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Abstract

Within the innate immune system, effector lymphocytes known as natural killer (NK) cells play an essential role in host defense against aberrant
cells, specifically eliminating tumoral and virally infected cells. Approximately 30 known monogenic defects, together with a host of other
pathological conditions, cause either functional or classic NK cell deficiency, manifesting in reduced or absent cytotoxic activity. Historically,
cytotoxicity has been investigated with radioactive methods, which are cumbersome, expensive and potentially hazardous. This article describes
a streamlined, clinically applicable flow cytometry-based method to quantify NK cell cytotoxic activity. In this assay, peripheral blood mononuclear
cells (PBMCs) or purified NK cell preparations are co-incubated at different ratios with a target tumor cell line known to be sensitive to NK cell-
mediated cytotoxicity (NKCC). The target cells are pre-labeled with a fluorescent dye to allow their discrimination from the effector cells (NK
cells). After the incubation period, killed target cells are identified by a nucleic acid stain, which specifically permeates dead cells. This method
is amenable to both diagnostic and research applications and, thanks to the multi-parameter capabilities of flow cytometry, has the added
advantage of potentially enabling a deeper analysis of NK cell phenotype and function.

Video Link

The video component of this article can be found at https://www.jove.com/video/56191/

Introduction

Natural killer (NK) cells are a sophisticated subset of human innate lymphocytes critically involved in the elimination of virally infected cells,
transformed cells, and other pathogenic threats 1,2. NK cell lytic granules house cytotoxic proteins, such as perforin and granzymes. Upon
activation, NK cells form a complex interaction with their targets known as immunological synapse, whereby these cytolytic molecules are locally
released, resulting in direct target cell lysis and apoptosis, together with cytokine and chemokine release and ultimately in the induction of an
inflammatory state 1,3,4.

NK cell activation involves a complex string of activating and inhibitory interactions between NK cell receptors and ligands expressed on the
surface of target cells, forming a tightly regulated system. One of the most studied mechanisms of NK cell activation is the "missing self". Indeed,
lack of detection of class I major histocompatibility complex (MHC), or human leukocyte antigen (HLA) molecules, on infected or transformed
cells triggers NK cell cytotoxicity. Tumor and virus-infected cells generally downregulate these antigens to escape T cell-mediated immunity, thus
becoming primary NK cell targets 1,3,4.

Assessment of NK cell function is primarily categorized into degranulation or cytotoxicity assays. However, degranulation assays, such as flow
cytometric detection of the degranulation-associated marker CD107a, are only indicative of NK cell activation and not of their ultimate function,
the direct killing of target cells 5,6,7,8. Hence, this limitation has drawn investigators to cytotoxicity assays as a more telling and more direct
alternative.

The long-time "gold standard" for assessing cell-mediated cytotoxic activity of both T and NK cells is the chromium release assay (CRA). CRA
involves radioactively labeling of target cells with 51Cr and co-incubating them with effector cells. This assay is steeped in the principle that cell
lysis results in the release of protein-bound 51Cr into the supernatant, which can be measured by gamma counting. This assay, while effective,
is problematic for a variety of reasons: high material costs, handling and disposal of radioactive 51Cr, spontaneous release of 51Cr, and difficult
standardization - making it altogether impractical 9,10.

A number of non-radioactive assays, involving fluorescent labeling, enzyme release, and even bioluminescence, have since been developed
as alternatives to CRA 11,12,13,14. We describe here a flow cytometry-based method for measurement of NK cell cytotoxic activity on K562 target
cells that is simple, sensitive, and reproducible. K562 cells are a human erythroleukemic cell line with reduced expression of HLA class I and
heightened expression of ligands for activatory NK receptors, which makes them particularly susceptible to NK cell-mediated cytotoxicity 15. In
this assay, K562 cells are pre-labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) and co-cultured at various ratios with either
peripheral blood mononuclear cells (PBMCs) or purified NK cells 1. CFSE is a stable, protein-binding fluorescent dye that allows discrimination of
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target cells from effector NK cells 16,17. After the co-incubation, a nucleic acid stain, specifically permeating the membrane of dead cells, is used
to identify killed target cells (see table of materials). The samples are then acquired on a flow cytometer to determine the percentage of dead
(i.e., stain+) CFSE+ target cells.

