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SHORT ABSTRACT: 
Here we design two complementary mass cytometry (CyTOF) panels and optimize a CyTOF staining protocol with the aim of profiling the natural killer cell receptor and ligand repertoire in the setting of viral infections.

LONG ABSTRACT: 
Natural killer (NK) cells are among the first responders to viral infections. The ability of NK cells to rapidly recognize and kill virally infected cells is regulated by their expression of germline-encoded inhibitory and activating receptors. The engagement of these receptors by their cognate ligands on target cells determines whether the intercellular interaction will result in NK cell killing. This protocol details the design and optimization of two complementary mass cytometry (CyTOF) panels. One panel was designed to phenotype NK cells based on receptor expression. The other panel was designed to interrogate expression of known ligands for NK cell receptors on several immune cell subsets. Together, these two panels allow for the profiling of the human NK cell receptor-ligand repertoire. Furthermore, this protocol also details the process by which we stain samples for CyTOF. This process has been optimized for improved reproducibility and standardization. An advantage of CyTOF is its ability to measure over 40 markers in each panel, with minimal signal overlap, allowing researchers to capture the breadth of the NK cell receptor-ligand repertoire. Palladium barcoding also reduces inter-sample variation, as well as consumption of reagents, making it easier to stain samples with each panel in parallel. Limitations of this protocol include the relatively low throughput of CyTOF and the inability to recover cells after analysis. These panels were designed for the analysis of clinical samples from patients suffering from acute and chronic viral infections, including dengue virus, human immunodeficiency virus (HIV), and influenza. However, they can be utilized in any setting to investigate the human NK cell receptor-ligand repertoire. Importantly, these methods can be applied broadly to the design and execution of future CyTOF panels. 

INTRODUCTION: 
Natural killer (NK) cells are innate immune cells whose primary role is to target and kill malignant, infected, or otherwise stressed cells. Through their secretion of cytokines such as IFN&#947; and TNF&#945;, as well as their cytotoxic activity, NK cells can also shape the adaptive immune response to pathogens and malignancies. The NK response is mediated in part by the combinatorial signaling of germline-encoded inhibitory and activating receptors, which bind a myriad of ligands expressed on potential target cells. Several NK cell receptors have more than one ligand with new receptor-ligand pairs being identified regularly. 

There is a particular interest in studying NK cells in the context of viral infections, where their ability to rapidly respond to stressed cells may limit viral spread or promote the development of NK cell evasion strategies. This interest in NK cell biology extends to the field of cancer immunotherapy where researchers are investigating the role of NK cells tumor immunosurveillance and in the tumor microenvironment1. However, the ability to profile NK cell-target cell interactions is complicated by the fact that human NK cells can express over 30 receptors which in turn can interact with over 30 known ligands2. The simultaneous detection of multiple NK cell receptors and their cognate ligands is, therefore, necessary to capture the complexity of the receptor-ligand interactions that control NK function. Consequently, we turned to mass cytometry (CyTOF), which allows for the simultaneous detection of over 40 markers at the single cell level. Our goal was to create two CyTOF panels to profile the NK cell receptor-ligand repertoire. We also wanted to design a protocol for effective processing and staining of clinical samples. Clinical human samples provide a wealth of information on how the body responds to viral infection. Therefore, we developed this protocol to investigate expression of NK cell receptors and their cognate ligands in parallel for better standardization, improved recovery, reduced reagent consumption, and limited batch effects.

Several flow cytometry panels designed to characterize the phenotype of human NK cells have been published previously3–8. Most of these panels are limited in their ability to capture the breadth of the receptor-ligand repertoire, only allowing for the detection of a limited selection of markers. Moreover, these panels are limited by signal overlap between fluorochromes. CyTOF uses antibodies conjugated to metal isotopes, which are read out by time-of-flight mass spectrometry, thus dramatically reducing spillover between channels. 

Like us, other researchers have turned to CyTOF to study NK cells9–14, though generally with fewer NK cell markers, which reduces the depth of phenotyping. While the general staining protocols used by these groups are similar to ours, there are some key differences. Other protocols do not involve isolating NK cells prior to staining even though the researchers are only interested in that subset13,14. Given that NK cells only make up 5-20% of peripheral blood mononuclear cells (PBMCs), staining whole PBMCs rather than isolated NK cells means that most of the collected events will not be NK cells. This reduces the amount of data generated on the subset of interest and results in inefficient use of machine time. Additionally, while many of these panels interrogate expression of NK cell receptors such as killer Ig-like receptors (KIRs), NKG2A/C/D, and the natural cytotoxicity receptors (NKp30, NKp44, and NKp46), expression of these markers is not put into a broader context due to the absence of data on expression of their respective ligands. Consequently, while these previously published methods for investigating NK cells via CyTOF are sufficient for broad NK cell phenotyping, used in isolation, they cannot provide a comprehensive picture of NK cell activity. This brings us to the major advantage of the methods described here, which is that up to this point there are no published flow cytometry or CyTOF panels focused on exploring the expression of ligands for NK cell receptors. Importantly, our ligand panel has several open channels to allow for the addition of markers to suit the unique needs of each experiment. 

