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SHORT ABSTRACT:
A detailed protocol for a six-marker multiplex immunofluorescence panel is optimized and performed, using an automated stainer for more consistent results and a shorter procedure time. This approach can be directly adapted by any laboratory for immuno-oncology studies.

LONG ABSTRACT:
[bookmark: _GoBack]Continued developments in immuno-oncology require an increased understanding of the mechanisms of cancer immunology. The immunoprofiling analysis of tissue samples from formalin-fixed, paraffin-embedded (FFPE) biopsies has become a key tool for understanding the complexity of tumor immunology and discovering novel predictive biomarkers for cancer immunotherapy. Immunoprofiling analysis of tissues requires the evaluation of combined markers, including inflammatory cell subpopulations and immune checkpoints, in the tumor microenvironment. The advent of novel multiplex immunohistochemical methods allows for a more efficient multiparametric analysis of single tissue sections than does standard monoplex immunohistochemistry (IHC). One commercially available multiplex immunofluorescence (IF) method is based on tyramide-signal amplification and, combined with multispectral microscopic analysis, allows for a better signal separation of diverse markers in tissue. This methodology is compatible with the use of unconjugated primary antibodies that have been optimized for standard IHC on FFPE tissue samples. Herein we describe in detail an automated protocol that allows multiplex IF labeling of carcinoma tissue samples with a six-marker multiplex antibody panel comprising PD-L1, PD-1, CD68, CD8, Ki-67, and AE1/AE3 cytokeratins with 4′,6-diamidino-2-phenylindole as a nuclear cell counterstain. The multiplex panel protocol is optimized in an automated IHC stainer for a staining time that is shorter than that of the manual protocol and can be directly applied and adapted by any laboratory investigator for immuno-oncology studies on human FFPE tissue samples. Also described are several controls and tools, including a drop-control method for fine quality control of a new multiplex IF panel, that are useful for the optimization and validation of the technique.
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INTRODUCTION:
Immunoprofiling analysis of FFPE tumor tissue samples has become an essential component of immuno-oncology studies, particularly for the discovery and validation of novel predictive biomarkers for cancer immunotherapy in the context of clinical trials1,2. Chromogenic IHC, using chemical chromogens such as diaminobenzidine, remains the standard technique in diagnostic pathology for the immunolabeling of biopsy tissue3. Standard IHC can also be used for cancer tissue immunoprofiling, including the quantitation of subpopulations of tumor-associated lymphocytes and the assessment of expression levels of immune checkpoints such as programmed cell death ligand 1 (PD-L1)4,5. Standard IHC is limited, however, in that only one antigen can be labeled per tissue section. Because immunoprofiling studies typically require the analysis of the combined expression of several markers, the use of standard IHC would require the staining of multiple tissue sections, each stained with a single marker, and would, therefore, be substantially limited for the analysis of small tissue samples such as core needle biopsies. Standard IHC methods are also limited for the assessment of markers that are coexpressed by diverse cell populations, as is common with immune checkpoint markers such as PD-L1, which is expressed by both tumor-associated macrophages and cancer cells. This limitation has been reported in, for instance, the use of standard monoplex IHC by pathologists for the quantitative analysis of an IHC marker expressed by diverse cell types6. The development of multiplex chromogenic IHC techniques employing diverse colored chromogens on the same tissue section represents an advancement over the standard IHC monoplex method,7 although they remain limited by the immunolabeling of just a few markers and also present an important technical challenge for the proper evaluation of markers expressed in the same subcellular compartments of the same cell populations.

The aforementioned caveats regarding tissue availability from clinical samples, as well as the limitations of multiplex chromogenic IHC techniques, have given rise to the need to develop improved multiplex methods for immuno-oncology studies based on fluorescent labeling combined with imaging systems that can effectively separate the signals of multiple fluorophores from the same slide. One such technique is based on tyramide signal amplification (TSA) combined with multispectral microscopy imaging for efficient color separation8. A commercially available TSA-based kit employs fluorophores optimized for multispectral imaging8 (see Table of Materials). A critical advantage of this system is its compatibility with the same unlabeled primary antibodies that have already been validated and optimized for standard chromogenic IHC9-11. This allows not only faster optimization but also flexibility in the optimization and panel modifications incorporating new targets. Furthermore, the multiplex immunofluorescence (mIF) TSA method can be optimized for commercially available automated IHC stainer systems, allowing for a straightforward transfer from monoplex chromogenic IHC to mIF.

