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22 SUMMARY:
23 Evasion of natural killer (NK) cell-mediated eradication by cancer cells is important for cancer
24 initiation and progression. Here, we present two non-radioactivity-based protocols to evaluate
25 NK cell-mediated cytotoxicity toward hepatic tumor cells. Additionally, a third protocol is
26  presented to analyze NK cell migration.
27
28  ABSTRACT:
29  Natural killer (NK) cells are a subset of the cytotoxic lymphocyte population of the innate immune
30 system and participate as a first line of defense by clearing pathogen-infected, malignant, and
31 stressed cells. The ability of NK cells to eradicate cancer cells makes them an important tool in
32  thefight against cancer. Several new immune-based therapies are under investigation for cancer
33  treatment which rely either on enhancing NK cell activity or increasing the sensitivity of cancer
34  cells to NK cell-mediated eradication. However, to effectively develop these therapeutic
35 approaches, cost-effective in vitro assays to monitor NK cell-mediated cytotoxicity and migration
36 are also needed. Here, we present two in vitro protocols that can reliably and reproducibly
37 monitor the effect of NK-cell cytotoxicity on cancer cells (or other target cells). These protocols
38 are non-radioactivity-based, simple to set up, and can be scaled up for high-throughput
39 screening. We also present a flow cytometry-based protocol to quantitatively monitor NK cell
40 migration, which can also be scaled up for high-throughput screening. Collectively, these three
41  protocols can be used to monitor key aspects of NK cell activity that are necessary for the cells’
42  ability to eradicate dysfunctional target cells.
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INTRODUCTION:

The ability of the human body to identify non-self and eradicate foreign objects is key to human
survival against pathogens and malignancies!. The human immune response plays the most
important role in this process?*4. Based on key characteristics and functions, the human immune
system can be broadly classified into two major functional groups: the adaptive immune system
and the innate immune system. The adaptive immune system is typically specific to a given
pathogen and has immunological memory and, thus, is long-lasting and responsive to future re-
infection by the same pathogen®®. In contrast, innate immunity is much broader in its target
eradication and relatively nonspecific. Therefore, typically, the innate immune response serves
as the first line of immunological defense'®. Natural killer (NK) cells belong to the innate immune
system and represent 10-15% of total circulating lymphocytes!!. NK cells eradicate target cells
via two major mechanisms. First, upon binding to target cells expressing activating ligands, NK
cells release the membrane-disrupting protein perforin and serine protease granzymes through
exocytosis, which jointly induce apoptosis in target cells'>%>. Additionally, NK cells expressing
FasL and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) interact with target cells
expressing death receptors (Fas/CD95), leading to caspase-dependent apoptosis!®. Most
importantly, NK cells do not require prestimulation, such as antigen presentation, to eradicate
pathogen-infected or malignant cells; thus, they are usually in a ready-to-kill state!”18, In order
to inhibit tumor development and progression and eradicate cancer cells, NK cells must migrate
to the tumor site and, once in the tumor microenvironment, identify and attack the target cells.

In the past, NK-cell effector functions were mainly monitored by degranulation and cytotoxicity
assays®?l. NK cell cytotoxicity can also be measured by >*chromium release assay??2°. However,
this assay has some specific requirements, including the need for a gamma counter, and is
radioactivity-based, which requires training in handling and disposal of radioactive materials and
poses a level of risk to the user. Therefore, several new non-radioactivity-based assays have been
developed and employed to study NK cell activity.

Here, we describe two such protocols, colorimetric lactic dehydrogenase (LDH) measurement-
based NK cell-mediated cytotoxicity assay and calcein acetoxymethyl (AM) staining-based
microscopic method to measure NK cell-mediated cancer cell eradication. These assays do not
require the use of radioisotopes, are straightforward, sensitive, and reproducibly identify factors
that modulate NK cell function. Additionally, because NK cell function cannot be fully evaluated
without monitoring changes in NK cell migration, we also present a flow cytometry-based
guantitative method to monitor NK cell migration.