Considering that one of the main limitations of CyTOF is the inability to recover the sample after analysis, this method may not be appropriate for researchers who have limited samples with which they are interested in performing additional experiments. Additionally, the low throughput nature of CyTOF means that the data generated will be of poor quality if the starting number of cells is low. Barring these two limitations, this method will perform well in any setting to investigate receptor-ligand interactions between NK cells and target cells. 

PROTOCOL: 
Anonymized healthy adult PBMCs were obtained from leukoreduction system chambers purchased from the Stanford Blood Center. PBMCs from de-identified healthy pediatric donors and pediatric acute dengue patients were obtained from Gorgas Memorial Institute of Health Studies in Panama City, Panama and hospitals belonging to the Ministry of Health, the Social Security System in Panama City, and suburban areas. The dengue study protocol was approved by the IRB of Hospital del Ni&#241;o (CBIHN-M-0634), then approved by the committees of ICGES, CSS, Santo Tomas Hospital, and Stanford University. PBMCs from HIV-infected patients on antiretroviral treatment were obtained from ACTG study A5321.

1.	Antibody labeling, panel preparation, and storage

1.1.	Antibody labeling with metal isotopes

NOTE: To increase inter-experimental standardization of staining, it is recommended to perform multiple conjugations for each antibody and then combining the products into a single master mix for long-term storage as described below.

1.1.1.	Determine the concentration of each antibody by measuring the absorbance at 280 nm prior to conjugation. Antibodies used for this protocol are commercially available and were purchased from the vendors listed in the Table of Materials. 

1.1.2.	Label antibodies with metal isotopes using commercially available antibody labeling kits according to the manufacturer’s instructions. Use 100 &#181;g of antibody for each reaction.

1.1.3.	Determine the final concentration of the recovered antibody by measuring the absorbance at 280 nm. Store antibodies for short-term at 4 &#176;C.

1.2.	Antibody titrations

NOTE: CyTOF technology is very sensitive to potential contaminating signals from environmental metals. Therefore, all buffers/reagents used should be prepared with ultrapure water and stored in plastic or glass containers that have never been washed with soap.

1.2.1.	Prepare centrifuge tubes for each donor containing 9 mL of warm, complete RPMI (RPMI 1640, 10% FBS, 1% L-glutamine, 1% penicillin/streptomycin) and 20 &#181;L of benzonase per vial of PBMCs to be thawed. Benzonase decreases viscosity and background from free DNA from lysed cells. Thaw the PBMCs in a water bath and add to tubes.

1.2.2.	Centrifuge at 300 x g at room temperature for 5 min. Resuspend the PBMCs in 5 mL of complete RPMI media and count.

1.2.3.	For each panel titration, plate 2-4 million PBMCs/well in 6 wells of a round bottom 96-well plate (one well for each titer and one for unstained). Centrifuge the plate at 600 x g at room temperature for 3 min. Flick the plate to remove the supernatant. Resuspend each well in 200 &#181;L of CyPBS.

1.2.4.	Perform cisplatin viability staining as described below.

NOTE: Cisplatin is used to discriminate live from dead cells in mass cytometry.

1.2.4.1. Resuspend cells in 100 &#181;L of 25 &#181;M cisplatin stock. Incubate at room temperature for 1 min.

1.2.4.2. Quench the cisplatin reaction by adding 100 &#181;L of FBS to each well and mixing. Centrifuge and flick the plate.

NOTE: Perform all subsequent centrifuge steps at 4 &#176;C.

1.2.4.3. Wash cells twice with 200 &#181;L of CyFACS (1x PBS without heavy metal contaminants in ultrapure water with 0.1% BSA, 0.05% sodium azide). Centrifuge and flick the plate each time.

1.2.5.	Titrate the surface antibody panel as described below.

NOTE: Separate master mixes should be made for the NK surface panel and the ligand panel.
 
1.2.5.1. Make a master mix of all the surface antibodies at a concentration of 10 &#181;g/mL using CyFACS. Aim for a final volume of 150 &#181;L. Make serial 1:2 dilutions using CyFACS, to obtain the following concentrations: 10, 5, 2.5, 1.25, and 0.625 &#181;g/mL. 

1.2.5.2. Filter antibody cocktails through a centrifugal filter unit (0.1 &#181;m pore size) at 10,600 x g for 3 min prior to staining.

1.2.5.3. Resuspend the plated cells in 50 &#181;L of the surface antibody cocktail at the respective titer. Resuspend the unstained well in CyFACS. Incubate at 4 &#176;C for 30 min.

1.2.5.4. Wash cells with 150 &#181;L of CyFACS. Centrifuge and flick the plate.

1.2.5.5. Wash cells with 200 &#181;L of CyFACS. Centrifuge and flick the plate.

1.2.6.	Perform fixation of cells by resuspending each well in 100 &#181;L of 2% paraformaldehyde (PFA) in CyPBS. Incubate the plate at room temperature in the dark for 20 min. Wash cells with 100 &#181;L of CyFACS. Centrifuge at 700 x g for 5 min.