This assay can be used as a routine diagnostic screening for monogenic defects affecting the NK cell compartment, of which there are
approximately 30 known defects causing either functional or classic NK cell deficiency, and for primary or secondary hemophagocytic
lymphohistiocytosis. It is also useful to investigate NK cell activity in patients with recurrent, severe herpes viral infections, to evaluate
immune reconstitution following hematopoietic cell transplantation or post immunomodulatory therapy 18,19,20, and for a host of basic research
applications.

Protocol

Samples were collected according to the ethical guidelines established by the UCLA Human Research Protection Program and IRB approved.

1. Preparation of reagents

NOTE: Unless otherwise stated, all reagents should be allowed to equilibrate at room temperature prior to use. All reagents must remain sterile.

1. Prepare a 2x working solution of Tween-20 (i.e., 0.2%) by adding 10 µL of Tween-20 solution to 5 mL of phosphate-buffered saline (PBS)
without calcium and magnesium with a p20 pipette.

1. Given the high viscosity of Tween-20, take the following steps to ensure accuracy: collect slowly to avoid bubble formation, do not
submerge the entire tip to avoid carry-over, and pipette up and down several times in PBS to wash out all Tween-20 from the tip.

2. Add 2 µL of IL-2 stock solution (2.1E6 IU/mL) to 198 µL of complete media (i.e., 1:100 dilution), which is RPMI with 1% penicillin-streptomycin
and 10% fetal bovine serum (FBS), then proceed to an additional 1:100 dilution by adding 2 µL of IL-2 intermediate solution to 198 µL of
complete media to prepare a 7x working solution (210 IU/mL).

3. Add 2 µL of CFSE stock solution (5 mM) to 500 µL of plain media (RPMI). Vortex, spin down to remove drops from the cap, then proceed
with an additional 1:20 dilution by adding 50 µL of the CFSE intermediate solution to 950 µL of plain RPMI to obtain a 2x working solution of 1
µM. Vortex well and keep protected from light.

2. Isolation of PBMCs as effector cells

NOTE: This assay has been validated for effective use with total PBMCs from healthy controls. However, it is recommended that NK cell content
be verified with each PBMC preparation (Figure 1). Also, the volume of whole blood for collection is based on the frequency of NK cells in
peripheral whole blood and this may vary from person to person, particularly between healthy donors and patients.

1. Collect a minimum of 4 mL of human whole blood in sodium or lithium heparinized blood collection tubes. Store blood samples at room
temperature upon collection and use within 30 h of collection.

2. Dilute whole blood with 4 mL of PBS (i.e. equal volume of PBS to whole blood).
3. Add 4 mL of density gradient solution (see table of materials) to a 15-mL conical tube. Carefully overlay diluted whole blood over the density

gradient solution by tilting the tube.
4. Centrifuge at 650 x g for 24 min with the brake off.
5. Carefully collect the layer of mononuclear cells, which is the thin white layer below the top layer of plasma and platelets, into a new 15-mL

conical tube. Bring the volume to 15 mL with PBS.
6. Centrifuge at 450 x g for 10 min with the brake on. Aspirate the supernatant and resuspend cells in 0.5 mL of complete media.
7. Use an automated cell counter or hemocytometer to count the cells, and adjust the PBMC concentration to 5x106 cells/mL with complete

media.
8. Check the NK cell content by flow cytometry (see step 4).
9. Start the assay within 30 min. Keep cells at room temperature for up to 10 min, or place in a humidified 5% CO2 incubator at 37 °C until ready

for use.

3. Isolation of NK cells as effector cells

NOTE: This portion of the protocol is an alternative to using total PBMCs as effector cells. The typical yield from 4 mL of whole blood from a
healthy individual is approximately 4x105 NK cells, or approximately 5-15% of PBMCs, though this frequency varies between donors 21. It is
recommended that a purity check be performed after the isolation.