PROTOCOLS:
1. Preparation of culture medium for NK cells and hepatic tumor cells

1.1. Use human natural killer cells (e.g., NK92MI) and human liver cancer cell line (e.g., SK-HEP-
1).

1.2. Prepare NK cell culture medium for NK92MI human NK cells by adding the following
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components to 500 mL of minimum essential medium Eagle alpha without ribonucleosides and
deoxyribonucleosides to the indicated final concentrations: 0.02 mM folic acid (100 pL of 100
mM folic acid), 0.2 mM myoinositol (500 uL of 200 mM myoinositol), 0.1 mM B-mercaptoethanol
(3.5 pL of 14.3 M B-mercaptoethanol), 2 mM L-glutamine (5 mL of 200 mM L-glutamine), 1%
penicillin/streptomycin (5 mL of 100x penicillin/streptomycin), 12.5% fetal bovine serum (FBS),
and 12.5% horse serum. Mix and filter sterilize using a 0.22 um sterile filtration unit, and store at
4°C.

1.3. Prepare culture medium for hepatic tumor cell line SK-HEP-1 by adding 10% FBS and 1%
penicillin/streptomycin to high-glucose Dulbecco’s modified Eagle medium (DMEM) containing 2
mM L-glutamine.

2. Colorimetric LDH measurement-based NK cell-mediated cytotoxicity assay

2.1. Grow SK-HEP-1 cells to 70-80% confluency in a 100 mm cell culture Petri dish in 5% CO; at
37 °Cin a CO;z incubator. Generate a single-cell suspension by first washing cells with 5 mL of 1x
phosphate-buffered saline (PBS) followed by incubation with 1 mL of 0.25% trypsin-EDTA in 5%
CO; at 37 °Cin a CO; incubator until a single cell suspension is generated.

NOTE: NK cell activity can be induced by stressed cancer cells due to changes in expression of NK
cell-activating ligand in cancer cells. Therefore, healthy and sub-confluent cancer cells should be
used for accurate results. It is also important to note that NK cell receptors and ligands can be
sensitive to trypsinization?®?’. Therefore, the trypsinization protocol should be carefully
optimized and excessive trypsinization should be avoided.

2.2. After trypsinization, add 10 mL of SK-HEP-1 culture medium and centrifuge at 160 x g for 3
min in a 15 mL sterile conical centrifuge tube. Wash the cell pellet with 5 mL of 1x PBS and
resuspend in 5 mL of culture medium.

2.3. In parallel, centrifuge the NK92Ml cells at 160 x g for 3 min in a 15 mL sterile centrifuge tube.
Wash the cell pellet with 5 mL of 1x PBS and resuspend in 5 mL of NK92MI cell culture medium.

NOTE: NK92MI cells are grown in NK cell culture medium and obtained similarly as described in
step 2.1.

2.4. Count the SK-HEP-1 and NK92MI cells using a hemocytometer or any available automated
cell counter.

2.5. Add SK-HEP-1 cells (target cells) (1 x 10*/100 puL/well) and NK92MI cells (effector cells) (1 x
10°/100 pL/well) in the ratio of 1:10 target:effector and seed in triplicate wells in a 96 well plate.

2.6. Incubate the 96 well plate at 37 °C in an atmosphere of 95% air and 5% CO: for 3 h. After
incubation, centrifuge plate at 450 x g for 5 min at room temperature.
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2.7. Without disturbing the cell pellet, collect 100 pL of supernatant from each well and transfer
to a well in a new 96 well plate.

2.8. Add 50 pL of LDH substrate, mix well, and incubate the plate for 20 min at room temperature
in the dark.

2.9. Stop the reaction by adding 50 pL of stop solution (50% dimethylformamide and 20% sodium
dodecyl sulfate at pH 4.7). Immediately measure the absorbance of the plate at 490 nm and 680
nm using a plate reader.