CAUTION: PFA is suspected of causing genetic defects as well as cancer. Additionally, it is harmful if it gets in contact with the eyes, skin, or is inhaled. Handle appropriately by ensuring good ventilation, opening the receptacle carefully, and preventing the formation of aerosols. 

NOTE: All subsequent centrifuge spins are performed at 700 x g for 5 min at 4 &#176;C.

1.2.7.	Permeabilize cells by resuspending in 200 &#181;L of 1x Permeabilization Buffer (Perm buffer) diluted in ultrapure water. Centrifuge and flick the plate. Wash cells with 200 &#181;L of Perm buffer. Centrifuge and flick the plate.

NOTE: Incubation in the Perm buffer is not necessary.

1.2.8.	Intracellular antibody panel titration

1.2.8.1. Make a master mix of all the intracellular antibodies at a concentration of 10 &#181;g/mL using Perm Buffer. Aim for a final volume of 150 &#181;L. Make serial 1:2 dilutions using Perm Buffer, to obtain the following five different concentrations: 10, 5, 2.5, 1.25, and 0.625 &#181;g/mL.

1.2.8.2. Filter antibody cocktails through a centrifugal filter unit (0.1 &#181;m pore size) at 10,600 x g for 3 min prior to staining.

1.2.8.3. Resuspend the plated cells in 50 &#181;L of the intracellular antibody cocktail at the respective titer. Resuspend the unstained well in Perm Buffer. Incubate at 4 &#176;C for 45 min. 

NOTE: If an intracellular panel is not going to be titrated, resuspend wells in 50 &#181;L of the Perm buffer. 

1.2.8.4. Wash cells with 150 &#181;L of Perm buffer. Centrifuge and flick the plate.

1.2.8.5. Wash cells with 200 &#181;L of Perm buffer. Centrifuge and flick the plate.

1.2.8.6. Wash cells twice with 200 &#181;L of CyFACS. Centrifuge and flick the plate.

1.2.9.	DNA intercalator staining 

NOTE: Intercalator binds to cellular nucleic acid and is used to identify nucleated cells in mass cytometry.

1.2.9.1. Resuspend cells in 200 &#181;L of intercalator diluted 1:10,000 in CyPBS and 2% PFA. Incubate the plate overnight at 4 &#176;C. 

1.2.9.2. Store plates, if needed, at 4 &#176;C covered with paraffin film for up to a week.

NOTE: Perform all subsequent centrifuge steps at 700 x g for 5 min at 4 &#176;C.

1.2.9.3. Before running the samples on CyTOF, remove the paraffin film from the plate and centrifuge at 700 x g for 5 min at 4 &#176;C. Flick the plate. Wash cells once with 200 &#181;L of CyFACS. Centrifuge and flick the plate.

1.2.9.4. Wash cells three times with 200 &#181;L of ultrapure water. Centrifuge and flick the plate. Resuspend cells in 200 &#181;L of ultrapure water. Immediately before running the sample, adjust the concentration to approximately 6 x 105 cells/mL in normalization beads diluted to a 1x concentration in ultrapure water.

1.2.10.	Run the samples on CyTOF. 

1.2.11.	Analyze data and choose appropriate titers for each antibody by selecting the lowest antibody titer which results in the highest signal intensity and the best separation between positive and negative populations based on visual assessment. 

NOTE: Titrations for the NK and ligand panels are shown in Figure 1 and Figure 2 respectively. If a clear distinction between positive and negative populations is not identified, titers can be assessed on multiple cell types or on cell lines, to allow for identification of both positive and negative cell populations.

1.2.12.	Antibody panel storage

1.2.12.1. Combine titrated antibodies into a master mix and filter through a sterile 0.1 &#181;m syringe filter unit. Separate master mixes should be made for the NK surface panel, the NK intracellular panel, and the ligand panel. 

1.2.12.2. For the long-term storage of panels follow one of the two acceptable options: 

1.2.12.3. Send master mix to a third-party company for lyophilization. This method is used for the NK panel. Antibodies not conjugated in-house cannot be lyophilized, due to the presence of antibody stabilizer, which interferes with the lyophilization process. These antibodies are added to the panel on the day of staining. 

1.2.12.4. Use a repeater pipette to make 50 &#181;L aliquots of each master mix and store them at -80 &#176;C. 

2.	Staining protocol

2.1.	Thaw peripheral blood mononuclear cells (PBMCs) as described in steps 1.2.1 and 1.2.2.  Set aside at least 1 million PBMCs for ligand panel staining in a 15 mL centrifuge tube. Keep these PBMCs on ice during the NK cell isolation.

2.2.	NK cell isolation

NOTE: The following NK cell isolation steps are a modified version of a specific vendor’s protocol. However, any kit or protocol that performs magnetic-based negative selection of NK cells would be a suitable alternative. Additionally, this step is optional as this protocol is also suitable for the phenotyping of NK cells from whole PBMCs.

2.2.1.	Spin the remaining PBMCs at 450 x g for 5 min. Resuspend cell pellet in 40 &#181;L of MACS buffer (PBS, 0.5% BSA, 2 mM EDTA) per 107 total cells. 