1. Collect a minimum of 4 mL of human whole blood in sodium or lithium heparinized blood collection tubes. Take 50 µL of whole blood to stain
as a pre-enrichment sample.

2. Add the enrichment cocktail to blood samples at 50 µL/mL (see table of materials). Mix well and incubate for 10 min at room temperature.
3. Add an equal volume of PBS + 2% FBS to dilute the sample and gently mix well.
4. Add 4 mL of density gradient solution to a 15-mL conical tube. Carefully overlay the diluted sample on top of the density gradient medium.
5. Centrifuge at 1,200 x g for 10 min with the brake off.
6. Carefully collect the layer of enriched cells into a new 15-mL conical tube. Wash the cells by bringing the volume up to 50 mL with PBS + 2%

FBS.
7. Centrifuge at 300 x g for 10 min. Discard the supernatant and repeat the wash.
8. Aspirate the supernatant and resuspend cells in 0.5 mL of complete media.
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9. Using an automated cell counter or hemocytometer, count the cells and adjust the concentration to 5x105 cells/mL. Take 50 µL of purified cell
suspension to stain as a post-enrichment sample.

10. Keep cells at room temperature for up to 10 min, or place in a humidified 5% CO2 incubator at 37 °C until ready for use.

4. Immunophenotyping for assessment of NK cell content

1. Using 50 µL total isolated PBMCs, pre-enrichment whole blood, or purified NK cells, stain with anti-CD56 fluorochrome-conjugated antibody
as an NK cell marker. Markers for other cell types and lineages (i.e. CD3+ T cells, CD19+ B cells) may also be included to assess the origin
of contamination, if any.

2. Incubate for 20 min at 4 °C, and wash by adding 2 mL of PBS + 2% FBS.
3. Centrifuge at 450 x g for 5 min.
4. For PBMCs or NK cells, aspirate supernatant and resuspend cells in 100 µL of PBS + 2% FBS.
5. For whole blood samples, perform red blood cell (RBC) lysis:

1. After centrifugation, aspirate the supernatant and resuspend in 2 mL red blood cell lysis buffer (31.75 g of ammonium chloride + 4.16 g
of Tris base + 6.65 g of EDTA, dissolved in 5000 mL of deionized water).

2. Incubate for 10 min at room temperature.
3. Repeat wash twice, aspirate the supernatant, and resuspend lysed sample in 100 µL of PBS + 2% FBS.

 

NOTE: RBC lysis may also be performed prior to staining.
4. Proceed with flow cytometric analysis.

5. Thawing, culturing, and harvesting of K562 target cells

1. Aliquot 10 mL of complete media into a 15-mL conical tube and allow to warm in a 37 °C water bath. For the thawing and culturing of K562
cells, use only media pre-warmed to 37 °C for all steps.

2. Place one vial of frozen K562 cells in the 37 °C water bath until most of it is thawed.
3. Transfer the semi-thawed K562 cells to the complete media, pre-warmed to 37 °C, in the 15-mL conical tube. Wash the inside of the

cryogenic vial with some pre-warmed media, and add the wash to the 15-mL tube.
4. Centrifuge at 140 x g for 7 min with the brake on. Remove the supernatant and resuspend the pellet in 1 mL of complete media.
5. Aliquot an appropriate amount of cell suspension to count cells using an automated cell counter or hemocytometer.
6. Adjust the concentration to 1x105-2x105 cells/mL and culture in a humidified 5% CO2 incubator at 37 °C for at least 2 days before use.

Maintain the culture at this density range for no longer than 3 months, then thaw a new aliquot. Never exceed a cell concentration of 1x106

cells/mL in culture.
7. For use in the assay, mix the K562 cell culture well with a 10-mL serological pipette and remove an aliquot to count and assess cell viability

using an automated cell counter or hemocytometer and Trypan Blue staining.
1. If the viability is less than 85%, proceed with the following dead cell removal steps.