2.10. Subtract the absorbance at 680 nm from the absorbance at 490 nm. Calculate the percent
(%) NK cell cytotoxicity using the formula below.

LDH experimental—LDH ef fector cells—LDH spontaneous

NK cell cytotoxicity (%) = x 100

LDH maximal—LDH spontaneous

where LDH experimental (effector + target cells) is the absorbance of NK92MI cells and SK-HEP-
1 cells, LDH effector cells is the absorbance of NK92MI cells alone, LDH spontaneous is the
absorbance of SK-HEP-1 cells alone, and LDH maximal is the absorbance of SK-HEP-1 cells with
lysis buffer.

NOTE: To reduce serum interference, always use the following controls: target cells alone (SK-
HEP-1), effector cells alone (NK92MI), target cells with lysis buffer as a complete lysis control,
target cell medium, NK92MI medium, as well as target cell medium and NK92MI medium ina 1:1
ratio.

3. Calcein AM staining-based microscopic method for measuring NK cell-mediated cytotoxicity

3.1. Culture SK-HEP-1 cells to 70-80% confluency. Generate a single-cell suspension by first
washing cells with 5 mL of 1x PBS followed by incubation with 1 mL of 0.25% trypsin-EDTA.

3.2. Centrifuge SK-HEP-1 cells in a 1 mL sterile centrifuge tube at 160 x g for 3 min. Resuspend
the pellet in 3 mL of serum-free DMEM.

3.3. Add 1.5 pL of calcein AM solution (10 mM) to SK-HEP-1 cells and incubate for 30 min at room
temperature. Centrifuge calcein AM-labeled SK-HEP-1 cells at 160 x g for 3 min in a 15 mL sterile
centrifuge tube.

3.4. Wash cells twice with 5 mL of 1x PBS to remove excess calcein AM dye.

3.5. In parallel, centrifuge NK92MI cells at 160 x g for 3 min in a 15 mL sterile centrifuge tube.
Wash the cell pellet once with 5 mL of 1x PBS and resuspend in 5 mL of NK92MlI cell medium.

3.6. Count calcein AM-labeled SK-HEP-1 cells and NK92MI cells using a hemocytometer or an
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automated cell counter.

3.7. Resuspend SK-HEP-1 cells in culture medium at 1 x 10° cells/mL and NK92MI cells at 1 x 10°
cells/mL in NK cell medium.

3.8. Plate calcein AM-labeled SK-HEP-1 cells (target cells) (1 x 10%/100 pL/well) with NK92MI cells
(effector cells) (1 x 10°/100 pL/well) (1:10 target:effector ratio) per well in triplicate wells in a 96
well plate.

3.9. Incubate the 96 well plate at 37 °C in an atmosphere of 95% air and 5% CO; for 4 h. After
incubation, capture fluorescence images of the calcein AM-labeled cells using a fluorescence
microscope at 10x magnification. Capture at least 10 different fields of each replicate for each
treatment condition.

3.10. Randomly select 10 images for each replicate and count calcein AM-positive labeled target
cells incubated with or without NK92MI cells. Calculate % cytotoxicity using the formula below.

Number of target cells co—cultured with NK92MI cells

NK cell cytotoxicity (%) = 100

Number of target cells cultured witPlout NK92MI cells

NOTE: As controls, use target cells without NK92MI cells and completely lysed target cells as
complete lysis control. For complete lysis, incubate the cells in 0.5% Triton X-100 for 1 h (20 uL
of 5% Triton X-100 in 200 pL of culture media).

4. NK cell migration assay
4.1. Grow NK92Ml cells and centrifuge cells at 160 x g for 3 min in a 15 mL sterile centrifuge tube.

4.2. Wash the cell pellet twice with 5 mL of 1x PBS and resuspend the cells in 3 mL of serum-free
NK92MI cell medium. Count NK92MI cells using a hemocytometer or an automated cell counter.