2.2.2.	Add 10 &#181;L of NK cell Biotin-Antibody Cocktail per 107 total cells. Mix well and incubate for 5 min on ice. 

2.2.3.	Add 30 &#181;L of MACS buffer per 107 total cells and 20 &#181;L of NK cell MicroBead Cocktail per 107 total cells. Mix well and incubate for 10 min on ice.

2.2.4.	Prepare elution columns by rinsing with 500 &#181;L of MACS buffer. Add 2 mL of warm complete RPMI to 15 mL collection tubes. 

2.2.5.	Add MACS buffer to tubes containing cells to bring the volume up to 500 &#181;L. Pipette the entire 500 &#181;L volume onto the prepared elution column. Rinse out the tube with another 500 &#181;L of MACS buffer and transfer to the column. 

2.2.6.	After flow has stopped, rinse the elution column with 500 &#181;L MACS buffer twice. After flow has stopped, count NK cells. 

2.3.	Plate and wash cells.

2.3.1.	Centrifuge isolated NK cells and PBMCs at 300 x g at room temperature for 10 min. Resuspend cells at a concentration of 5 million cells/mL in CyPBS (1x PBS without heavy metal contaminants in ultrapure water). Plate cells in a U-bottom, 96-well plate. 

NOTE: Each aliquot of the NK cell panel can stain up to 3 million cells. If six individual NK cell samples are being barcoded and pooled prior to staining, the combined total number of NK cells should not exceed 3 million. The ligand panel can stain up to 6 million PBMCs per sample. If six individual samples are being barcoded and pooled prior to staining, the combined total number of PBMCs should not exceed 6 million.

2.3.2.	Centrifuge plate at 600 x g at room temperature for 3 min. Flick the plate to remove supernatant. 

NOTE: Perform all subsequent centrifuge spins at 600 x g for 3 min until step 2.7.

2.3.3.	Resuspend cells in 200 &#181;L of CyPBS. Centrifuge and flick the plate.

2.4.	Perform cisplatin viability staining as described in step 1.2.4. 

2.5.	Barcoding staining

NOTE: These panels are used in conjunction with a modified two-of-four, Palladium-based barcoding method on live unfixed cells to minimize batch effects and maximize cell recovery15. However, this step is optional as barcoding is not necessary to obtain quality data. 

2.5.1.	Resuspend each well in 50 &#181;L of respective premixed barcode and incubate at 4 &#176;C for 30 min. Wash cells with 150 &#181;L of CyFACS. Centrifuge and flick the plate.

2.5.2.	Wash cells twice with 200 &#181;L of CyFACS. Centrifuge and flick the plate. Resuspend all wells in 30 &#181;L of CyFACS. Combine up to six wells of cells stained with unique barcodes into one well and perform centrifugation and flicking of the plate.

2.6.	Surface staining

2.6.1.	Dissolve the surface NK panel lyosphere in 50 &#181;L of CyFACS with additional surface antibodies spiked in (anti-CD16, anti-HLA-DR, anti-LILRB1). Thaw ligand panel stored at -80 &#176;C and spin down tube using a mini-centrifuge. Spike in additional ligand panel surface markers (anti-CD16, anti-CD19). 

NOTE: Any antibody cocktail that has not been previously filtered (i.e., prior to lyophilization or freezing) should be filtered through a centrifugal filter unit (0.1 &#181;m pore size) at 10,600 x g for 3 min prior to staining.

2.6.2.	Resuspend each well in 50 &#181;L of the respective panel. Incubate at 4 &#176;C for 30 min. Wash cells with 150 &#181;L of CyFACS. Centrifuge and flick the plate. Wash cells again with 200 &#181;L of CyFACS. Centrifuge and flick the plate.

2.7.	Fix cells as described in step 1.2.6.

NOTE: Perform all subsequent centrifuge spins at 700 x g for 5 min at 4 &#176;C.

2.8.	Permeabilize cells as described in step 1.2.7.

2.9.	Intracellular staining

2.9.1.	Dissolve the intracellular NK panel lyosphere in 50 &#181;L of Perm buffer. Prepare an intracellular antibody cocktail for PBMC samples if so desired.  

NOTE: Any antibody cocktail that has not been previously filtered (i.e., prior to lyophilization or freezing) should be filtered through a centrifugal filter unit (0.1 &#181;m pore size) at 10,600 x g for 3 min prior to staining.

2.9.2.	Resuspend wells in 50 &#181;L of the respective intracellular panels. If an intracellular panel is not used in conjunction with the ligand surface panel, resuspend PBMC wells in 50 &#181;L of the Perm buffer. Incubate at 4 &#176;C for 45 min.

2.9.3.	Wash cells with 150 &#181;L of Perm buffer. Centrifuge and flick plate. Wash cells with 200 &#181;L of Perm buffer. Centrifuge and flick the plate.

2.9.4.	Wash cells twice with 200 &#181;L of CyFACS. Centrifuge and flick the plate.

2.10.	DNA intercalator staining. Perform DNA intercalator staining as described in step 1.2.9.1. Incubate plate overnight at 4 &#176;C. 

