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Abstract

Mass cytometry is a single cell biology technique that samples >500 cells per second, measures 

>35 features per cell, and is sensitive across a dynamic range of >104 relative intensity units per 

feature. This combination of technical assets has powered a series of recent cytomic studies where 

investigators used mass cytometry to measure protein and phospho-protein expression in millions 

of cells, characterize rare cell types in healthy and diseased tissues, and reveal novel, unexpected 

cells. However, these advances largely occurred in studies of blood, lymphoid tissues, and bone 

marrow, since the cells in these tissues are readily obtained in single cell suspensions. This 

protocol establishes a primer for single cell analysis of solid tumors and tissues and has been 

tested with mass cytometry. The cells obtained from this protocol can be fixed for study, 

cryopreserved for long term storage, or perturbed ex vivo to dissect responses to stimuli and 

inhibitors.
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INTRODUCTION

One key method for understanding a tissue or organ is to dissect and identify the diverse 

cells which comprise it. Flow cytometry excels at quantifying the abundance and protein 

expression signatures of hundreds to thousands of cells per second (Chattopadhyay et al., 
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2014; Roussel et al., 2016) and holds great promise for understanding diseases like cancer, 

where altered protein expression and signaling activity in rare cell subsets can contribute to 

oncogenesis and drive treatment resistance (Irish and Doxie, 2014; Irish et al., 2006b). The 

ability of flow cytometry to quantify proteins on each of millions of cells and reveal 

signaling in rare, 1-in-10,000 cells, has made it indispensable to modern immunology and 

clinical hematopathology, where cells in suspension are readily obtained. Mass cytometry is 

a newly developed form of flow cytometry with the ability to measure 35 or more features at 

a rate of 500 or more cells per second (Bendall et al., 2011; Chattopadhyay et al., 2014; 

Greenplate et al., 2016a; Irish, 2014; Newell and Cheng, 2016). This expanded detection 

capacity is ideal for characterizing the diverse cells present in human tumors, which 

typically include endothelial cells, epithelial cells, fibroblasts, immune cells, and malignant 

cells (Leelatian et al., 2016).

Flow cytometry provides outstanding statistical power to detect rare cells and to quantify 

cellular identity of millions of cells, compared to other techniques that are limited to 

hundreds or thousands of cells (Chattopadhyay et al., 2014; Greenplate et al., 2016a; Irish 

and Doxie, 2014; Roussel et al., 2016). Our group and others have implemented this 

technology in studies of donor and patient cells that are obtained as a suspension, such as 

blood and bone marrow (Bendall et al., 2011; Hardy et al., 1983; Kordasti et al., 2016; 

Leelatian et al., 2015; Nicholas et al., 2016; Parks et al., 1984; Qiu et al., 2011; Tung et al., 

2004) or that can be disaggregated from lymphoid structures by mechanical force alone 

(Irish et al., 2006a; Irish et al., 2010; Myklebust et al., 2016; Polikowsky et al., 2015; 

Wogsland et al., 2016). Clinical diagnoses of blood malignancies use fluorescence flow 

cytometry characterization of cell surface marker expression, as well as cell subset 

quantification (Arber et al., 2016; Craig and Foon, 2008; van Dongen et al., 2012; Wood et 

al., 2007). Additionally, flow cytometry has been used clinically to identify minimal residual 

disease and to detect disease progression in leukemia (Amir el et al., 2013; Borowitz et al., 

2008; van Dongen et al., 2015). Fluorescence flow cytometry has also been applied to 

studies of solid tissues and tumors for research purposes (Al-Hajj et al., 2003; Chan et al., 

2009; Donnenberg et al., 2013; Richards et al., 2012; Singh et al., 2004; Zimmerlin et al., 

2011).

In addition to their ability to characterize cell surface markers, flow cytometry technologies 

allow simultaneous detection and quantification of intracellular targets in individual cells 

(Irish et al., 2004; Irish et al., 2006b; Krutzik et al., 2004). Commercially available 

fluorescence flow cytometers generally measure 8–12 targets per cell using target-specific 

antibodies conjugated to individual fluorophores (Bendall et al., 2012). The number of 

targets is limited due to the overlap of emission spectra of different fluorophores. Mass 

cytometry is a newer flow cytometry-based technology that allows detection of more than 35 

targets in individual cells. Instead of conjugation to fluorescent dyes, mass cytometry 

antibodies are conjugated to isotopically pure heavy metals. Specifically, fundamental 

elements of mass cytometry include 1) the staining of individual cells with isotope-tagged 

antibodies to detect specific cellular targets and 2) quantification of the isotopic signal via 

time-of-flight, as in other forms of mass spectrometry, which indicates specific antibody 

binding (Bandura et al., 2009; Bendall et al., 2011; Spitzer and Nolan, 2016). Therefore, the 

abundance of a specific metal isotope in each cell corresponds to the abundance of a specific 
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cellular target detected by the antibody. The use of metal isotopes and time-of-flight 

quantification in mass cytometry results in relatively little spectral overlap between the 

channels distinguished by isotopes (Maecker et al., 2004; Nicholas et al., 2015; Wang et al., 

2012). Additionally, multiple cellular targets of interest can be measured simultaneously, and 

the numbers are greater than those routinely measured in current fluorescence-based 

cytometry (Chattopadhyay et al., 2014; Greenplate et al., 2016a; Newell and Cheng, 2016; 

Spitzer and Nolan, 2016). Mass cytometry has the potential to track evolving cell subsets 

and to measure features typically associated with one cell type (e.g. mature immune cell or 

stem cell associated proteins) on all the cells in a sample (Becher et al., 2014; Ferrell et al., 

2016a; Ferrell et al., 2016b; Irish, 2014). This type of single cell systems biology has the 

potential to reveal unexpected, clinically-relevant cell types and measure a wealth of features 

on cells without the need to return to a sample for repeat measurements (Ferrell et al., 

2016a; Gaudilliere et al., 2014; Greenplate et al., 2016b; Kordasti et al., 2016; Levine et al., 

2015).

Mass cytometry-based characterization of human bone marrow (Bendall et al., 2011), blood 

(Newell et al., 2012), and tonsil (Polikowsky et al., 2015) cell subsets has been 

accomplished in prior studies and described in protocols (Leelatian et al., 2015). However, 

mass cytometry has just recently been developed and applied in solid tissues and organs 

(Diggins et al., in press; Leelatian et al., 2016). One of the major limitations for flow 

cytometry is the need to generate a suspension of viable single cells derived from the tissue 

of interest. Although fluorescence flow cytometry has been used to study some solid tissues 

and cancers, the protocols used to derive viable single cells, even from the same organs, can 

vary significantly between studies (viz. (Codega et al., 2014; Pastrana et al., 2009; Rahman 

et al., 2015)). The protocol described here has been optimized to yield viable cells and to 

preserve known cell subsets from a variety of human tissues, including lymph nodes, 

gliomas, melanomas, and small cell lung cancer (SCLC) patient-derived xenografts (PDXs) 

(Leelatian et al., 2016). It is thus suitable for preparing single cells for fluorescence 

cytometry, mass cytometry, and other applications requiring isolated single cells. We also 

provide a protocol detailing cellular immunostaining for detection of cell-surface and 

intracellular epitopes in mass cytometry analysis of cells from human tonsils, gliomas, and 

melanomas, and a support protocol describing computational analysis of multi-dimensional 

data obtained from mass cytometry based on established approaches (Amir el et al., 2013; 

Diggins et al., 2015; Qiu et al., 2011).