4.3. Plate NK92MI cells (2.5 x 10° cells/100 pL/well) in the upper compartment of transwell
permeable chamber (6.5 mm diameter insert and 5 um pore size).

4.4. In the bottom chamber add 0.6 mL of serum-free medium containing material to be tested
for NK cell chemoattractant properties (e.g., conditioned medium, chemokines, cytokines).

NOTE: When preparing conditioned medium, use reduced-serum medium without added serum
to eliminate interference from serum proteins in the migration assay.

4.5. Incubate the 24 well permeable chambers at 37 °C for 4 h. After 4 h, collect the non-adherent
and migrated NK92MI cells from the bottom chamber and transfer them to fluorescence-
activated cell sorting (FACS) tubes for further analysis.
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NOTE: The time of culture may vary depending on the type of target cells, as well as the amount
and kinetics of chemokines produced by the target cells. Therefore, this time should be
empirically determined for each cell type, chemokine, and experiment.

4.6. Add predetermined number of counting beads for flow cytometry in a volume of 50 pL to
each tube containing migrated NK cells. Evaluate the volume of 300 uL/well cell suspension using
any flow cytometer capable of automated FACS-based cell counting.

NOTE: Mix or vortex-mix the counting beads for flow cytometry thoroughly each time before use
to ensure that a constant number of beads is used to minimize experimental variability. Reverse
pipetting is recommended with count beads to maintain accuracy. Use only NK cells and counting
beads for flow cytometry as FACS analysis controls. The authors recommend reading at least
10,000 beads + NK cells combined, an amount that has worked well. However, this number may
vary depending upon the experimental conditions. Therefore, the combined number of beads +
NK cells should be empirically determined for each type of experiment. Additionally, it is
important to perform experiments using biological triplicates to achieve statistically significant
results and to account for variability between different cell counts.

4.7. Calculate absolute number of migrated NK92MI cells using this formula:

Absolute number of migrated NK92MI cells = — X

ool e S
wl e

where A = number of cells, B = number of beads, C = assigned bead count of the lot (number of
counting beads for flow cytometry/50 uL; in this example 49,500), and D = volume of sample (uL).

NOTE: If 300 uL of sample volume (migrated cells) is used for FACS analysis with 50 L of counting
beads for flow cytometry, the absolute number of migrated cells = 1,700 cells/3,300 bead events
x 49,500 beads/300 pL = 84.975 cells/uL. The calculation should be corrected if the sample is
diluted or if a different volume of FACS counting beads are used.

REPRESENTATIVE RESULTS

NK cell cytotoxicity assays and NK cell migration assay were performed using the SK-HEP-1
hepatic tumor cell line as a model system. To measure NK cell cytotoxicity using the LDH assay,
SK-HEP-1 cells expressing either a nonspecific (NS) shRNA or shRNA targeting activating
transcription factor 4 (ATF4) were incubated with NK92MI cells in a 96 well plate for 3 h (Figure
1A). ATF4 has been previously shown to regulate NK cell cytotoxicity by upregulating the
activating ligand ULBP128, LDH activity associated with NK cell-mediated target cell killing was
measured colorimetrically, and percent cytotoxicity calculated using the formula described in
protocol 1. ATF4 knockdown significantly reduced NK cell-mediated cytotoxicity compared to NK
cells expressing NS shRNA (Figure 1B-D). We also measured NK cell cytotoxicity using a calcein
AM staining-based assay. To this end, SK-HEP-1 cells expressing NS shRNA or ATF4-targeting
shRNAs were labelled with calcein AM and incubated with NK92MI cells in 96 well plates for 4 h
as illustrated in Figure 2A. After incubation, images of calcein AM-positive cells were captured by
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fluorescence microscopy using a FITC/GFP filter. Cells killed by NK cells are not detected by this
approach because they no longer retain the calcein AM dye. As shown in Figure 2B,C, the number
of calcein AM-positive SK-HEP-1 cells is decreased after co-culture with NK92MI cells compared
to SK-HEP-1 cells grown without NK92Ml cells. However, as expected, ATF4 knockdown via shRNA
reduced NK cell-mediated killing of SK-HEP-1 cells, observed by a greater number of calcein AM-
positive cells (Figure 2B,C). Therefore, both LDH-based and calcein AM assays showed consistent
results and confirmed that ATF4 knockdown reduces NK-mediated cancer cell cytotoxicity. Either
of these assays is sufficient to assess NK cell-mediated cytotoxicity; however, we recommend
using both methods to increase both the stringency and confidence in the results.