NOTE: Intercalator binds to cellular nucleic acid and is used to identify nucleated cells in mass cytometry. Plates can be stored covered with paraffin film for up to a week at 4 &#176;C.

2.11.	Before running the samples on CyTOF, wash cells as described in steps 1.2.9.3 and 1.2.9.4.

2.12.	Run samples on CyTOF.

REPRESENTATIVE RESULTS: 
Antibodies were conjugated to metal isotopes using commercially available labeling kits, according to the manufacturer’s instructions. Antibody clones were validated by flow cytometry and mass cytometry prior to use in this panel. An initial list of clones was selected based on review of the literature and antibody availability. The expression levels of some ligands for NK cell receptors are low or undetectable on healthy PBMCs. Therefore, positive staining for some antibodies was validated by staining healthy PBMCs, chronic myeloid leukemia K562 cells, acute lymphoblastic leukemia NALM6 cells, or B cell acute lymphoblastic leukemia 697 cells (Supplemental Figure 1). Clones selected for the NK cell panel that did not produce an adequate stain or were too expensive were substituted for different ones, as detailed in Supplemental Table 1 and shown in Supplemental Figure 2. 

Metal-isotope pairing with antibodies for these panels was performed using the principles outlined by Takahashi et al.16. Lineage markers were of medium to high intensity. Consequently, they were mainly conjugated to low and medium sensitivity masses leaving high sensitivity masses available for conjugation to antibodies against more dimly expressed markers.  A publicly available panel designer software was used to detect abundance sensitivity (M &plusmn; 1 bleed) or oxidation (M + 16 bleed) issues and antibody-metal pairs were re-assigned accordingly. Additionally, several markers were conjugated on different metals with minimal differences noted on signal intensities (Supplemental Table 2 and Supplemental Figure 3). Antibody-metal pairings and clone information for the NK and ligand panels are listed in Table 1 and Table 2 respectively. 

In-house conjugated antibodies were titrated on PBMCs at five different titers: 0.625, 1.25, 2.5, 5, and 10 &#181;g/mL. The lowest antibody titer which resulted in the highest signal intensity and the best separation between positive and negative populations was selected based on visual assessment. Titrations for the NK and ligand panels are shown in Figure 1 and Figure 2 respectively. For certain markers, a clear distinction between positive and negative populations was not identified, due to the marker being dimly expressed or universally positive. To determine the most accurate working dilution for these antibodies, titers were assessed on multiple cell types (PBMCs, T cells, B cells, or NK cells), or on cell lines, to allow for identification of both positive and negative cell populations (Supplemental Figure 4). The staining index (SI) for each marker was not calculated as this metric is not applicable to CyTOF data17,18. 

The panels described here were designed to be compatible with sample barcoding. There are several barcoding methods available for CyTOF. The most commonly used are a commercially available Palladium-based kit, which requires fixation prior to barcoding, and the CD45-based barcoding method described by Mei et al.15, which allows the barcoding of live cells. To assess which barcoding method best fit our needs, we tested the stability of NK cell marker staining after fixation in an early version of the NK cell panel (Supplemental  Figure 5). We found that the expression of a majority of NK cell markers was affected by fixation. Consequently, we decided to use a modified two-of-four, CD45-based barcoding method on live cells15. This barcoding method uses 102Pd, 104Pd, 106Pd, and 108Pd, and differs from the three-of-six method originally described by Mei et al., which used 104Pd, 106Pd, 108Pd, 110Pd, 113In, and 115In. Indium channels were not included in our barcoding scheme, as they interfered with the signal from 115In-CD3. 110Pd was not included as it interfered with the signal from the HLA-DR Qdot and the CD19 Qdot in the NK cell and ligand panels, respectively.

Although we recommend NK cell purification prior to staining, the NK cell panel is designed to allow for the phenotyping of NK cells from whole PBMCs. An example of our NK cell gating strategy is shown in Figure 3A using PBMCs from a healthy donor. Staining and gates for each of the NK markers are shown on healthy, isolated NK cells in Figure 3B. The ligand panel is designed to detect the expression of NK cell ligands on whole PBMCs. Figure 4A illustrates the gating strategy used to identify CD4+ T cells, CD8+ T cells, NK cells, monocytes, and CD19+ B cells in PBMCs from a healthy donor. Representative staining examples for each ligand are shown in Figure 4B using PBMCs from acute dengue patients and HIV-infected individuals who were virologically suppressed. 

To ensure panel stability over time, our protocol includes two possible options: lyophilization through a third-party company into single use beads or freezing of pre-made aliquots at -80 &#176;C. For this protocol, the NK panel was lyophilized, and the ligand panel was frozen. Both methods were validated prior to using each panel on clinical samples. 