Here we present a protocol for an mIF panel for immuno-oncology studies that is based on automated mIF TSA staining and uses a multispectral scanner for imaging. This protocol can be adapted and modified by any laboratory user with access to the described instrumentation and reagents. The protocol includes a panel of six primary antibodies for the immunoprofiling of carcinomas: PD-L1, PD-1, CD68 (as a pan-macrophage marker), CD8 (T-cytotoxic cells), Ki-67, and AE1/AE3 (pan-cytokeratin, used as an epithelial marker for the identification of carcinoma cells). A recent study describes the optimization of a manual TSA mIF protocol by using chromogenic IHC as a standard reference to validate the multiplex staining12. The updated method presented here has been developed by using a commercially available, seven-color TSA kit optimized in an automated stainer, drastically shortening the staining time from 3 - 5 days to 14 h, while also improving the consistency of the staining. In addition to the detailed main protocol presented here, a Supplemental Materials section includes the “drop-control” method, an additional quality control process to evaluate a new mIF panel, as well as technical notes for the optimization, troubleshooting, and development of new multiplex panels to help the laboratory user to set up and optimize the mIF TSA method for customized mIF panels.

PROTOCOL:
NOTE: The protocol presented here describes how to perform immunoprofiling of an mIF panel by using TSA for six antibodies (CD68, ki67, PD-L1, PD-1, CD8, and AE1/AE3) on an automated stainer (see Table of Materials). The protocol also describes how to perform the drop controls for a quality control of a new mIF panel (see Supplemental Materials). In this protocol, staining is performed with eight unstained FFPE slides from human tonsil (positive control) and eight unstained slides from human lung adenocarcinoma. The first slide is used for full multiplex staining with all six markers, the second slide for the isotype control in which no primary antibodies are utilized, and the remaining six slides for the drop controls (see Supplemental Materials). An additional control for tissue autofluorescence is highly recommended and should always be included in a multiplex study (see Supplemental Materials). However, investigators can employ other tumor types and controls according to their own project goals. Laboratory users without previous experience with the mIF TSA method and multispectral scanner techniques should read the Multiplex IHC Development Guide (available online at http://info.perkinelmer.com/2016-lp-Opalassaydevelopmentguide-lp). Although this guide describes a manual protocol, it also provides a good introduction to the mIF staining method. All tissue sections employed in this protocol were anonymized and approved according to the Declaration of Helsinki.