Basic Protocol 1: PREPARATION OF VIABLE SINGLE CELLS FROM HUMAN 

TISSUE AND TUMORS

Introduction

This section describes a method for preparing single cell suspensions from human tissues. It 

has been experimentally tested to preserve cell subsets detected using imaging platforms and 

maximize cell viability for cells from human tonsils, glioma tumors, melanoma tumors, and 

small cell lung cancer (SCLC) patient-derived xenografts (PDX) (Leelatian et al., 2016). 

Human tonsils, glioma tumors, and melanoma tumors were resected from patients and 

transported directly to the laboratory (within 1 hour after collection for human gliomas and 
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melanomas, and within 4 hours after collection for human tonsils). SCLC PDXs were flank 

xenografts in immunocompromised mice, generated from patient specimens. When grown as 

flank tumors, these xenografts form a solid tissue about 1–2 cm in diameter. SCLC PDXs 

were transported to lab within 1 hour after collection. We expect this protocol to work in 

other human tissue and cancer types, as well as solid tissues from other species. However, it 

is important to note that 1) choice of enzymes, and 2) total dissociation time need to be 

tested before routine use of the protocol in tissues not indicated here.

Materials

1. Tissue sample: This protocol is for preparation of single cells from human tissues 

from surgical resections. Samples should be placed in appropriate experimental 

medium (see below), phosphate buffered saline (PBS), or normal saline solution 

immediately after surgical resection. The volume of media or normal saline 

should be enough to immerse the entire sample (Figure 1). Ideally, samples 

should be transported directly to lab for preparation at room temperature 

(~23°C).

2. Transfer medium: PBS (Catalog no. 21040CV, Corning/Mediatech, Corning, 

NY) at room temperature.

3. Experimental media:

a. Glioma, DMEM/F12+Glutamax (Catalog no. 10565018, Gibco/Life 

Technologies, MA) with a defined hormone and salt mix (Reynolds et 

al., 1992) and 50 μg/mL gentamicin sulfate (Catalog no. 30-005-CR, 

Corning, NY)

b. Melanoma, MEM (Catalog no. 10010CV, Corning/Mediatech, Corning, 

NY) with 10% FBS (Catalog no. 26140079, Thermo Fisher Scientific, 

MA) + 100 units/mL Penicillin and 100 μg/mL Streptomycin 

(Penicillin-Streptomycin solution, catalog no. SV30010, GE 

Healthcare, Pittsburgh, PA)

c. Tonsils, RPMI 1640 (Catalog no. 10040CV, Corning/Mediatech, 

Corning, NY) with 10% FBS (Catalog no. 26140079, Thermo Fisher 

Scientific, MA) + 1X 100 units/mL Penicillin and 100 μg/mL 

Streptomycin (Penicillin-Streptomycin solution, catalog no. SV30010, 

GE Healthcare, Pittsburgh, PA)

d. Note: Experimental medium may vary by cell type, as different cell 

types may have distinct nutrient and supplement requirements. For this 

protocol, media were selected based on established cell culture 

protocols for each cell type. Furthermore, if additional assays, such as a 

signaling response assay using phospho-specific flow cytometry 

(Krutzik and Nolan, 2003; Schulz et al., 2012), are to be performed, it is 

important to test different types of medium for those specific assays. 

For example, to preserve lymphocyte signaling capability for 

subsequent detection by phospho-specific flow cytometry, medium 
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containing FBS is superior to serum-free medium (Irish et al., 2006a; 

Irish et al., 2010; Polikowsky et al., 2015). Conversely, multiple growth 

factor supplements are added to the neurosphere culture medium to 

ensure growth of human glioma cells (Azari et al., 2011; Lee et al., 

2006).

4. Scalpels with blade no.10 (Catalog no. 12-460-451, Fisher Scientific, MA)

5. 60 mm petri dish (Catalog no. FB0875713, Fisher Scientific, MA)

6. 15 mL (Catalog no. 430055, Corning, NY) and 50 mL (Catalog no. 430829, 

Corning, NY) conical tubes

7. Incubator set at 37 °C, 5% CO2

8. Nutating platform placed inside incubator set to 18 rpm (Catalog no. 05-450-213, 

Fisher Scientific, MA)

9. P1000 tips, trimmed to make a wide opening ~2–3 mm.

10. 70 μm (Catalog no. 431751, Corning, NY) and 40 μm (Catalog no. 431750, 

Corning, NY) cell strainers sized to fit 50 mL conical tubes

11. Benchtop centrifuge with swing-out rotor (Model Sorvall ST 16, Thermo 

Scientific, MA)

12. Rotor adapters with round buckets that accommodate 5 mL FACS tubes (Catalog 

no. 75003680, Thermo Fisher Scientific, MA)

13. Trypan Blue, (Catalog no. SV30084.01, Hyclone, UT, prepared as recommended 

by manufacturer)

14. Inverted phase contrast microscopy for cell culture (use 10X objective 

magnification for quantifying cell viability)

15. DMSO (Catalog no. BP231-1, Fisher Scientific, MA)

16. 1.8 mL cryogenic tubes with cap (Catalog no. 377267, Thermo Fisher Scientific, 

MA)

17. ACK lysing buffer (Catalog no. 10-548E, Lonza, MD)

18. 100X DNase I (10,000 Kunitz/mL) (Catalog no. DN25, Sigma-Aldrich, MO)

a. DNase is diluted in PBS to yield the indicated concentration for long-

term storage at −80 °C

19. 20X Collagenase II 2500 CDU/mL (20 mg/mL) (Catalog no. C6885, Sigma-

Aldrich, MO)

a. Collagenases II, IV, V, and XI displayed equivalent activity on tumor 

and tissue types tested (Leelatian et al., 2016).

b. Collagenase II is diluted in PBS to yield the indicated concentration for 

long-term storage at −80 °C.
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Steps and Annotations—Mechanical and Enzymatic Dissociation (Figure 1):

1. Transfer pieces of human tissue from surgery to a cell preparation laboratory 

while keeping the sample submerged in room temperature PBS (see Time 

Considerations in Commentary).

2. Once in lab, transfer tissue pieces and PBS to one or more 50 mL conical tubes, 

ensure tubes are well balanced, and centrifuge at 100 × g at room temperature for 

5 min to pellet cells and tissue pieces.

