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Multiplex immunofluorescence (mIF) tyramide signal amplification is a new and useful tool for the study of cancer that combines the staining of multiple markers in a single slide. Several technical requirements are important to performing high-quality staining and analysis and to obtaining high internal and external reproducibility of the results. This review manuscript aimed to describe the mIF panel workflow and discuss the challenges and solutions for ensuring that mIF panels have the highest reproducibility possible. Although this platform has shown high flexibility in cancer studies, it presents several challenges in pre-analytic, analytic, and post-analytic evaluation, as well as with external comparisons. Adequate antibody selection, antibody optimization and validation, panel design, staining optimization and validation, analysis strategies, and correct data generation are important for reproducibility and to minimize or identify possible issues during the mIF staining process that sometimes are not completely under our control, such as the tissue fixation process, storage, and cutting procedures.
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INTRODUCTION
Multiplex immunofluorescence (mIF) tyramide signal amplification (TSA) is a new and useful tool for the study of cancer that combines the staining with multispectral imaging analysis technology, allows the design of mIF panels for up to six biomarkers, characterizes the co-expression of markers (cell phenotypes), and quantifies these markers overall with the use of a nuclear counterstain (DAPI) in a single slide (Parra et al., 2019; Francisco-Cruz et al., 2020b). Different mIF panels can be created using this technology to study the tissue microenvironment. The multispectral fluorescence microscope, along with the combined markers and individual fluorophores, is used to create a multispectral image that facilitates the analysis. By incorporating image analysis software, the images generated by the scanners can be easily analyzed and the cellular populations quantified (Parra et al., 2021a). mIF facilitates assessments at the cellular level of different proteins, as well as their spatial arrangement, and thus enables precision medicine in immuno-oncology, translational research, and clinical practice by elucidating the immune response of the human body to diverse tumors and showing differences in the pre- and post-treatment tissue.
Using mIF, it is possible to study the co-expression between markers to identify distinct cell populations and pathways and their relationships in different tissues and in turn to determine their roles in clinical outcomes (Parra, 2021). In that way, targetable biomarker pathways, such as PD-1/PD-L1, can be studied to verify the effect of immune therapies in the tumor microenvironment and their clinical benefit (Velcheti et al., 2014; Schalper et al., 2015; Parra et al., 2018a; Barua et al., 2018). This technology therefore has an important role in translational oncology research (Stauber et al., 2010; Steiner et al., 2014; Sood et al., 2016; Rost et al., 2017; Gorris et al., 2018) and facilitating our understanding of the disease (Blom et al., 2017; Hofman et al., 2019). mIF also has applicability for diseases other than cancer, and it is well suited for prognostication at early stages of pathogenesis, when key signaling protein levels and activities are perturbed (Dejima et al., 2021). On the clinical side, there is high demand to incorporate mIF in a Clinical Laboratory Improvement Amendments (CLIA) certified as an innovative tool for diagnosis and prognosis.
The mIF-TSA workflow starts with antibody selection, optimization, and validation and ends with a digital image analysis (Parra et al., 2020). It is important to refine, standardize, optimize, and validate the end-to-end workflow in mIF to obtain reproducible results to support large-scale multi-site trials and individual principal investigator projects and to enable their possible clinical application.
The reproducibility of results remains the cornerstone of modern science (Hewitt, 2016). Given reproducible results, considering possible technical and human problems, with adequate protocols, each laboratory or institution can proceed in the same direction, using published experiences as a reference. Pre-analytic, analytic, and post-analytic variables that may influence reproducibility, quality, and staining procedure should be considered (Rojo et al., 2009; Okoye and Nnatuanya, 2015; Rudbeck, 2015; Meyerholz and Beck, 2018). Most of the descriptions related to these variables are focused on immunohistochemistry (IHC) on the basis of a study by Engel and others, who recognized more than 60 variables in the pre-analytic stage alone (Engel and Moore, 2011) and some variables which can be considered are pre-fixation, reagent conditions, and slide preparation, but those same variables can also be applied for IF and mIF.
It was recognized over a decade ago that standardization is vital for reproducible and reliable results in IHC (Goldstein et al., 2007). Agencies such as the Biological Stain Commission, Clinical and Laboratory Standards Institute, The U.S. Food and Drug Administration, and the manufacturing sector have established guidelines, standards, and recommendations for reagents and package inserts (Taylor, 1992; Taylor, 1998; Taylor, 1999; Goldstein et al., 2007). Although all of this effort has improved the quality of IHC, most of the causative responsibility rests with the individual laboratory performing the analysis, specifically the lack of standardization and attention to quality assurance programs (Rhodes, 2003; Varma et al., 2004; Goldstein et al., 2007).