1. Add 15 mL of density gradient solution to 50-mL conical tubes, as needed. Collect all cells from culture and slowly overlay the
cell suspension over the density gradient solution by tilting the tube.

2. Centrifuge at 650 x gfor 24 min with brake off. Carefully collect the layer of live cells into a new 15-mL conical tube. Bring the
volume to 50 mL with PBS.

3. Centrifuge at 450 x g for 10 min with the brake on. Remove the supernatant and resuspend the pellet in 1 mL of complete media.
Count the cells and check cell viability (as in 5.7).

4. Culture in a humidified 5% CO2 incubator at 37 °C for at least 2 days before use.

8. Collect 5x105 K562 target cells and centrifuge at 140 x g for 7 min. Aspirate the supernatant and resuspend the cell pellet in 500 µL in media
with 1% FBS.

6. Labeling of K562 target cells

NOTE: Make sure the K562 cells are well resuspended before adding the CFSE working solution.

1. Pipette 500 µL of the CFSE working solution to the 500 µL of K562 cells for a final concentration of 0.5 µM. Using the same 1000-1250 µL tip,
mix immediately by gently pipetting up and down 3-5 times.

2. Incubate in the 37 °C water bath or in a humidified 5% CO2 incubator at 37 °C for 10 min in the dark.
 

NOTE: Since the temperature equilibration lag time is longer in the incubator compared to the water bath, incubation time might need to be
adjusted especially for volumes > 1 mL.

3. Quench the labeling reaction with 10 mL of complete media for 10 min in the dark at room temperature.
4. Centrifuge the labeled K562 cells at 140 x g for 7 min. Remove the supernatant and resuspend in 1 mL of complete media.
5. Count the cells using an automated cell counter or hemocytometer and bring the concentration to 1x105 cells/mL in complete media.
6. Place cells in a humidified 5% CO2 incubator at 37 °C until ready for use. Cells can be kept at room temperature for up to 10 min, or in in a

humidified CO2 incubator at 37 °C until ready for use. Do not refrigerate.

7. Plating

NOTE: If NK cells are limiting, the concentration of both K562 and NK cells can be halved, so that half of the cells are plated in the assay. The
assay yields comparable results with half the amount of cells (as long as the ratios are kept consistent).
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1. If using total PBMCs, label a 96-well, U-bottom, tissue culture-treated plate for the following conditions per well: (1) Effector (E) : Target (T) =
50 : 1 + IL-2 - positive control for NK cell cytotoxicity; (2) E : T = 50 : 1; (3) E : T = 25 : 1; (4) E : T = 12.5 : 1; (5) E : T = 6.25 : 1; (6) T - target
cells only - negative control for K562 death; (7) E - effector cells only; (8) T + Tween - Positive control for K562 death

2. If using purified NK cells, label a 96-well, U-bottom, tissue culture treated plate for the following conditions per well: (1) Effector (E) : Target
(T) = 5: 1 + IL-2 - positive control for NK cell cytotoxicity; (2) E : T = 5 : 1; (3) E : T = 2.5 : 1; (4) E : T = 1.25 : 1; (5) E : T = 0.625: 1; (6) T -
target cells only - negative control for K562 death; (7) E - effector cells only; (8) T + Tween - positive control for K562 death

3. Add 100 µL of complete media to conditions 3, 4, 5, 6, 7. For this and all subsequent steps, (recommended) use a multichannel pipette.
4. Add 100 µL of effector cells (PBMCs at 5x106 cells/mL or purified NK cells at 5x105 cells/mL) to conditions 1, 2, 3. Add effector cells for

conditions 4-7 by serial dilution. Do not change tips from condition to condition.
1. Mix condition 3, take 100 µL, and transfer to condition 4.
2. Mix condition 4, take 100 µL, and transfer to condition 5.
3. Mix condition 5, take 100 µL, and transfer to condition 7; Condition 6 does not have effector cells.