3. Carefully discard supernatant by pipetting and resuspend tissue in 5 mL or more 

of warm (37°C) experimental medium, as need to cover tissue.

a. Note: For larger tissue (larger than 1 cm3), use multiple rounds of 

mincing as in Step 4 and Step 5.

b. Note: Dead cells will not pellet effectively at 100 × g and will be 

contained in the supernatant with other, non-cellular tissue components 

and secreted factors.

4. Transfer tissue and experimental medium into a 60 mm petri dish.

5. Mince tissue in experimental medium with scalpel to obtain ~1–3 mm3 pieces.

6. Transfer minced tissue and cells in experimental medium into 15 or 50 mL 

conical tubes, as dictated by the total volume of the cell and medium suspension.

7. Centrifuge tissue and cells in experimental medium at 100 × g at room 

temperature for 5 min.

8. Discard supernatant by pipetting and add ~4.7 mL of warm experimental 

medium.

a. Note: This volume of experimental medium leaves room for ~300 μL of 

enzyme solutions in the next step and is recommended for tissue that 

was originally ~1 cm3 in size. For larger tissue, the volumes in Step 8 

and Step 9 should be increased proportionately to match tissue size. For 

example, ~9.4 mL of warm experimental medium would be used in 

Step 8 for tissue that was originally ~2 cm3 in size.

9. Add 250 μL of 20X Collagenase II and 50 μL of 100X DNase I, and mix with 

serological pipet. The final concentrations of collagenase II and DNase I should 

be 1 mg/mL and 100 Kunitz/mL, respectively

10. Incubate the tube on a nutating platform (18 rpm) in an incubator (37°C, 5% 

CO2) for 60 min.

11. Remove tubes from the incubator and carefully triturate (pipette 25–50 times) the 

cell suspension using a 10 mL plastic serological pipet. When complete, the cell 

suspension should look homogeneous and have no visible tissue pieces.

12. Strain with 70 μm cell strainer into a new 50 mL conical tube.
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13. Strain flow-through from Step 12 with 40 μm cell strainer into a new 50 mL 

conical tube.

14. Wash 10 mL of warm (37°C) experimental medium through the 40 μm strainer 

into the same tube.

15. Centrifuge the collected strained cell suspension at 100 × g at room temperature 

for 10 min, discard supernatant by pipetting.

16. If pellet contains red blood cells or platelets, add 5 mL or more of ACK lysis 

buffer following manufacturer protocols, mix with serological pipet, and leave at 

room temperature for 60 seconds to allow for hypotonic lysis.

17. Add 5 mL or more of warm experimental medium (the same volume used in Step 

16 for ACK lysis buffer to a final 1:1 proportion), centrifuge at 100 × g at room 

temperature for 10 min, and discard supernatant.

18. Resuspend cells in warm experimental medium and count cells to quantify viable 

cells using Trypan Blue (Figure 2).

19. Cells are now ready to be prepared for mass cytometry analysis. If mass 

cytometry analysis is to be performed on a different day, or if the cells need to be 

preserved for long-term storage, cryopreservation is required. This can be 

performed per a previously established protocol (Leelatian et al., 2015).

Basic Protocol 2: PREPARATION OF CELLS FOR MASS CYTOMETRY

Introduction

This section describes a protocol for immunostaining of single-cell suspensions derived 

from human tissues and tumors. Tonsils, glioma tumors, and melanoma tumors are used as 

examples. Using antibodies listed in Table 1, this protocol allows characterization of 

immune cell subsets (CD45+) in tonsils, as well as infiltrating immune cells in glioma 

tumors and melanoma tumors. These antibodies allow characterization of immune cells into 

distinct groups: myeloid lineage (CD11b, CD11c, CD14, CD16, CD64, CD68, HLA-DR), B 

cell and plasma cell lineage (CD19, CD38, CD27, IgM, IgD, HLA-DR), and T cell lineage 

(CD3, CD4, CD8, CD8a, CD45RA, CD45RO). Additionally, antibodies that were 

specifically selected for identifying non-immune cell subsets in glioma (CD31, TUJ1, 

S100B, PDGFRα, c-MET, SOX2, CD24, Nestin, CD44, GFAP, αSMA, and CD56) and 

melanoma (CD31, β-catenin, S100B, vimentin, CD49F, cytokeratin, SOX2, Nestin, CD44, 

αSMA, and CD56) tumors were included. The antibodies described here are isotope-tagged 

antibodies for mass cytometry analysis. This protocol was adapted from previously 

established fluorescence flow cytometry protocols (Krutzik et al., 2005; Krutzik et al., 2004; 

Leelatian et al., 2015; McLaughlin et al., 2008).

Materials

1. Dissociated single cells derived from Basic Protocol 1

2. Water bath set to 37°C (Catalog no. 15-462-10, Fisher Scientific, MA)
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3. 15 mL conical tubes (Catalog no. 430055, Corning, NY)

4. 5 mL round-bottom FACS tubes without cap (Catalog no. 352052, Corning, NY)

5. 5 mL round-bottom FACS tubes with filter caps (Catalog no. 352235, Corning, 

NY)

6. PBS (Catalog no. 21040CV, Corning/Mediatech, Corning, NY)

7. Deionized water

8. Metal-conjugated antibodies (see Table 1)

a. Note: All new antibodies should be titrated prior to use with appropriate 

positive control cells that express the target of interest and negative 

control cells that are known to not express the target of interest. The 

goal of an antibody titration is to determine the optimal concentration 

of an antibody that separates the true signal of the positive control cells 

from any background or non-specific signal observed in the negative 

control cells. Antibody titration is required for every combination of 

antibody clone, tissue preparation technique, and antibody conjugation. 

This extensive validation is because clones can perform differently 

under different antigen exposure conditions, such as permeabilization of 

cells by detergent or alcohol, and protocols to conjugate fluorochrome 

or metal reporter tags to antibodies can change their binding properties. 

Examples of appropriate validation and titration have been shown 

(Hulspas et al., 2009; Krutzik et al., 2005; Krutzik and Nolan, 2003; 

Schulz et al., 2012).

9. Staining media (1% bovine serum albumin (BSA (Catalog no. BP9703100, 

Fisher Scientific, MA) in PBS)

10. 1.5 mL Eppendorf tubes (Catalog no. 05-408-129, Fisher Scientific, MA)

11. 16% paraformaldehyde (PFA) (Catalog no. 15710, Electron Microscopy 

Sciences, PA)

12. Perm 1: Room-temperature 0.02% saponin (Catalog no. 558255, Calbiochem, 

MA) (w/v) in PBS

13. Perm 2: Ice-cold 100% methanol (kept at −20°C until immediately prior to 

adding to cells) (Catalog no. A412-4, Fisher Scientific, MA)

a. Note: The final concentration of ice-cold methanol after added to cells 

should be > 95%. Other permeabilization concentrations and reagents 

might be used after optimization (Krutzik and Nolan, 2003).

b. Note: For each cellular target the user aims to detect, it must first be 

determined if the target is exposed on the cell-surface (i.e. extracellular) 

or present within the cell (i.e. intracellular). Most extracellular targets 

are detected with live cell staining (see “Staining of viable cells to 

detect extracellular targets” below). However, if the target of interest is 
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an intracellular target, it is especially important to optimize the 

permeabilization technique and reagents (Krutzik and Nolan, 2003). 