CLIA requirements for determining test performance specifications apply to all laboratory tests. All the improvements related to reproducibility can positively affect the CLIA evaluation. For IHC assays, accuracy, analytic sensitivity, and specificity are determined by analytic assay validation, which is theoretically achieved by testing a validation tissue set against a gold standard (Fitzgibbons et al., 2014). In the last year, we saw an increase in the use of this technique but the requirement aspects to be reproducible are not well established between the different centers and research groups. There are also few manuscripts about mIF reproducibility (Akturk et al., 2021; Taube et al., 2021) which have been published; thus, it is important to compare the results directly.
In the present article, we review and describe the difficulties in the reproducibility of the main workflow-related steps of the mIF technique and how to optimize the process.
PRE-ANALYTIC EVALUATION
To develop a reproducible mIF imaging platform, several technical requirements must be met: 1) rigorous tissue quality controls, 2) a balanced multiplex assay staining format, 3) the ability to quantitate multiple markers in a defined region of interest (considering a minimum number of areas selected), and 4) experimental reproducibility, both internally and across different laboratories (Shipitsin et al., 2014).
For all these considerations, the IHC and mIF staining and imaging protocols must be standardized, automated, and validated. Being able to adapt IHC workflows in mIF without extensive re‐optimization saves time and avoids human error, making it useful for translational research and future clinical applications (Tumeh et al., 2014; Giraldo et al., 2018; Tan et al., 2020).
ANTIBODY SELECTION, OPTIMIZATION, AND CONTROLS GUIDING REPRODUCIBILITY
The staining protocol for mIF can begin with the selection of the antibodies and their optimization by IHC or IF according to the experience and confidence of the pathologist, especially when starting with IF instead of IHC (Carvajal-Hausdorf et al., 2015). In that way, the antibody selection for mIF panel design can be considered the first step for developing a panel and needs to be done by a multidisciplinary team, including pathologists, oncologists, and immunologists. Some antibodies can be selected because of their clinical implications, while other antibodies, such as those targeting immune checkpoint markers (Francisco-Cruz et al., 2020a) may be selected to answer specific scientific or research questions. Then, choosing the correct antibody’s clones and their optimization by IHC or IF is crucial to detect specific epitopes. In parallel, the selection of correct controls, negative or positive, is essential to the valid interpretation of the staining (Engel and Moore, 2011), and it is one aspect by which methods can be systematically assessed in consecutive multiplexed assays to confirm reproducibility (Canadian Association of Pathologists-Association canadienne des pathologistes National Standards Committee et al., 2010; Stack et al., 2014). For antibody selection, each antibody’s clonality must be considered regarding its advantages and disadvantages (Table 1). Monoclonal antibodies are often preferred for IHC and IF because of their higher specificity and reproducibility and lower background and lot-to-lot variability. They are usually generated against unique peptides of the target antigen, located in regions that are less affected by formalin fixation. In contrast, polyclonal antibodies bind to different epitopes on the same protein and are obtained from experimental animals through repetitive stimulation of the antigen. Finally, recombinant antibodies, produced by recombinant DNA technology, should also be considered.
TABLE 1 | Advantage and disadvantages of polyclonal and monoclonal antibodies.
[image: Table 1]Another aspect to evaluate is the potential impact of antibody sensitivity and specificity during the optimization process considering the antibodies must be verified by the user (Taylor, 1999). Besides, in the optimization process, staining intensity can be modified according to the results of a pre-analytic study, which may be affected by methodological variables such as tissue fixation, antibody specificity and dilution, antigen retrieval duration and type, and detection systems (Ng et al., 2018). For this reason, it is crucial to compare samples using external or internal control. While cell lines are useful for testing individual markers and defining their expression level, they are not completely appropriate to use as positive controls; the most rigorous are tissue controls (Hewitt et al., 2014), which can contain multiple proteins, unlike pure cell line preparations. In addition, negative controls are used to demonstrate that the reaction visualized is a result of the interaction of the epitope of the target molecule and the paratope of the antibody or affinity reagent, demonstrating the specificity of the antibody (Hewitt et al., 2014) during the run staining. Although antibodies must be prepared according to the vendors’ instructions, the experience of laboratory members, under pathologist supervision, is important to determine optimal staining conditions and correct marker expression as part of quality control Figure 1). In this regard, the primary antibody should be titrated to an appropriate concentration that retains the specificity of the stain while removing any background signal or non-specific staining of the tissue. Antibodies that are prepared at a too high concentration can result in off-target staining (Anagnostou et al., 2010; Toki et al., 2017); an optimal concentration results in better accuracy and reproducibility (Toki et al., 2017; Taube et al., 2020). The adequate expression must be tested because some markers are able to stain more than one compartment of cells or other types of cells (e.g., PD-L1 could have cytoplasmic expression, but only membrane expression is considered positive staining, and it could be expressed in inflammatory cells besides the malignant cells) (Parra and Hernández Ruiz, 2021a) (Figure 2).