REPRESENTATIVE RESULTS: 
The protocol described here will provide results like those shown in Figure 2. Start with an evaluation of the staining in the tonsil control, beginning with the surface squamous cell epithelium. The histology of the tonsil sample can be reviewed with a pathologist, using the H&amp;E slide as a reference. If chromogenic IHC sections are performed with the same markers on the same tissue block, then these can be used to confirm the density and distribution of each marker on the mIF slide. As shown in Figure 2A, the tonsil tissue should provide clearly defined AE1/AE3 cytokeratin staining in the tonsil surface squamous epithelium (Figure 2A; labeled as red pseudocolor), without background in the lymphoid tissue. The staining should be cytoplasmic, occasionally with membrane accentuation, and the nuclei must be negative. The reticulated epithelium in the crypts should be positive for both cytokeratins (red) and PD-L1 (Figure 2A; green pseudocolor). The follicular germinal centers of the tonsil should, then, be identified. The germinal centers should be easily recognizable and should be rich in Ki-67-positive lymphocytes (Figure 2A; yellow pseudocolor). Ki-67 staining should always be nuclear. The macrophages present in the germinal centers should also be easily recognizable, sometimes as larger cells (also called “tingible bodies”). They will show positive staining for CD68 as a granular cytoplasmic stain (Figure 2A; orange pseudocolor). A variable proportion of CD68 cells outside the germinal centers is also to be expected. Macrophages may show membrane staining for PD-L1. This is typically paler in intensity than staining for PD-L1 in the reticulated epithelium. There should be no nuclear CD68 staining. CD8 should stain lymphocytes with a T-cell distribution (fewer in the germinal centers and a greater proportion in the interfollicular areas; see Figure 2A, cyan pseudocolor). CD8+ lymphocytes are usually small cells with scant cytoplasm, so it is practically impossible to distinguish membrane versus cytoplasm in the lymphocytes. PD-1 will strongly stain small lymphocytes in the germinal center area, usually clustered at the periphery of the germinal centers (Figure 2A; magenta pseudocolor), as well as scattered lymphocytes in the interfollicular region, usually showing a lower staining intensity than those in the germinal center area. As with CD8, it is not possible to clearly distinguish membrane and cytoplasmic staining in small lymphocytes stained with PD-1. Because a variable proportion of CD8 cells coexpress PD-1, it is recommended for quality-control purposes that the staining pattern and distribution of each marker that is stained in the same tissues be compared with chromogenic IHC reference slides, as suggested in previously published protocols12.

After the expected staining pattern has been confirmed in the tonsil tissue control, proceed to evaluate the staining in the lung cancer sample (Figure 2B). Because tumor tissues are expected to show a variable and heterogeneous expression of the markers, it is very important during the optimization of a new mIF panel to compare the staining pattern for each individual marker observed in the mIF method and its expression observed in the standard chromogenic IHC slide, evaluating the quantity and distribution of the positive cells as previously described12. Nevertheless, the basic staining pattern should be preserved; for example, cytokeratins should be observed in the cytoplasm of epithelial cells and never in a nucleus; CD68 should appear as granular cytoplasmic staining in macrophages, etc. Importantly, in some markers, the staining intensity may change from the tonsil control to the cancer tissue; for example, PD-1 and PD-L1 can show lower-intensity staining in the tumor tissue as compared with the very high expression observed in tonsil control. It is, therefore, important to perform the evaluation and optimization with the counts tool in the inForm software, using examples of tumor tissues rather than the tonsil controls. 

Finally, isotype-negative controls and drop controls need to be evaluated, not only for the detection of background and autofluorescence but also for umbrella effects and spectral bleed (Figure 3 and Figure 4). Isotype controls should not demonstrate any immunostaining across the slide; if any staining is observed, then the imaging or staining procedure must be revisited. Drop controls are important to evaluate potential artifacts in the staining, such as spectral bleed or umbrella effects, due to the mIF method during the optimization of a new multiplex panel (see Figure 5, Supplementary Figure S2, Supplementary Figure S3, and Supplemental Materials). Fluorescent monoplex and drop controls should be evaluated and compared with the full multiplex panel. Each drop control should show the same staining pattern except for the single primary antibody, which should be removed on each specific control. Further details are provided in the Supplemental Materials section.

DISCUSSION:
The multiplex method described in this protocol offers several troubleshooting tools, including a signal-to-noise evaluator (counts tool), drop controls (Supplemental Materials), and a pathology view for quality control of the staining. The counts tool helps to evaluate the intensity of the staining and the level of background. If the intensity and/or background levels are high, the first approach is to reduce the dilution of the TSA dye. If the problem persists, the chromogenic IHC slides used for the optimization of that particular marker should be reviewed with a pathologist, looking for the presence of background. The pathology view is generated by the inForm software, using a diaminobenzidine-like pseudocolor representation of the fluorescence from the TSA-linked fluor, as well as a faux hematoxylin representation generated from all fluorescent signals, including DAPI. Images from the pathology view help with the visual evaluation of the staining patterns by a pathologist for improved staining. These tools should always be employed during the optimization of a new panel and as quality control steps during the staining workflow.
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