We produced over 700 reactions of the NK panel from one master mix by performing multiple conjugations of each antibody in the panel. After validation and titration of each conjugated antibody, the antibodies were combined into a master mix, filtered through a sterile 0.1 &#181;m syringe filter unit, and sent to a third party company for lyophilization. Two sets of single-stain lyospheres were made, one for surface staining, and one for intracellular staining. Antibodies not conjugated in-house (HLA-DR and CD16) could not be added to the lyosphere, due to the presence of antibody stabilizer, which interferes with the lyophilization process. These antibodies are added to the panel on the day of staining. A comparison between stains obtained pre- and post-lyophilization is shown in Supplemental Figure 6. The clone of LILRB1 antibody initially used in the lyospheres did not produce a sufficiently strong stain (Supplemental Table 1 and Supplemental Figure 2). A better clone was subsequently identified, conjugated and added to the panel on the day of staining (Table 1). The KIR2DS2 polyclonal antibody used in the lyopsheres was noted to produce a non-specific stain after lyophilization and we do not recommend its use for subsequent analyses (Supplemental Table 1 and Supplemental Figure 2). Most intracellular stains slightly increased in intensity following lyophilization (Supplemental Figure 6).

Prior to storage of the ligand panel master mix at -80 &#176;C, we tested two different storage conditions. We prepared a smaller master mix of this panel and stored aliquots at -80 &#176;C and in liquid nitrogen for approximately two months. After two months we stained whole PBMCs with the frozen aliquots. We compared the staining to that of PBMCs from the same donor stained with the freshly prepared panel (Supplemental Figure 7). We found storage at -80 &#176;C and in liquid nitrogen does not change the signal intensity for most markers. In fact, the signal intensity of anti-pan HLA class I, anti-CD7, anti-CD4, anti-HLA-Bw4, anti-CD14, anti-CD11b, and anti-LFA-3 is higher upon freezing, particularly in the case of samples stored at -80 &#176;C. We could not determine whether the signal intensities of anti-LLT-1, anti-Nectin-1, anti-MICA/B, anti-DR4/5, anti-ULBP-1,2,5,6, anti-Nectin-2, anti-CD155, and anti-B7-H6 were affected by freezing, due to the fact that healthy PBMCs do not express high levels of these markers. However, validation of these markers on cell lines (Supplemental Figure 1) was performed using conjugated antibodies stored at -80 &#176;C. Consequently, we were confident that freezing did not result in a significant loss of signal. Signal intensity did decrease upon freezing for five markers: anti-CD8, anti-ICAM-1, anti-CCR2, anti-CD33, and anti-CD56. However, in all of these cases the clear separation between the positive and negative populations remained. Given that metal-conjugated antibodies are not stable at 4 &#176;C for long periods of time, freezing was necessary to preserve panel stability long-term, and despite a decrease in staining intensity in a subset of markers, we were able to retain sufficient staining separation. Importantly, the loss of signal intensity of anti-CD8, anti-CCR2, and anti-CD56 was greater in the samples stored in liquid nitrogen compared to those stored at -80 &#176;C. Based on this data, we decided to store the panel at -80 &#176;C.

Figure 1: Titration of in-house conjugated antibody-metal conjugates for NK panel. Titrations of in-house conjugated antibodies were performed on PBMCs from a healthy donor using five different concentrations: 0.625, 1.25, 2.5, 5, and 10 &#181;g/mL. Titers for anti-CD3, anti-CD14, anti-CD33, anti-CD19, anti-PD-1 and anti-CD56 were determined by gating on live cells. Titers for anti-CD4 and anti-CD8 were determined by gating on T cells. Titers for the remaining antibodies were determined by gating on NK cells. Since NKp44 is not expressed on resting NK cells, titers were determined on PBMCs stimulated with IL-2 and shown on NK cells. The red arrows indicate the titer selected for each antibody. 

Figure 2: Titration of in-house conjugated ligand panel antibodies. Titrations of in-house conjugated antibodies were performed on PBMCs from a healthy donor using five different concentrations: 0.625, 1.25, 2.5, 5, and 10 &#181;g/mL. Titers for anti-HLA-DR, anti-ICAM-1, anti-CCR2, anti-CD14, anti-CD11b, and anti-LFA-3 were determined by gating on CD3-CD7- cells. Titers for anti-CD3, anti-pan HLA class I, anti-CD7, anti-CD48, anti-LLT-1, anti-HLA-C,E, anti-HLA-E, anti-FasR, anti-Nectin-1, anti-MICA/MICB, anti-DR4/DR5, anti-ULBP-1,2,5,6, anti-Nectin-2, anti-CD155, anti-HLA-Bw4, anti-HLA-Bw6, anti-CD33, anti-CD56, and anti-B7-H6 were determined by gating on live cells. Titers for anti-CD4 and anti-CD8 were determined by gating on CD3+ cells. The red arrows indicate the titer selected for each antibody.

Figure 3: NK panel gating strategy and performance. (A) Serial negative gating from whole PBMCs to NK cells is shown in a healthy donor. Intact, bead and event-length gates ensure successful gating to single cells. Cisplatin staining was performed as a Live/Dead stain. T cells  and B cells were excluded using CD3 and CD19. Monocytes were excluded by negative gating on CD4 and CD14/CD33 and by further negative gating of CD56-/HLA-DRbright cells. CD56 and CD16 were used to identify different subsets of NK cells (CD56bright, CD56dim and CD56-). (B) Examples of expression of NK cell receptors on NK cells from one healthy donor purified by magnetic-bead isolation.