Examples of permeabilization reagents include saponin (Perm 1), 

methanol (Perm 2), ethanol, Triton-X, among many others. For the 

protocol described here, saponin permeabilization (Perm 1) (for SOX2 

antibody staining) is used prior to methanol permeabilization (Perm 2) 

(for staining of the remaining intracellular targets) in human glioma and 

melanoma.

14. 1X Four Elements Calibration Beads (Catalog no. 201078, Fluidigm, CA)

Steps and Annotations—Antibody Preparation:

1. Example reagent mixes for healthy human tonsil tissue, glioma tumors, and 

melanoma tumors are shown in Table 1 and separated according to staining step. 

Prepare reagent mixes separately for each of three example staining steps: live 

cell staining (Live), staining in 0.02% saponin (Perm 1), and staining after 

methanol treatment (Perm 2).

c Note: adaptation of this protocol for phospho-flow should detect cell 

surface proteins following fixation as described in “Live cell staining” 

even though the cells are no longer viable, as described by (Krutzik and 

Nolan, 2003; Leelatian et al., 2015; Schulz et al., 2012).

d Note: this protocol does not use metal barcoding, but this technique can 

be useful in addressing potential batch effects from staining and 

collecting data at different times (Behbehani et al., 2014; Zunder et al., 

2015).

Staining of viable cells to detect extracellular targets:

2 If preparing cells from cryopreservation, thaw cryovial in warm water bath 

(37°C) for 1–2 minutes (until just completely thawed). If preparing cells that 

were freshly dissociated, skip to Step 5.

3 Transfer cells from cryopreservation tubes to a 15 mL conical tube.

4 Resuspend cells in 10 mL of warm experimental medium.

a. Note: The goal is to dilute and remove DMSO as quickly as possible 

after thawing.

b. Note: Addition of DNase may be helpful upon sample thaw to preserve 

viability. Use the same concentration of DNase as used during tissue 

dissociation as described in Basic Protocol 1, step 9. Specifically, 

resuspend the cells in this step in 9.9 mL of warm experimental 

medium and add 100 μL of 100X DNase to the cell suspension and 

proceed to the next step.

5 Pellet cell suspension at 100 × g for 5 min at room temperature and discard 

supernatant.

Leelatian et al. Page 9

Curr Protoc Mol Biol. Author manuscript; available in PMC 2018 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6 Resuspend cells in 1 mL of staining medium and transfer cell suspension to a 5 

mL FACS tube.

7 Pellet cell suspension at 100 × g for 5 min at room temperature and discard 

supernatant by briskly decanting.

a. Note: For all centrifuge steps involving a cell pellet, invert and decant 

only once. After placing the tube upright again, cells typically enter 

solution and the pellet can detach. Thus, additional decanting 

significantly lowers viable cell yield.

8 Resuspend cell pellet in staining medium to achieve the transfer volume.

a. Note: The “transfer volume” is the volume transferred in Step 9 and it 

is calculated by subtracting the summed volume of staining antibodies 

(the “antibody volume”) from the total volume in which staining will 

occur in Step 10. For example, consider a protocol where 

approximately 10 μL of cells in staining medium from Step 8 are to be 

stained with 1 μL each of 30 antibodies in a total volume of 100 μL in 

Step 10. In this case, on Step 8, at least 60 μL of staining medium 

should be added to the 10 μL of cells in staining medium to achieve a 

transfer volume of 70 μL for Step 9. For Steps 8–10, the volume of 

antibodies varies and is specified in Table 1 for tonsil, glioma, and 

melanoma. The total volume in Step 10 is 100 μL.

9 Transfer cell suspension in staining medium to a new FACS tube.

10 Add Live Stain reagent mix to the same FACS tube. Briefly vortex to mix cells 

with antibodies.

a. Note: Total staining volume (cells in staining medium plus antibodies) 

should be exactly 100 μL.

b. Note: Live Stain reagents in Table 1 can be combined in a 1.5 mL 

Eppendorf tube prior to mixing with cells in FACS tubes.

11 Leave cells at room temperature for 30 minutes.

12 Add 1 mL of staining medium to the FACS tube and pellet cells at 100 × g for 5 

min at room temperature, decant to discard supernatant (See Note in Step 7).

13 Repeat Step 12 once.

14 Add 1 mL of PBS to FACS tube and resuspend the cells by gentle vortexing 

until there is no visible cell clumps.

15 Add 100 μL of 16% PFA to FACS tube, for a final concentration of 1.6%, and 

vortex to mix. This step is for cell fixation prior to further intracellular staining 

steps.

16 Leave cells at room temperature for 10 minutes.

17 Pellet cells at 800 × g for 5 minutes at room temperature and decant to discard 

supernatant (See Note in Step 7).
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Cells are now ready for intracellular staining.

Staining to detect intracellular targets:

18 Determine the optimal permeabilization conditions required for each 

intracellular target. If all intracellular antibodies have been shown to effectively 

detect target antigens after permeabilization with ice-cold methanol (as is the 

case for the antibodies that were used to stain tonsils), skip to Step 28.

a. Note: Antibodies for mass cytometry are pre-labeled with metal 

isotopes. Many of these antibodies are commercially available (see 

Table 1). For antibodies that are not commercially available in isotope-

tagged formats, they can be labeled with a metal isotope using a 

commercial conjugation kits (Leipold et al., 2015). The isotope-

labelled antibodies can then be used for immunostaining by following 

the protocol described below.

19 Resuspend cells in 1 mL of Perm 1, pellet at 800 × g for 5 min at room 

temperature, decant to discard supernatant (See Note in Step 7).

20 Repeat Step 19 once.

21 Resuspend cell pellet in appropriate volume of Perm 1 (see Note on Step 8).

22 Transfer appropriate volume of cell suspension in Perm 1 to a new FACS tube 

(see Note on Step 8).

23 Add Saponin Stain (Table 1) reagent mix to the same FACS tube. Brief vortex to 

mix cells with antibodies.

a. a. Note: See Note on Step 8 and Table 1. Total staining volume (cells in 

Perm 1 plus antibodies) should be exactly 100 μL.

24 Leave cells at room temperature for 30 minutes.

25 Add 1 mL of Perm 1 to the FACS tube and pellet cells at 800 × g for 5 min at 

room temperature, decant to discard supernatant (See Note in Step 7).

26 Repeat Step 25 once.

27 Add 1 mL of PBS to the FACS tube and pellet cells at 800 × g for 5 min at room 

temperature, decant to discard supernatant (See Note in Step 7).

28 Vigorously vortex cell pellet to resuspend cells in void volume.

29 Add 1 mL of Perm 2 to FACS tube. Vortex to thoroughly resuspend cells with 

Perm 2.

30 Keep cells at −20°C for at least 20 minutes or overnight.

a. Note: Alternatively, cells can be stored in Perm 2 at −80°C for days or 

weeks before proceeding if necessary.