5. Add 100 µL of prepared 2x 0.2% Tween working solution to condition 8 (final concentration: 0.1% Tween-20); condition 8 does not have
effector cells.

6. Add 30 µL of IL-2 working solution to condition 1. IL-2 should be added to the effector cell suspension prior to the addition of target cell
suspension (final concentration: 27 IU/mL).

7. Add 100 µL of target cells (labeled K562 cells at 1x105 cells/mL) to conditions 1, 2, 3, 4, 5, 6, 8. Condition 7 does not have target cells.
8. Mix all wells with a multichannel pipette and centrifuge the plate at 120 x g for 2 min.
9. Incubate in a humidified CO2 incubator at 37 °C for 4 h. At the end of the incubation, place the plate on ice and proceed to viability staining

within 30 min.

8. Staining for viability and acquisition

1. Prepare dead cell stain (see table of materials) by adding 3 µL of the 5 µM stock solution to 600 µL of PBS.
2. Add 50 µL of diluted dead cell stain to each well for a final volume of 250 µL and a final concentration of 0.005 µM. Mix well with a

multichannel pipette.
3. Proceed with flow cytometric analysis. Using a flow cytometer, collect at least 1,000 events in the target cell gate (Figure 2) for statistically

meaningful results.

Representative Results

Before setting up the assay, it is highly recommended that NK cell content be assessed in the effector population of choice. Figure 1 shows a
typical CD56 staining before (light blue) and after (red) NK cell enrichment. NK cells comprise up to 15% of PBMCs and should be at least 80%
pure after enrichment.

Flow cytometric analysis in this assay involves detection of two parameters: CFSE, detectable in the same channel as FITC; and a dead cell
stain, detectable in the same channel as APC (Figure 2A,B). After data acquisition, the gating strategy in Figure 2 is used to analyze data. Dead
(i.e., dead cell stain+) K562 target cells are gated out of the CFSE+ population, providing the % of killed cells within the target population.

Control conditions are crucial in ensuring the effectiveness of the assay itself and its separate components. In order for the assay to be
considered valid, the following should be expected in the control conditions (6-8): Target cells only (condition 6) should result in cell death < 15%
(Figure 3A). No CFSE signal should be detected for effector cells only (condition 7), and cell death should be < 5% (Figure 3B). For Tween-
mediated killing of target cells (condition 8), cell death should be > 85% (Figure 3C).

A patient with defect in NK cell function is expected to have reduced killing activity at most or all ratios tested as compared with a healthy
individual. The parallel of healthy donor and patient cells in Figure 4 shows differential, significant reduction in target cell death with decreasing
effector-target cell ratio.
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Figure 1: Assessment of NK cell content within the effector population. Representative histogram after staining total PBMCs (light blue) or
purified NK cells (red) for CD56. Please click here to view a larger version of this figure.

 

Figure 2: Gating strategy for detection of target cells. A) The initial gate is set in a FITC-A/SSC-A plot. K562 cells are gated as CFSE
+ events. B) Dead K562 cells (i.e., positive for dead cell stain) are gated in the subsequent APC-A/SSC-A plot within the CFSE+ target cell
population. Please click here to view a larger version of this figure.

 

Figure 3: Representative data for control conditions. A) Percentage of dead cell stain+ K562 cells within the CFSE+ gate (gating strategy as
in Figure 2) in condition 6 (target cells only) - negative control for K562 cell death. B) CFSE and dead cell stain detection in condition 7 (effector
cells only - total PBMCs). C) Percentage of dead cell stain+ K562 cells within the CFSE+ gate (gating strategy as in Figure 2) in condition 8
(target cells + Tween) - positive control for K562 cell death. Please click here to view a larger version of this figure.
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Figure 4: Representative data for the dilution effect of various effector-target cell ratio. The effector:target cell ratios tested are as follows:
50:1, 25:1; 12.5:1; 6.25:1. Data are background (condition #6)-removed. Please click here to view a larger version of this figure.