Figure 4: Ligand panel gating and performance. (A) Gating of major immune cell subsets from PBMCs derived from a healthy donor following normalization, calibration bead removal, and debarcoding. (B) Expression of ligands for NK cell receptors as well as several myeloid markers on live PBMCs. Staining for all ligands except Nectin-1 and B7-H6 is shown on PBMCs from acute dengue patients. Staining for Nectin-1 and B7-H6 is shown on PBMCs from HIV-infected individuals who were virologically suppressed.

Supplemental Figure 1: Verification of antibody clones for ligand panel on cell lines. Antibodies against ligands for NK cell receptors that are expressed at low levels on healthy PBMCs were validated by staining cell lines. Chronic myeloid leukemia K562 cells were stained with anti-ICAM-1, anti-MICA/MICB, anti-DR4/DR5, anti-ULBP-1,2,5,6, anti-Nectin-2, anti-CD155, and anti-B7-H6. Acute lymphoblastic leukemia NALM6 cells were stained with anti-LLT-1 and B cell acute lymphoblastic leukemia 697 cells were stained with anti-Nectin-1. Dot plots and histograms showing staining on healthy PBMCs are in blue. Dot plots and histograms showing staining on the respective cell line are in red. The percentage of cells of the respective cell line that are positive for a given marker are provided.

Supplemental Figure 2: Validation of antibody clones. (A) Different antibody clones were tested in healthy donors to identify the clone with the best specificity. 2B4, CXCR6, KIR2DS4, NKG2A and TIGIT are shown on NK cells. CD56 and LILRB1 are shown on live cells. (B) The KIR2DS2 antibody clone showed a non-specific stain after lyophilization. An example of staining on the same donor is provided pre- and post-lyophilization.

Supplemental Figure 3: Optimization of antibody/metal pairs. Staining of PBMCs from healthy donors are shown. (A) Antibody/metal pairs tested for the panel. (B) Antibody/metal pairs used in the panel. LILRB1 and PD1 are shown on live cells. All the other markers are shown on NK cells.

Supplemental Figure 4: Titration of dimly expressed and mostly positive NK cell markers. Titers for antibodies against NK cell markers that did not show a clear positive and negative population were assessed both on NK cells (red) and on either B cells (blue) or PBMCs (grey) from healthy donors. The arrows indicate the titer selected for each antibody.

Supplemental Figure 5: Optimization of barcoding protocol. Epitope stability was tested before and after fixation with 2% paraformaldehyde on PBMCs from a healthy donor. (A) CD3, CD14 and CD56 staining was similar before (red) and after (blue) fixation, CD4 and CD16 staining was significantly affected by fixation. (B) Many NK cell markers were affected by fixation, including CD2, CD38, KIR3DL2, CD62L, KIR2DS4, NKp46, NKG2C, NKp30, NKG2D, KIR3DL1, TIGIT, KIR2DL1, KIR2DL3 and NTB-A.

Supplemental Figure 6: Confirmation of panel stability after lyophilization. The stability of in-house antibody conjugates was confirmed by staining PBMCs from the same blood bank donor pre-lyophilization (blue) and post-lyophilization (red). Anti-CD3, anti-CD14, anti-CD33, anti-CD19, anti-PD-1, anti-CD56 stains are shown on live cells. Anti-CD4 and anti-CD8 are shown on CD3+ cells. Titers for the remaining antibodies are shown on NK cells, gated according to the gating scheme shown in Figure 1. Notably, anti-KIR2DS2 stained non-specifically after lyophilization and therefore has not been used for subsequent analyses.

Supplemental Figure 7: Confirmation of ligand panel stability at -80 &#176;C. The stability of in-house antibody conjugates was confirmed by staining healthy PBMCs from the same donor with a freshly prepared master mix as well as the same mix after storage at -80&#176;C or in liquid nitrogen. Anti-HLA-DR, anti-ICAM-1, and anti-LFA-3 staining is shown on CD3-CD7- cells. Anti-CD3, anti-pan HLA class I, anti-CD7, anti-CD48, anti-LLT-1 anti-HLA-E, anti-FasR, anti-Nectin-1, anti-MICA/B, anti-DR4/5, anti-ULBP-1,2,5,6, anti-Nectin-2, anti-CD155, anti-HLA-Bw4, anti-HLA-Bw6, and anti-B7-H6 staining is shown on live cells. Anti-CD8 and anti-CD4 staining is shown on CD3+ cells. Anti-HLA-C,E, anti-CCR2, anti-CD11b, and anti-CD33 staining is shown on CD3-CD7-CD14+ cells. Anti-CD14 staining is shown on CD3-CD7-CD33+ cells and anti-CD56 staining is shown on CD3-CD7+CD14-HLA-DR- cells. Histograms showing staining with the freshly prepared panel are in red. Histograms showing staining with the panel after storage at -80&#176;C for approximately two months are in blue. Histograms showing staining with the panel after storage in liquid nitrogen (LN2) for approximately two months are in green. Samples were stained and run on different days. Files were normalized and beads were removed using the premessa package.

Table 1: NK panel. Markers are ordered according to the isotopic mass of the metal to which they were conjugated. 191Ir/193Ir is the natural abundance of the nucleic acid intercalator. 194Pt/195Pt is the natural abundance of cisplatin.