31 Remove FACS tubes from −20°C and add 1 mL of PBS to the tubes.
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32 Pellet cells at 800 × g for 5 min at room temperature, decant to discard 

supernatant (See Note in Step 7).

33 Add 1 mL of staining medium to FACS tubes. Pellet cells at 800 × g for 5 min at 

room temperature, decant to discard supernatant (See Note in Step 7).

34 Repeat step 33 once.

35 Resuspend cell pellet in appropriate volume of staining medium (see Note on 

Step 8).

36 Transfer appropriate volume of cell suspension in staining medium to a new 

FACS tube (see Note on Step 8).

37 Add Methanol Stain reagent mix to the same FACS tube. Briefly vortex to mix 

cells with antibodies.

a. Note: see Note on Step 8 and Table 1. Total staining volume (cells in 

staining medium plus antibodies) should be exactly 100 μL.

b. Note: Methanol Stain reagents in Table 1 can be combined in a 1.5 mL 

Eppendorf tube prior to mixing with cells in FACS tubes.

38 Incubate cells at room temperature for 30 minutes.

39 Add 1 mL of staining medium to the FACS tube and pellet cells at 800 × g for 5 

min at room temperature, decant to discard supernatant (See Note in Step 7).

40 Repeat Step 39 once.

41 Add 1 mL of PBS to the FACS tube and pellet cells at 800 × g for 5 min at room 

temperature, decant to discard supernatant (See Note in Step 7).

42 Add 1 mL of deionized water to the FACS tube and pellet cells at 800 × g for 5 

min at room temperature, decant to discard supernatant (See Note in Step 7).

43 Resuspend cell pellets in 1X Four Elements Calibration Beads in deionized 

water prior to mass cytometry analysis. Use ~ 1 mL for every 0.5 × 106 cells.

44 Filter cells with FACS tubes with filter caps.

Cells are now ready for mass cytometry analysis.

COMMENTARY

Background Information

Flow cytometry technologies employing fluorescence- and mass-based reporters have been 

successfully applied to characterize protein phenotype and to quantify the abundance of 

diverse human cell types. Flow cytometry protocols commonly use reporter-conjugated 

antibodies to make relative quantitative measurements for tens of features in each of 

hundreds of thousands of cells in minutes (Chattopadhyay and Roederer, 2012; Leipold et 

al., 2015; Mahnke and Roederer, 2007; Ornatsky et al., 2010; Perfetto et al., 2004; 

Robinson, 2005). Mass cytometry, a newer form of flow cytometry based on mass 

spectrometry, has gained attention for the relative ease with which more than 35 cellular 
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features can be measured (Bandura et al., 2009; Bendall et al., 2011; Bjornson et al., 2013). 

However, as flow cytometry requires individual cells in suspension, mass cytometry’s 

application to solid tumors and tissues has previously been modest compared to its rapid 

adoption in immunology and blood cancer research, where samples of viably cryopreserved 

cells have been collected and characterized for decades (Bendall et al., 2014; Borowitz et al., 

2008; Ferrell et al., 2016a; Hardy et al., 1983; Lee et al., 1999; Parks et al., 1984; Roederer 

et al., 2015). The key limitation has been the perceived difficulty in preparing cells from 

solid tissues into single cell suspensions that are viable and representative of different cell 

types present in the original tissue. Furthermore, mass cytometry antibody sets had not been 

designed and tested to effectively identify cells outside the immune system. It is only 

recently that mass cytometry has been tested and applied to solid tissues and tumors 

(Diggins et al., in press Leelatian et al., 2016). Key to this work was the development of a 

protocol that preserved the viability and diversity of the tissue cells in a way compatible with 

detection of cell surface and intracellular features by mass cytometry.

Critical Parameters and Troubleshooting (Table 2)

Tissue quality and transportation—This protocol is applicable to human tissues 

extracted by surgery or to animal tissues isolated after dissection. To preserve tissue 

viability, samples should be transported to the laboratory for further preparation as rapidly as 

possible. The dissociation protocol presented here was tested on samples that were 

processed between 30 minutes and 4 hours after surgical resection (Leelatian et al., 2016). 

Additionally, samples should be transported in sterile PBS, appropriate experimental 

medium, or other sterile transport medium that has been tested to preserve cell viability and 

representative cell subsets for specific tissue types. Samples should be entirely submerged in 

the transport medium in a closed container. Unless specifically optimized and validated 

using other conditions, samples should be transported at room temperature (~23°C) 

immediately to the laboratory for further preparation.

Mechanical dissociation—As described in Basic Protocol 1, tissue should be 

mechanically dissociated into fine pieces (1–3 mm3 pieces) to maximize surface contact 

with dissociation enzymes in subsequent steps. During mechanical dissociation in the petri 

dish, tissue pieces should be adequately covered in warm (37°C) experimental medium. For 

larger samples, the tissue should be divided into batches for mincing and combined prior to 

addition of dissociation enzymes, collagenase II and DNase I.

Selection of enzymes and duration of dissociation—Dissociation enzymes are 

incorporated in the protocol to break down the extracellular matrix to yield a single cell 

suspension. Many types of enzymes are available, such as collagenases, Trypsin, Papain, and 

HyQTase, among others. These enzymes can be used individually or in combination. The 

types of dissociation enzymes used can affect the viability of single cells derived from the 

starting tissue. As described above, a suitable dissociation protocol would maximize cell 

viability as well as preserve representative cell subsets in the original tissue. Variables to 

consider when testing the dissociation conditions include the use of a single enzyme or 

combinations of enzymes, and duration of dissociation (Leelatian et al., 2016). Additionally, 

inclusion of DNase I in the dissociation protocol described here significantly improved 
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viable cell yield from multiple tissues (Leelatian et al., 2016). Therefore, it is highly 

recommended to include DNase I in the dissociation solution unless it is specifically 

demonstrated experimentally that DNase I is not required to improve cell viability. The 

protocol described here uses a time of 1 hour of enzymatic dissociation, which has been 

shown to result in highest viable cell yield for various human tissues and tumors (Leelatian 

et al., 2016). Specifically, for most tissues, shorter dissociation time led to release of fewer 

cells, whereas longer dissociation led to increased cell death. It is recommended that the 

type of dissociation enzyme and duration of enzymatic dissociation be tested and optimized 

for a new tissue type to achieve optimal viable cell yield. This can be quantified by using 

Trypan blue staining (see Basic Protocol 1). In addition to overall cell viability, it is crucial 

to determine preservation of known cell types and cells of interest as part of the optimization 

process. When testing the dissociation on a particular tissue, imaging techniques such as 

colorimetric immunohistochemistry or immunofluorescent detection of known cellular 

targets can be used to characterize the presence of cell subsets in the original tissue.