[image: Figure 1]FIGURE 1 | One of the most important steps in obtaining reproducibility in mIF is evaluating antibodies in IHC. Different factors must be considered to provide the best results; studies of tissue controls, TMAs, or cell lines are needed to analyze the staining of each marker using vendors’ instructions or via corroboration by other methods, such as Western blot analysis. The pre-analytical process can also affect the marker expression results; all of these factors together are part of IHC reproducibility.
[image: Figure 2]FIGURE 2 | Picture (A) shows a positive membrane staining in PD-L1 in clear renal cell carcinoma. Picture (B) expresses cytoplasmic staining that is not considered positive in the evaluation. C and D are false positive because both are expressing the marker in inflammatory cells or macrophages.
STRATEGIES FOR ANTIBODY VALIDATION
One of the key factors for mIF panel reproducibility is to use antibodies that have been thoroughly optimized and validated for their application in research studies or for clinical applications. After antibody optimization by IHC or IF in control tissues, a good practice is applying those antibodies in a set of different tissues and organs including different common cancer types contained in tissue microarrays (TMAs) for quantitative measurement and antibody testing and validation. Although the construction of TMAs is often expensive for some laboratories (Taube et al., 2020), it is highly recommended to test the antibodies that will be integrated with an mIF panel in at least a set of cases for validation purposes, as a minimum requirement (Parra et al., 2017). The International Working Group for Antibody Validation proposed in total five different “pillars” to use for antibody validation with 1) genetic, 2) orthogonal, 3) independent antibody strategies, 4) expression of tagged proteins, and 5) immunocapture followed by mass spectrometry. It is recommended to consider at least one of these pillars as a minimum criterion for claiming that a selected protein has been adequately valid for a particular application (Uhlen et al., 2016). The most common and mainstay strategies are the orthogonal and the independent antibody strategy (Sivertsson et al., 2020). In the case of orthogonal validation (the most common), for an mIF panel validation, we use a non-antibody-based method to identify any effects or artifacts that are directly related to the antibody or panel in question (Sivertsson et al., 2020). Depending on the antibodies targeted in a panel, non-antibody-based methods can include mining previously published results. Overall, it is possible studying expression analysis via genomics, transcriptomics, and proteomics techniques; or employing other established antibody-independent methods such as in situ hybridization or RNA sequencing. This strategy can also be used to ensure that any antibody validation performed in-house uses the most relevant biological models for the targets of interest. Although immunostaining techniques that are established in a lab, such as Western blot (Parra et al., 2018b), in positive and negative cell lines (Bordeaux et al., 2010) for research antibodies, can help provide a quick visual indication of antibody specificity (Parra et al., 2020; Parra and Hernández Ruiz, 2021b), it is always important and recommended that the antibody’s data generated be supported by orthogonal testing. One way of achieving this is to mine publicly available databases (e.g., CCLE, BioGPS, Human Protein Atlas, DepMap Portal, COSMIC) for genomic and transcriptomic profiling information to clarify whether observed immunostaining results are relevant or are instead due to antibody-related artifacts (Cell Signaling, 2019; Ghandi et al., 2019; Broad Institute, 2021; COSMIC, 2021; The Human Protein Atlas, 2021).
About the independent antibody strategy, this is characterized by the use of independent antibodies, defined as a similar expression pattern determined by an independent antibody targeting a non-overlapping region of the similar protein (Sivertsson et al., 2020). Two or more independent antibodies that acknowledge a similar target may be used to assess antibody specificity in a range of assays. This approach requires that the expression patterns generated by the two antibodies correlate within a given application environment, which means that the two antibodies are able to bind to totally different regions of the protein and thus have different epitopes, minimizing the likelihood of off-target binding to a similar unrelated protein (Uhlen et al., 2016). Although diverse techniques can be used for antibody validation according to the necessities of the studies as described above, it is important to consider, when choosing one, its advantages and disadvantages, which are described in Table 2
TABLE 2 | Strategies and methods for antibody/multiplex immunofluorescence panel validation.
