell segmentation
(Supplementary Figure S6).

After cell segmentation, we are ready to add and train the algorithm for cell marker identification
using a phenotyping tool. In general, our approach is working with individual marker expression,
or analyzing mutually exclusive markers (e.g., cytokeratin, CD3, and CD68) in a first run, and then
adding a new marker in each consecutive run of analysis and training sessions to create an
individual algorithm for the different markers (Supplementary Figure S7). However, for cellular
marker identification, the software requires only five examples per marker. For tissue immune profiling
across multiple samples, we have found that at least 30 examples of each cellular marker are necessary
for reliable specific cell identification. This number of examples may involve an initial training with
5-10 examples for each cell marker followed by the addition of more examples of the specific cell
that express the marker to improve cell iteration identification and confidentiality to avoid the cell
background and false positivity. When the training for each marker is complete and saved, we can
apply the algorithm of each marker in a set of cases to carefully verify that the algorithms are working
properly in our samples. The education of the software may be time-consuming, with a phase of
learning or “teaching” [16]. Using this approach, the optical signal from each biomarker in the spectral
unmixing image can be isolated, assessed separately, and quantified [42] to integrate the data at the
end of the process, using R studio software with the phenoptr program (Akoya/PerkinElmer). Finally,
although the software allows automatic batch analysis using the created algorithms in many ROIs
at a time, we generally do not recommend this approach because of the high variability that we see
in marker expression and sample collection (differences in tumor histology, tumor subtypes, and the
need to remove areas of disinterest from each ROI). For quantitative image analysis, the software
needs to be accessible, with easy automated detection capabilities, including tissue segmentation,
compartmentalization of staining (nuclear, membranous, or cytoplasmic), and spatial localization of
cell distribution, which are critical for studying the different markers included in different panels [39].

10. Data Report

The main reason for performing a multiplexed assay is to obtain a tabulated report format with a
high volume of tumor biological information representing multidimensional data on tissue architecture,
co-expression of markers, spatial distribution of multiple cell phenotypes, and identification of rare cell
types [38,43]. For multiplex IF analysis, semiquantitative scoring is usually not appropriate because of
the massive amount of information in a single slide and because the power of multiplex IF platforms is
reflected in the identification of densities of cell phenotypes that can be associated with pathology,
clinical patient information, and prognoses [44,45]. Automated computational pathology platforms
are a promising direction for more objective quantitation of pathology staining [46]. Quantitative
cell density assessment from tissue of multiplexed staining using this technology has the potential to
produce data that are more rigorous and on a continuous scale, allowing for more precise correlations
to clinical or biological data. In quantitative data reporting, the signals on the slide are assumed to be
representative and quantitatively related to the amounts of the different antigens in the sampled section
of tissue, which is in turn related to the absolute amount of the antigen in the tissue as a whole [21].
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The data report can be presented as a ratio, such as the amounts of antigen expression or cell densities
relative to the area in which the targets of interest are expressed, by millimeter squared [21,47]. Another
aspect of the data is spatial analysis (Supplementary Figure S8) based on information such as location,
distance, direction, or topology, as well as classification and neighborhood analysis and clustering,
which assembles objects with similar characteristics and simplifies and enriches the structure of the
data [39,48]. Essentially, a spatial analysis uncovers underlying patterns in the cell data analysis and
can be built on in future research. The images generated by the multiplex IF generally need to be
delivered as a part of the data report to illustrate and to accurately identify the different cell phenotypes
in the different samples (Supplementary Figure S9).

11. Quality Control Assessment and Analytical Validation

The digital pathology image analysis tools applied using software can provide quantitative results
in an automated, high-throughput manner once the trainable algorithm has been optimized for the
application of interest [32]. However, this technique requires proper high quality control of the data.
A key first step for data quality control is the verification of the multiplex stain (both patient tissues
and external positive and negative control tissues) by a pathologist to determine its acceptability
or the need to repeat the stain [21]. During the image analysis process, the algorithm modified for
quantification purposes needs to be carefully verified to ensure that the training of the algorithm
is sufficient to accurately capture the total numbers of cells in the different ROIs during the image
analysis (Supplementary Figures S5–S7). In addition, it is necessary to test whether the algorithm
can identify and differentiate cell expression with an error no greater than 5%. The data need to
be reviewed by a pathologist familiar with the methodology and made consistent and reproducible
across the samples using the trainable image analysis software. Adequate internal positive controls
are the best way to exclude false-negatives, and good internal negative controls are the best way
to rule out false-positives. If the staining of control tissue is low quality, the multiplex IF slides
stained in that run are excluded from analysis. Analytical validation of the different panels also
consolidates the reproducible information generated by the laboratory. Sequential slides should
be stained consecutively for at least two time points and at least 10 cases to ensure reproducibility
and minimal variation to optimize the quantification performance. Data that have undergone these
procedures provide a high-quality main core to build the scientific, technical, and medical knowledge
to improve future understanding.

12. Data Interpretation

Final data interpretation should again involve the expertise of a pathologist but can be performed
by a larger team with specialty expertise in various areas relevant to the objectives of the analysis [40].
Owing to the large amounts of data generated, we advise including a statistician, biostatistician,
or computational mathematician on the team. Once tissue has been analyzed using the selected ROIs,
different levels of information can be retrieved. The expression of different biomarkers of interest can
be accessed at the level of individual cells providing information about which cell types and biological
processes are present on the sample. Furthermore, spatial distributions of different cell populations can
be analyzed to relate the biological activities of these different phenotypes to the morphologic context
of the samples. The continuous variables in the quantitative analysis generated by the multiplex IF
assay can be integrated with clinicopathologic variables to stratify patients according to the multiplex
IF results. Some commercially available algorithm solutions come with data interrogation and plotting
tools to aid in this stratification better data interpretation. Similarly, some image analysis service
providers offer further statistical analysis and expert interpretation of study data as part of the service
package [40]. However, there is no standardized method for setting the cut-off values, although the
median expression level of each biomarker is a commonly selected cut-off, and sometimes tertiles or
quartiles can be analyzed. This lack of standardization sometimes causes inconsistent results between
similar studies. Pathologists should be cautious when comparing different assay data between studies
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and need to standardize the data when possible to avoid inter-observer variation [49,50]. Furthermore,
ensuring inter-site reproducibility [51] is important because the multiplex IF technique has potential
use in clinical scenarios.

13. Conclusions

Multiplex IF TSA platforms have become indispensable tools for pathologists from basic to
translational research for elucidating the pathophysiology of cancer. This type of platform can be a
powerful tool for discovery of biomarkers that eventually lead to personalized medicine. Even though
the multiplex IF procedure has recently been automated, there remain many considerations for
optimizing multiplex IF TSA effectively and interpreting the results appropriately. Optimization of
multiplex IF not only in tissue sections as well as in cell blocks from liquid biopsies, as recently described
by Roy and colleagues [52], is particularly important for newly discovered molecules or pathways in
oncology. The specificity and sensitivity of this technique need to be validated, as does the consistency
of the method to stabilize inter-observer variation and produce more objective interpretation of the
results. The interpretation of multiplex IF data needs to be carefully planned and to involve the
participation of a well-trained multidisciplinary team, including technicians, pathologists, oncologists,
immunologists, informaticians, and biostatisticians.
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