Immunostaining for mass cytometry—It is highly recommended to optimize the 

immunostaining protocol of each antibody in a panel to ensure target-specific staining and to 

optimize signal to background (Krutzik and Nolan, 2003). Parameters that need optimization 

include 1) antibody specificity (which can be tested using positive and negative control cells 

that are known to express and lack the target of interest), 2) antibody concentration (to allow 

maximal distinction between positive and negative cells, and minimize non-specific 

background staining), 3) staining order (extracellular staining or intracellular staining), and 

4) compatibility of permeabilization reagents for intracellular targets (saponin, ice-cold 

methanol, or other reagents) (Krutzik and Nolan, 2003). If multiple permeabilization 

reagents are required for different intracellular targets, specificity and sensitivity of the 

antibodies should be tested to ensure that the targets are still detectable after multiple 

permeabilization steps. For glioma immunostaining presented here, saponin 

permeabilization was used for SOX2 detection, prior to subsequent permeabilization by ice-

cold methanol. It has been previously shown that saponin does not destroy intracellular 

targets normally detectable after methanol permeabilization and therefore these reagents can 

be used in the same protocol, with the use of saponin preceding methanol (Behbehani et al., 

2014). However, each antibody should be specifically tested and optimized prior to use.

Treatment of cells with reagents for detection of intact cells via mass 
cytometry—In flow cytometry analyses, an initial step is to identify intact cells and 

remove cellular debris or enucleated cells from further analyses. Conventional fluorescence 

flow cytometry relies on measurement of cell size (forward scatter, FSC) and cell granularity 

(side scatter, SSC) to identify cells. Additionally, cellular debris can be distinguished due to 

its smaller size (low FSC) and higher granularity (high SSC). In contrast to fluorescence 

flow cytometry, mass cytometry does not have direct parameters to distinguish intact cells 

from cellular debris. Therefore, mass cytometry analysis requires measurement of indirect 

parameters to identify intact cells.

Iridium-conjugated DNA intercalator is commonly used to identify intact cells by mass 

cytometry analysis (Ornatsky et al., 2008). The per-cell quantity of DNA-intercalated 
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iridium provides information about DNA content, which can be used to define intact cells. 

However, iridium-conjugated DNA intercalator cannot be detected on fluorescence flow 

cytometry. In this protocol, we used anti-histone H3 antibody staining for detection of intact 

nucleated cells (Leelatian et al., 2016). The advantage of using an antibody-based technique 

is that it is readily applied across different flow cytometry platforms (fluorescence and mass 

cytometry).

Anticipated Results

This protocol produces viable, single-cell suspensions from solid tumors and tissues and is 

expected to identify most common cell types, including endothelial cells, immune cells, 

epithelial cells, neural cells, and fibroblasts. This protocol has been validated for human 

tonsil tissue, glioma tumors, melanoma tumors, and small cell lung cancer patient-derived 

xenografts. Maximum viable cell yield per gram of tissue from the dissociation of human 

tonsils, glioma, and melanoma, using collagenase II plus DNase I, should be achieved after 1 

hour incubation (Leelatian et al., 2016). Histone H3 staining should allow highly specific 

identification of nucleated, intact cells. Additionally, cells derived from this protocol are 

suitable for quantitative measurement of protein expression in individual cells and cell 

subset abundance using either fluorescence flow or mass cytometry, among other 

applications. For other tissue types not mentioned above, tissue-specific optimization of the 

dissociation protocol that takes into consideration the critical parameters described here is 

highly encouraged. Specifically, a systematic comparison of different dissociation durations, 

as well as different enzyme combinations, is required. For every condition, it is crucial to 

quantify cell viability using techniques such as Trypan blue stain. Additionally, the relative 

abundance of known cell subsets after different dissociation conditions should be quantified, 

as has been done above using flow cytometry. These data should be compared to prior 

knowledge of cell types present in tissue, and possibly with immunohistochemistry stains of 

the original intact tissue (for more details, refer to (Leelatian et al., 2016)).

Signal normalization using bead standards—During each mass cytometry analysis, 

the detection sensitivity of the mass cytometer can vary between individual samples. 

Additionally, signal can vary between different mass cytometry experiments. Specifically, 

the signal intensity of a given cellular target, which is known to be consistent, can vary 

between different samples for different mass cytometry analyses. To allow accurate 

comparison between samples, bead standards are used (Finck et al., 2013). Known metal 

isotopes with standard signal intensity are embedded within polystyrene beads. These beads 

are mixed and analyzed simultaneously with each sample to allow monitoring of signaling 

variation during data acquisition. The change of the isotope signal of the beads 

proportionately correlates with the variation of each sample, due to detection variability. 

Therefore, the variation of signal between each sample can be adjusted to allow direct 

comparison of the signal between samples. Normalization is performed using publicly 

available MATLAB normalization software prior to further data analysis. (For more details, 

refer to (Finck et al., 2013)).

Quantification of single cell protein expression by biaxial analysis—Biaxial 

plots are a mainstay in cytometry and typically are used to compare the abundance of cells 
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with differing relative intensity of two or more quantified cellular targets. A protocol to 

generate biaxial and other common plots of mass cytometry data was previously established 

(Leelatian et al., 2015). In a typical cytometry analysis workflow (Diggins et al., 2015; 

Saeys et al., 2016), cells are filtered or assigned to populations based on expression profiles 

of cellular targets in a process called gating (Figure 3). Gating can be repeated sequentially 

on increasingly refined cell subsets, resulting in a nested hierarchy of cell types that 

traditionally captures a developmental continuum or indicates an increasingly polarized and 

specific cell identity (Bendall et al., 2011; Diggins et al., in press DuPage and Bluestone, 

2016; Saeys et al., 2016). Examples of sequential biaxial gating of cells derived from mass 

cytometry analysis of healthy tonsil (Figure 3A), a patient glioma (Figure 3B), and a patient 

melanoma (Figure 3C) are shown here and based on prior studies (Leelatian et al., 2015; 

Leelatian et al., 2016). For samples with known cell types, such as healthy peripheral blood 

mononuclear cells (PBMCs), established sets of identity markers can be used to distinguish 

cell types (Anonymous, 1984; Maecker et al., 2012). However, concepts of cell identity are 

still under active discussion in established single-cell fields like immunology (DuPage and 

Bluestone, 2016). Furthermore, methods of defining and identifying cell populations are 

likely to be refined as the field of single cell biology matures. Key areas of growth include 

measurement platforms like mass cytometry, analysis tools from machine learning (Amir el 

et al., 2013; Irish, 2014; Shekhar et al., 2014; Wang et al., 2016), reference knowledge bases 

of established cell identities (Shen-Orr et al., 2009), annotated repositories of single cell data 

(Kotecha et al., 2010; Spidlen et al., 2012), and quantitative labels of cell type (Diggins et 

al., in press).