[image: Table 2]MIF OPTIMIZATION AND CONTROL SELECTION
mIF panel development is essentially the consolidation of a single IF protocol in a multiplex protocol (Taube et al., 2020); it should ideally be performed using tissues with a full range of known expression patterns for the targets of interest, using the same positive and negative controls as described above for antibody optimization and validation. Careful project design is mandatory, as well as choosing correct, reliable, and very well optimized antibodies to create a panel; other important variables for optimizing results include fresh tissue sections and regular or thin tissue slices (maximum, 4 µm) and adequately charged slides to avoid tissue detachment. It is important to use very well-known control tissues during each run of staining to detect possible errors in the mIF panel; for example, human reactive tonsil is frequently used during mIF optimization because we know the exact distribution of its different cell populations (Parra et al., 2017). Although it has been demonstrated that we can design panels containing up to eight antibody targets (Parra et al., 2021b), the complexity of handling will increase with the number of markers introduced in a panel. For the pre-analytical step, it is also necessary to consider individual marker signals; the subcellular location of the targets’ expression (nuclear, membrane, and cytoplasmic); optimization of antigen retrieval conditions (pH and temperature); reagent titration (e.g., primary antibody, secondary antibody, and fluorophores); incubation conditions (time and temperature); and blocking of non-specific binding, following similar rigor to that described in the antibody validation.
Besides the factors mentioned before, two important aspects remain. First, because TSA reagents covalently bind to sites surrounding the antigen, they can potentially inhibit the binding of a subsequent primary antibody through steric hindrance. This phenomenon is considered an umbrella effect and tends to occur in situations where multiple markers reside in a single cell compartment, such as a CD3+ CD8+ PD-1+ T cell, where all three markers are expressed on the cell membrane. It is conceivable that if CD3 and/or CD8 comes before PD-1 in the panel, sufficient tyramide could be deposited to block the PD-1 antigen. If present, this phenomenon might also be diagnosed when the evaluation to singleplex IHC/IF is performed. A useful strategy to determine antibody/fluorophore interference or blocking is the drop controls method to find which one is causing the interference (Surace et al., 2019). To correct this situation, we can increase the primary antibody concentration(s), reduce TSA fluorophore concentration(s), and/or change the order of targets in the panel (Taube et al., 2020).
The second aspect to consider is crosstalk, which is an additional signal from the non-target fluorophore captured by the microscopic system (60, (Arppe et al., 2017). There are commonly recommended practices to cut back this effect; for example, crosstalk is often considerably reduced by choosing fluorophores whose excitation and emission spectra match those of the corresponding channels but minimally overlap those of non-corresponding ones. Alternatively, optimizing the filters of imaging channels, such as the adoption of excitation and emission filters with narrower bandwidths, can very effectively alleviate the crosstalk, although the signal strength might be sacrificed (Tie and Lu, 2020).
MULTISPECTRAL LIBRARY AND OPTICAL DETECTION
Multispectral libraries and their optical detection play an important role in determining the correct extraction of the photophore’s signal according to their fluorescence wavelength. Exposure times need to be set up carefully to maintain a balance of the signal intensity across markers in the panel (Parra et al., 2020). Because we are working with multispectral imaging, additional considerations required for capturing the images include the generation of a spectral library, which will facilitate the discrimination and capture of the individual fluorescence signal using the correct spectra from each fluorophore (Francisco-Cruz et al., 2020b; Parra et al., 2021b; Viratham Pulsawatdi et al., 2020). The creation of the spectral library with a single stained sample for each individual fluorophore corresponding primary antibody will be important for the signal extraction (Figure 3). Also recommended for signal extraction is a marker with a highly prevalent antigen such as CD20, anti-sodium potassium ATPase, or vimentin, as well as rechecking this spectral library regularly depending on whether the scanner system uses a fluorescence bulb or LED light sources for the excitation. Finally, it is important that the signal extraction is from exogenous and endogenous autofluorescence in this methodology (Francisco-Cruz et al., 2020b). Other components in the scanner systems used for acquiring the images that must be considered when choosing the scanner system are multispectral range, fluorescence throughput, automation, and multiplexing capability, among others, to obtain high-quality images (Table 3).