Table 2: Ligand panel. Markers are ordered according to the isotopic mass of the metal to which they were conjugated. 191Ir/193Ir is the natural abundance of the nucleic acid intercalator. 194Pt/195Pt is the natural abundance of cisplatin.

Supplemental Table 1: Antibodies for NK cell panel that were tested, but not used.

Supplemental Table 2: Antibodies for NK cell panel that were tested with a different antibody/metal pairing. 

DISCUSSION: 
Here we describe the design and application of two complimentary CyTOF panels aimed at profiling the NK cell receptor-ligand repertoire. This protocol includes several steps that are critical to obtaining quality data. CyTOF uses heavy metal ions, rather than fluorochromes, as label probes for antibodies19. This technology is therefore subject to potential contaminating signals from environmental metals20. Potential sources of metal impurities include laboratory dish soap (barium) and lab buffers (mercury, lead, tin). For this reason, it is advised that all buffers be prepared with ultrapure water, and that all reagents be stored in plastic or glass containers that have never been washed with soap. Another critical step in this protocol is the viability stain, which uses a cisplatin-based method as described by Fienberg et al.21. This method includes a one-minute incubation step, during which cisplatin preferentially labels non-viable cells. Cisplatin staining must be performed in the absence of FBS. Consequently, cells must be thoroughly washed with CyPBS prior to staining. Additionally, to avoid off-target staining of viable cells, the cisplatin stain needs to be quenched with FBS after precisely one minute. This protocol was optimized for maximum cell recovery and staining performance. Therefore, the fixation and permeabilization steps are also significant. Several fixation and permeabilization reagents are compatible with CyTOF. However, we found that fixation with 2% PFA, followed by permeabilization with a specific permeabilization buffer detailed in the Table of Materials, resulted in maximal cell recovery. As this is a transient permeabilization method, intracellular staining needs to be performed in the permeabilization buffer to ensure adequate antibody penetrance. Cells also need to be washed thoroughly with the permeabilization buffer following intracellular staining to remove unbound antibodies. 

This protocol allows for several possible modifications. The CyTOF panels detailed here can be customized to include additional markers or substitute existing ones. In particular, the ligand panel was designed with several open channels to allow for flexibility in panel design. Any change or addition to the panel may require additional troubleshooting. In particular, any antibody/metal isotope pair should be thoroughly validated as described above, to avoid any issue of signal spillover to the existing channels. These panels were also designed to be compatible with sample barcoding. Barcoding decreases the possibility of batch effects and sample-to-sample carryover, while minimizing reagent consumption22. Although barcoding typically results in overall increased data quality, this step is not necessary for the acquisition of good quality CyTOF data and can be skipped entirely. Similarly, although we recommend NK cell purification prior to staining, the NK cell panel is compatible with the phenotyping of NK cells from whole PBMCs.

This method has some limitations. Due to the inherently low throughput nature of CyTOF, this method is not suitable for samples with low cell counts. Such samples are unlikely to yield data of sufficient quality for analysis. Additionally, given that these panels were specifically designed to interrogate NK cell-target cell interactions, they are limited in their ability to assess interactions between other cell types, such as CD8+ T cells and myeloid cells. Similarly, these panels were designed for direct ex vivo immunophenotyping and were not tested or validated for use under activating conditions, such as cytokine stimulation. Moreover, although these panels cover a comprehensive list of NK cell receptors and ligands, they are not fully exhaustive, and several potentially important markers were not included due to space limitations. Some of these markers include, but are not limited to KLRG1, CRACC, TIM-3, LAIR-1 in the NK panel and PD-L1 in the ligand panel. Finally, this method is not suitable for use in fixed samples, given that the majority of NK cell markers’ epitopes are affected by fixation.

The protocol described here has significant benefits compared to other methods. Other groups have described flow cytometry panels aimed at the study of NK cells3–8,23. Compared to flow cytometry, the use of CyTOF eliminates issues related to fluorophore compensation, allowing for the simultaneous detection of a high number of markers. Although others have also developed CyTOF panels to study NK cells9–14,  here we describe the use of two complementary CyTOF panels, which interrogate the expression of both NK cell receptors and their ligands, therefore providing a more detailed picture of NK cell function.

Our group has used this protocol and one or both of these panels to characterize the human NK cell response in healthy donors, and in a variety of disease settings including HIV infection and dengue virus infection24–28. Despite being designed for the purpose of studying viral infections, these panels lend themselves to the study of NK cells in other conditions given the breath of proteins they cover. In fact, our group also used these panels to characterize the NK cell receptor-ligand repertoire in patients with immunodeficiencies and multiple sclerosis25,27,29,30, as well as in humanized mice31,32. As such, the use of these panels can be extended to other contexts. For example, many NK cell receptors and cognate ligands implicated in the setting of cancer are included in these panels, making these panels excellent tools for future studies on the role of NK cells in the anti-tumor response. More broadly, our protocol for mass production and storage of CyTOF panels as well as parallel processing of samples can be applied to the execution and application of any CyTOF panel.  
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