Heat plots and viSNE analysis—A new generation of flow cytometry and single cell 

analysis tools compress multiple dimensions of information into rich two-dimensional 

views. Examples include mountain plots (Irish et al., 2010), viSNE and related views of t-

SNE axes (Amir el et al., 2013; Shekhar et al., 2014), SPADE plots (Qiu et al., 2011), and 

many other tools that have the potential for machine learning of cell identity (for more 

details, see (Diggins et al., 2015; Diggins et al., in press Leelatian et al., 2015; Saeys et al., 

2016; Wang et al., 2016)). Here, we demonstrate two-dimensional viSNE plots (Amir el et 

al., 2013). viSNE analysis places cells on a 2-dimensional map that reflects how individual 

cells are similar to or different from each other when every measured cellular target is 

simultaneously taken into account. Cell density and expression of individual markers are 

displayed for a wide range of features using the same t-SNE axes. Data collected from the 

same patients (tonsil, Figure 4A; glioma, Figure 4B; and melanoma, Figure 4C) as shown in 

biaxial analyses in Figure 3 were analyzed by viSNE and are shown here. For each sample, a 

separate pair of t-SNE axes was created (i.e. each sample was analyzed separately in viSNE 

to create sample-specific viSNE plots, each of which has its own, sample-specific t-SNE 

axes). All computational analysis was performed using Cytobank software (http://

www.cytobank.org) (Kotecha et al., 2010).

Time Considerations

This protocol was experimentally tested on human gliomas, human melanomas, and SCLC 

PDXs that were transported to the laboratory within 1 hour after surgical resection. Human 

tonsils were transported within 4 hours after resection. After tissue is transported to the 
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laboratory, this dissociation protocol can be completed in 2–3 hours, depending on the size 

of the tissue sample. The size of the tissue sample determines the time that is needed for 

mechanical dissociation (larger tissue takes more time to be properly minced, whereas 

smaller tissue takes less time). The time for enzymatic dissociation is not affected by tissue 

size. The approximate timing of the protocol is: 10–30 minutes for mechanical dissociation, 

1 hour for enzymatic dissociation, 15–30 minutes for cell straining, 10–30 minutes for red 

blood cell lysis and counting, and 10–30 minutes for diluting cells for cryopreservation, if 

needed (see Basic Protocol 1). Once viable single cells are obtained (either from immediate 

dissociation or from cryopreservation), live surface immunostaining can be completed in 1 

hour, followed by 10–15 minutes of cell fixation. Duration of intracellular staining varies 

depending on whether permeabilization and staining with saponin (1 hour) is required for 

the panel of interest. Permeabilization with methanol is usually performed overnight, but can 

be performed for as little as 10 minutes (Krutzik and Nolan, 2003). Once all cells are 

permeabilized by ice-cold methanol, an additional 1 hour is required for intracellular 

immunostaining with isotope-labeled antibodies.
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SIGNIFICANCE STATEMENT

The protocol presented here obtains viable, single cell suspensions from solid tumors and 

tissues and identifies the vast majority (>99%) of the major cell types obtained, including 

endothelial cells, immune cells, epithelial cells, neural cells, and fibroblasts. This 

protocol has been validated for human tonsil tissue, glioma tumors, melanoma tumors, 

and small cell lung cancer patient-derived xenografts. This protocol enables researchers 

to begin preparing viable single cells from solid tissues for other aspects of basic and 

clinical research protocols. In the long term, this protocol is expected to spur new cancer 

and developmental cell biology research based on quantitative single cell techniques.

Leelatian et al. Page 23

Curr Protoc Mol Biol. Author manuscript; available in PMC 2018 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Step-by-step illustration of tissue dissociation protocol
Surgically resected patient samples were transported in PBS or experimental medium at 

room temperature. Mechanical dissociation was followed by 1-hour enzymatic dissociation 

using Collagenase II and DNase I (see text). ACK lysis was used to eliminate red blood cell 

contamination, prior to cell counting and cryopreservation or experiment.
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Figure 2. Trypan Blue stain for viable cell quantification
Trypan Blue stain was used to quantify cell viability after mechanical and enzymatic 

dissociation. Representative images of dissociated human tissues including tonsil, glioma, 

and melanoma are shown. Red boxes show higher resolution of live (Trypan Blue-negative, 

white) and dead cells (Trypan Blue-positive, black) of each tissue type. Note that some 

pigmented cell types, such as melanocytes or neurons of the substantia nigra, can be brown 

or red and therefore appear dark in monochrome phase contrast images. These cells should 

be distinguished from dead cells in counting. Scale bars = 100 μm.
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Figure 3. Biaxial analysis of cells derived from human tissue and tumors
Biaxial plots of non-apoptotic (cCasp3−), nucleated (HH3+) cells from mass cytometry 

analysis of (A) tonsil, (B) glioma, and (C) melanoma are shown. Intermediate gates are 

shown in grey, and terminal gates are shown in blue. Cell types or protein identity of cells in 

each gate are indicated. The percentages of cells in gates are also specified.
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Figure 4. High-dimensional analysis of mass cytometry data using viSNE
Non-apoptotic (cCasp3−), nucleated (HH3+) cells from mass cytometry analysis of (A) 

tonsil (plots of 106,568 cells), (B) glioma (plots of 65,834 cells), and (C) melanoma (plots of 

94,810 cells), are shown. The first plot of each tissue type depicts cell density of the viSNE 

map. The remaining plots display expression of indicated protein. viSNE maps of each 

tissue type were generated separately and the markers shown here for each tissue type were 

used to generate the maps.

Leelatian et al. Page 27

Curr Protoc Mol Biol. Author manuscript; available in PMC 2018 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Leelatian et al. Page 28

Ta
b

le
 1

T
is

su
e-

sp
ec

if
ic

 a
nt

ib
od

y 
pa

ne
ls

M
et

al
A

nt
ib

od
y

C
lo

ne
W

or
ki

ng
 c

on
c 

(μ
g/

m
L

)
D

ilu
ti

on
V

ol
um

e 
to

 u
se

 in
 1

00
 μ

L
 s

ta
in

 (
μL

)
Sa

m
pl

e 
ty

pe
St

ai
ni

ng
 c

on
di

ti
on

To
n

G
lio

M
el

Su
rf

Sa
p

M
eO

H

14
1P

r
H

L
A

-A
B

C
W

3-
32

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

14
2N

d
cC

as
p3

D
3E

9
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

✓
✓

14
4N

d
C

D
11

b
IC

R
F4

4
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

14
5N

d
C

D
4

R
PA

-T
4

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

C
D

31
W

M
59

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓
✓

14
6N

d

Ig
D

IA
6-

2
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

C
D

64
10

.1
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

C
D

8a
R

PA
-T

8
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

14
7S

m
β-

ca
te

ni
n

D
10

A
8

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

14
8N

d
C

D
16

3G
8

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

14
9S

m
C

D
45

R
O

U
C

H
L

1
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

✓
✓

15
2S

m
T

U
J1

T
U

B
B

3
50

1:
10

0
1

✓
✓

15
3E

u
C

D
45

R
A

H
I1

00
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

S1
00

B
19

-S
10

0B
10

0
1:

10
0

1
✓

✓
✓

15
4G

d
C

D
45

H
I3

0
Fl

ui
di

gm
1:

40
0

0.
25

✓
✓

✓
✓

15
5G

d
C

D
27

L
12

8
Fl

ui
di

gm
1:

10
0

1
✓

✓

15
6D

y
V

im
en

tin
R

V
20

2
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

15
9T

b
C

D
11

c
B

u1
5

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

C
D

49
F

G
oH

3
10

0
1:

10
0

1
✓

✓

16
0G

d
C

D
14

M
5E

2
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

Curr Protoc Mol Biol. Author manuscript; available in PMC 2018 April 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Leelatian et al. Page 29

M
et

al
A

nt
ib

od
y

C
lo

ne
W

or
ki

ng
 c

on
c 

(μ
g/

m
L

)
D

ilu
ti

on
V

ol
um

e 
to

 u
se

 in
 1

00
 μ

L
 s

ta
in

 (
μL

)
Sa

m
pl

e 
ty

pe
St

ai
ni

ng
 c

on
di

ti
on

To
n

G
lio

M
el

Su
rf

Sa
p

M
eO

H

16
1D

y

C
D

19
H

IB
19

10
0

1:
10

0
1

✓
✓

PD
G

FR
α

16
A

1
20

0
1:

10
0

1
✓

✓

C
yt

ok
er

at
in

C
-1

1
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

16
2D

y
c-

M
E

T
L

6E
7

10
0

1:
10

0
1

✓
✓

16
3D

y
SO

X
2

O
30

-6
78

10
0

1:
10

0
1

✓
✓

✓

16
6E

r
C

D
24

M
L

5
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

16
7E

r
C

D
38

H
IT

2
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

16
8E

r
C

D
8

SK
1

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

N
es

tin
10

C
2

10
0

1:
10

0
1

✓
✓

16
9T

m
C

D
44

B
J1

8
10

0
1:

10
0

1
✓

✓
✓

17
0E

r
C

D
3

SP
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

✓
✓

17
1Y

b
C

D
68

Y
1/

82
A

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

G
FA

P
1B

4
25

1:
10

0
1

✓
✓

17
2Y

b
Ig

M
M

H
M

-8
8

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓

17
3Y

b
α

SM
A

A
b5

47
23

50
1:

10
0

1
✓

✓
✓

17
4Y

b
H

L
A

-D
R

L
24

3
Fl

ui
di

gm
1:

20
0

0.
5

✓
✓

✓
✓

17
5L

u
C

D
56

H
C

D
56

50
1:

10
0

1
✓

✓
✓

✓

17
6Y

b
H

is
to

ne
 H

3
D

1H
2

Fl
ui

di
gm

1:
20

0
0.

5
✓

✓
✓

✓

C
on

c 
=

 c
on

ce
nt

ra
tio

n;
 T

on
 =

 to
ns

il;
 G

lio
 =

 g
lio

m
a;

 M
el

 =
 m

el
an

om
a;

 S
ur

f 
=

 s
ur

fa
ce

; S
ap

 =
 s

ap
on

in
; M

eO
H

 =
 p

os
t-

m
et

ha
no

l F
lu

id
ig

m
 =

 u
se

 a
nt

ib
od

ie
s 

pr
ov

id
ed

 b
y 

Fl
ui

di
gm

Curr Protoc Mol Biol. Author manuscript; available in PMC 2018 April 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Leelatian et al. Page 30

Table 2

Troubleshooting and optimizing solid tissue dissociation

Issues Potential causes Troubleshooting

Few viable cells after 
dissociation

• Poor sample quality • Use fresh surgically resected specimens (i.e. avoid 
using fixed samples).

• Small tissue size • If possible, use tissue at least 0.5 cm3 in size. 
Smaller samples can be used but will yield fewer 
cells.

• Transport medium • Use sterile PBS or appropriate experimental 
medium. Other isotonic solutions should be tested 
prior to routine use.

• Transport temperature • Specimens should be transported at room 
temperature. If transportation at other temperature 
(i.e. on ice) is to be used, it should be compared to 
room temperature.

• Duration of transportation • Duration of sample transportation should be noted. 
Ideally, samples should be dissociated immediately 
after surgical collection. Longer transportation 
times will decrease cell yield.

• Dissociation enzyme • Dissociation enzymes should be tested for optimal 
viable cell yield prior

• DNase I should be included in the dissociation 
protocol unless shown experimentally to be 
unnecessary.

• Duration of enzymatic 
dissociation

• Some tissue types may require shorter or longer 
dissociation duration. The dissociation kinetics 
should be tested for the specific types of enzyme 
used in the protocol. Testing of dissociation 
durations ranging from 15 minutes to ≥ 6 hours is 
recommended.

Red blood cell or platelet 
contamination

• ACK lysis is not included in 
the protocol

• ACK lysis should be used when there is visible red 
blood cell contamination. This should be done prior 
to cryopreservation.

Few viable cells after 
cryopreservation

• Freezing medium • Freezing medium should contain 10–12% DMSO 
in appropriate medium (e.g. FBS, or experimental 
media), which should contain serum or BSA, 
depending on cell types.

• Freezing temperature • Temperature of cell cryopreservation should be 
gradually decreased in a controlled environment at 
~ 1°C decrease/min in a −80°C ultralow freezer. 
Within 1 week, cells should be transferred to liquid 
nitrogen for long term storage.

• Thawing conditions • Cells from cryopreservation should be warmed in a 
37°C water bath for 1–2 minutes until completely 
thawed. Cell suspension should be immediately 
washed using warm experimental media to remove 
DMSO
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Issues Potential causes Troubleshooting

Cell subsets of interest 
were not detected

• Inappropriate dissociation 
condition for tissue type

• Antibodies with known specificity (and known 
optimal staining condition) should be used to test if 
the dissociation protocol preserves the cell subsets 
of interest.

• Antibody specificity • Antibodies that have been shown to specifically 
detect targets with other techniques (such as 
western blot) might not always work for flow 
cytometry-based technologies. Therefore, new 
antibodies should always be tested for specificity 
prior to use. This should be done using a known 
positive control cell type, and a known negative 
control cell type (rather than relying on an isotype 
control antibody).

• Antibody concentration • All new antibodies should be titrated to yield 
optimal concentration prior to use. The ideal 
concentration should allow maximal separation 
between the positive and the negative control cells, 
while minimizing signal of negative control cells 
(i.e. non-specific staining, background).

• Immunostaining condition • Antibodies that detect surface antigens should be 
used during live surface immunostaining. Note that 
some antibodies that detect surface transmembrane 
antigens were created to detect the intracellular 
portion of the antigen (i.e. cytoplasmic domain) 
and, therefore, should be used during intracellular 
immunostaining.

• Antibodies that detect intracellular antigens should 
be tested for appropriate permeabilization 
conditions. Different permeabilization reagents 
might be required for different antibodies. 
Additionally, steps of permeabilization with 
different reagents, if needed, should also be tested.

Non-specific staining

• Antibody specificity and 
concentration

• Every antibody should be tested for their specificity 
and for the appropriate concentration prior to use 
for staining.
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