[image: Figure 3]FIGURE 3 | Spectral library creation with the different fluorophores from the Opal-9 kit. Opal 480, Opal 520, Opal 540, Opal 570, Opal 620, Opal 650, and Opal 690, Opal 780, and DAPI were stained, optimized, and validated until we obtained similar dynamic ranges and specific wave peaks as is possible to see in this picture.
TABLE 3 | Differences scanners used for multiplex analysis.
[image: Table 3]PANEL VALIDATION
The final validation of the mIF panel requires the performance of intra-site and inter-site reproducibility studies prior to clinical use (Taube et al., 2020). At this point, the same TMA as used in the antibody validation is an optimal material for validation purposes. The experience with IHC is diverse, according to the marker, without a universal consensus, because each marker is different; in mIF, this knowledge is still being developed. Although automated staining can give us high reproducibility and is recommended for mIF staining, manual staining can be considered to process small quantities of slides at the same time to avoid errors and antibody variability caused by manual manipulation (Parra et al., 2017). Finally, similar strategies as mentioned for antibody validation can be applied for panel validation.
ANALYTIC EVALUATION
Diverse factors could affect the pre-analytical step, as mentioned previously; reagents, autostainer performance, section thickness variation, scanner performance, and change in quality and quantity of the cells between serial sections can influence the mIF analysis (Lee et al., 2020). For an IHC or mIF assay to be considered validated, at a minimum, it must be demonstrated to be accurate and precise, as well as reproducible from an analytic perspective and on pathologist interpretation (Taube et al., 2020).
Marker evaluation is a key aspect of reproducibility. Markers with abundant and specific cell expression, such as CD3, are easy to evaluate and will probably be consistent across serial sections when the expression is evaluated. For markers with variable geographic distribution across tissues and variable tumoral expression, such as PD-L1, reproducibility will be more challenging across serial sections (Parra et al., 2018b). To determine the reproducibility of markers in the mIF panel, we must consider that a group of markers is being evaluated and that those markers have specific cell phenotypes (marker co-expression) across different sections, according to the abundance of specific cell phenotypes (Lee et al., 2020). Marker reproducibility studies are easier in IHC compared with mIF because the evaluation is performed one by one; in mIF, it is harder to evaluate an entire panel using only one method, so the variability is related to the number of markers and their expression is extensive when specific phenotypes are evaluated.
Another drawback for mIF is high inter‐observer variability for the same marker (Gerdes et al., 1984; Vincent-Salomon et al., 2007; Mohammed et al., 2012; Munzone et al., 2012; Cheng et al., 2015; Matsumoto et al., 2015). For instance, Ki‐67 is a widely endorsed marker for a range of cancers Tumeh et al. (2014), but an issue has been raised concerning the reproducibility of IHC for Ki‐67 and the implications of variability in clinical decision-making (Curigliano et al., 2017). Multiple research groups have demonstrated that inter‐observer variability can be negated using digital analysis (Tan et al., 2020). There are different ideas as to the causes of between-pathologist variation; it may be the result of differences in each pathologist’s clinical experience and technological competence (Barnes et al., 2017). In this case, the best approach may be to create a protocol of interpretation, with a consensus across all the groups. It will be useful to perform an objective analysis of each marker, or at least most markers. Having clear examples of false positives or false negatives can also be fundamental.
The selection of representative regions (hot spots) to score, cellular expression or intensity thresholding, binning, overall positive and negative slide rating, and cut-offs are additional challenges to consider in the post-analytic study.
While training and various quality systems have increased pathologists’ scoring repeatability, reproducibility, and accuracy, there is still significant room for improvement (Terrenato et al., 2013; Lin and Chen, 2014; Nielsen, 2015), and the same challenges can arise even in image analysis (Barnes et al., 2017), especially when different laboratories use different image analysis systems. Although computational quantitation using digital image analysis algorithms may improve reader precision performance (Rexhepaj et al., 2008; Ghaznavi et al., 2013; Barnes et al., 2017), it is important to harmonize those systems between laboratories and create protocols to make the data more reproducible.
In digital analyses, the pathologist evaluates a digital image of the glass slide on a computer monitor and uses a computational algorithm to provide a result. The reader selects representative fields of view or regions of interest (ROIs) of the tumor that the algorithm analyzes to yield a score that is intended to represent the whole tumor (Barnes et al., 2017).