Sample Condition Effector (E) : Target (T)

1 - positive control for NK cell cytotoxicity 50 : 1 + IL-2

2 50 : 1

3 25 : 1

4 12.5 : 1

5 6.25 : 1

6 T only

7 - negative control for K562 death E only

PBMCs

8 - positive control for K562 death T + Tween

1 - positive control for NK cell cytotoxicity 5 : 1 + IL-2

2 5 : 1

3 2.5 : 1

4 1.25 : 1

5 0.625 : 1

6 T only

7 - negative control for K562 death E only

NK cells (purified)

8 - positive control for K562 death T + Tween

Table 1

Discussion

The method described here provides a straightforward and cost-effective alternative to the traditional 51Cr release assay to assess NK cell
cytotoxic activity. This method is sensitive, reproducible, and less time-consuming than previous standard methods, like CRA, and can be used
for both clinical and research applications.

While the assay works with both total PBMCs and enriched NK cells, the option to use PBMCs without the need to purify cell populations is a
great benefit when dealing with small volumes of collected blood or few or poor quality cells from patients' samples. This assay utilizes only
CFSE and dead cell exclusion viability stain. Looking at these two parameters alone provides succinct and sufficient information for diagnostic
purposes, with the added benefit of not requiring further compensation in flow cytometric analysis.

This method can also be used to study basic NK cell biology and test novel NK cell-targeted therapies. In this regard, the ever-expanding
capabilities of flow cytometers introduce an invaluable element of versatility to this assay, allowing for multiparameter analysis of NK cells and
their activity not previously possible with assays like CRA. Alternative cell tracking and viability dyes, fluorescing in other channels, are available
to meet the investigators' needs.

This protocol is optimized for use with the prototypical NK cell target K562 cell line. However, it can be adapted to alternative suspension target
cell lines with varying degrees of sensitivity to NK cell cytotoxicity, such as HL-60, Daudi, U937 and Raji. In this regard, it is important to note that
the concentration of fluorescent dye and of serum used during target cell labeling might have to be optimized for each target cell line, as different
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cell lines might take up the fluorescent label differently, and for each flow cytometer. While it is typically recommended to avoid using serum
during labeling, we opted for slight quenching with 0.5% of FBS for two reasons. First, it helps reducing target cell stress and thus background
stain; second, it brings CFSE signal within the appropriate range of detection of our flow cytometer without requiring daily settings adjustments,
thus aiding in the reproducibility of the assay. Additional protocol variations might include testing different E:T ratios and incubation times to adapt
the assay to different activation conditions. The duration of the co-culture of effector and target cells to test NK cytotoxicity has historically ranged
from 4-16 h, though longer periods tend to result in increased spontaneous release 9,16. In our method, longer incubation might also result in loss
of fluorescent labeling by the target cells due to killing or proliferation, as these fluorescent dyes are diluted upon cell division. Thus, incubations
in the lower end of the time window are generally preferred and they should not exceed overnight incubation 6,16,22.

It is important to take note of which variables can potentially affect the outcome of this assay. In our experience, the K562 target cells are
especially sensitive to temperature changes. Therefore, the K562 cells should not be refrigerated but rather kept at room temperature or placed
in a humidified CO2 incubator at 37 °C before their use. For the same reason, all reagents should be brought to the appropriate temperatures
as indicated in the protocol. Another parameter affecting these cells is the centrifugation speed, which should be reduced to minimize cellular
stress. Moreover, limiting the lag time between effector/target preparation and the start of the co-incubation to less than 30 min is essential to
ensure maximal killing activity and assay reproducibility. Likewise, as CFSE signal is generally robust, accurate pipetting, proper mixing of cells
and precise incubation time when labeling and quenching are crucial to ensure consistency in the staining. Finally, NK cell cytotoxic ability is
highly variable even in healthy individuals and is influenced by a number of factors, including developmental stage, sex, age, and weight 23,24,25.
In addition, up to 30% of healthy controls display a significant reduction or complete loss of cytotoxic ability if tested more than 24 hours after
blood draw. Therefore, it is recommended to use freshly purified PBMCs or NK cells whenever possible.
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