As tumors often harbor substantial cellular and spatial heterogeneity, it is essential to perform high-resolution multiplexed analysis across entire tumor sections. Other factors must also be considered when determining whether to select representative ROIs or the entire tissue. Analyzing the entire tumor can be time- and resource-consuming, so it is best is to select areas that are representative of the tumor’s heterogeneity. The analysis of small ROIs or small tissue areas generates important variations and errors in the assessment of tumor and immune markers in cancer (Hofman et al., 2019). Other tumor types may have a higher degree of molecular heterogeneity, which may contribute to outcome (Rizzardi et al., 2016); analyzing a minimum area according to the complexity of each case is the most reasonable solution, but it is also important to have consensus between groups.
Given all of these challenges, laboratories that use mIF should standardize a minimum ROI or tissue area for analysis to generate accurate and reproducible results, considering the bibliographic data already available. The criteria to select areas of analysis should be compared in select representative areas, using the same method for evaluating each marker. In addition, although the algorithm can be locked, it will not always fit all the tumors; thus, it is possible to use an algorithm model as a base and make small changes according to the heterogeneity or type of tumor.
As each sample is complex, it is necessary to determine what factors should be excluded from the analysis (such as necrotic areas, hemorrhagic areas, non-preserved areas, unsatisfactory samples) and to standardize the reasons for exclusion to identify those that are unsatisfactory for mIF; in this way, only the cases without these considerations will be analyzed. The fewer the confusing factors are involved in the results, the easier it will be to standardize the workflow; each analysis could have less interobserver variability.
POST-ANALYTIC EVALUATION
After the pre-analytic and analytic evaluations, it is important to consider inside and outside evaluations. On the basis of our experience with IHC, although internal quality control procedures address daily reproducibility and are fundamental for monitoring performance in individual laboratories, external quality assessment is necessary to compare results from many laboratories by means of an external agency. This step allows the identification of insufficient stains and inappropriate protocols, as well as the identification of possible issues with interpretation (Vyberg et al., 2005; Copete et al., 2011). An external evaluation can provide an objective evaluation of staining results from many laboratories for a given epitope or biomarker, identify the best practice protocols to obtain optimal results, and systematically identify causes of insufficient results (Nielsen, 2015). A similar evaluation is expected to be performed for mIF panels.
Some of the challenges in the pre-analytical and analytical steps have included standardizing the post-analytic component of mIF quantitation, including the interpretation approach, representative region (hot spot) selection, cellular expression, intensity thresholding, and cut-offs. While training and quality systems have increased pathologists’ scoring repeatability, reproducibility, and accuracy, there is still significant room for improvement (Barnes et al., 2017). The experiences of different institutions should be combined in a common effort to standardize tissue scoring.
The final device design and configuration should be verified, including accuracy, technical sensitivity, and specificity and precision (i.e., intra-assay run, inter-assay run, inter-lot variability, inter-reader variability, and inter-instrumentation variability). External analytical validation studies should then be performed to document reproducibility (Figure 4).
[image: Figure 4]FIGURE 4 | Post-analytic reproducibility study. It is possible to address the flow of post-analytic studies that compare results between two or more sites. Each site can have different observers, and each can analyze slides or projects more than one time using image analysis. This algorithm makes it possible to find variability between laboratories. This workflow is useful for IHC/mIF and other techniques, improving the quality of the final results. It is highly recommended to publish the results and findings.
Several published reports have described mIF optimization panel methods for solid tumors, but few are fully automated or reproducible for large numbers of samples (Lee et al., 2020) or between multiple institutions. One study described a collaboration between six institutions to develop an automated six-plex assay that is focused on the PD-1/PD-L1 axis and assesses inter- and intra-site reproducibility, on the basis of the percentage of expression by immune cells, in serial sections of tonsils and a lung cancer TMA. This approach improved the reproducibility of PD-L1 and immune cells (Hoyt et al., 2019).
It is necessary to create groups or committees that include experts in mIF from different institutions to generate guidelines and recommendations for staining, optimization, and validation procedures for mIF technology that can help to harmonize this assay across different research laboratories and standardize its clinical application (Table 4). Finally, the goal is to establish only one protocol for all of the institutions that use this technology, making it possible to identify issues even when each lab has its own differences in the items related to pre-analytical and analytical evaluation; however, these differences must not be an excuse to not improve internal protocols or to justify incorrect results.
TABLE 4 | Stages, challenge, and possible solutions for the best reproducibility of multiplex immunofluorescence panel.
[image: Table 4]CONCLUSIONS
Reproducibility must be evaluated at each step of the process. Small mistakes could have a large impact on the final results and on reproducibility within and between laboratories. The use of standardized protocols is a good approach to avoid wrong results, poor workflow, or whatever issue could affect the quality and results.
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