We also present the results of a 24 well NK cell migration assay. NK92MI cells were resuspended
in serum-free NK92MI medium in the upper chamber, and chemokine, CC motif, ligand 2 (CCL2)
was added to the lower permeable chamber. NK cell migration was assayed as described in
section 3 (Figure 3A). The number of migrated NK92MI cells was quantified by adding counting
beads for flow cytometry and followed by FACS analysis. As shown in Figure 3B-C, there was a
significant increase in the number of NK92MI cells that had migrated toward CCL2-containing
medium compared to control medium.

FIGURE LEGENDS:

Figure 1: Colorimetric LDH activity-based NK cell-mediated cytotoxicity assay. (A) Schematic
depicting the key steps of colorimetric LDH activity-based NK cell cytotoxicity assay. (B,C) ATF4
expression was analyzed in SK-HEP-1 cells expressing either nonspecific (NS) shRNA or shRNAs
targeting ATF4 by quantitative RT-PCR and western blotting. (B) Relative ATF4 mRNA level is
shown after normalization to ACTINB level in SK-HEP-1 cells expressing NS shRNA or ATF4
shRNAs. (C) ATF4 and ACTINB protein levels in SK-HEP-1 cells expressing NS shRNA or ATF4
shRNAs. (D) NK cell-mediated cytotoxicity was analyzed in SK-HEP-1 cells expressing either NS
shRNA or ATF4 shRNAs by the LDH method. Percent (%) NK cell-mediated cytotoxicity is shown.
Data are presented as mean = SEM; ns, not significant; **p < 0.01, ***p < 0.001.

Figure 2: Calcein AM staining-based microscopic method for measuring NK cell-mediated
cytotoxicity. (A) Schematic depicting the key steps of calcein AM staining-based microscopic
method for measuring NK cell-mediated cytotoxicity. (B) NK cell-mediated cytotoxicity was
analyzed in SK-HEP-1 cells expressing either NS shRNA or ATF4 shRNAs using the calcein AM
method. Representative images are shown. Scale bar = 200 um. (C) Percent of calcein AM-
positive cells for the experiment presented in panel B. **p <0.01.

Figure 3: FACS-based quantitative NK cell migration assay. (A) Schematic depicting the key steps
of FACS-based NK cell migration assay. (B,C) NK cell migration assay was carried out after adding
50 ng of CCL2 to the bottom chamber of the 24 well plate. (B) Representative NK cell migration
dot plots for control or CCL2-treated culture medium are shown. (C) NK cell migration data (mean
+ SEM) is presented for the experiment shown in panel B. ***p < 0.001.

DISCUSSION:
The cytotoxicity and migration methods described here can be used to evaluate NK cell
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cytotoxicity to cancer cells and NK cell-mediated immune evasion mechanisms in malignant
tumors, as well as to identify therapeutic agents that will enhance NK cell activity/function. The
protocols are simple, sensitive, reproducible, and preferable alternatives to classical
radioactivity-based >*chromium release assay. The protocols have been specifically designed to
be readily adaptable for use in most laboratories, with straightforward colorimetric, microscopic,
or FACS-based readouts that are easy to interpret, allowing researchers to reach reliable
conclusions. All are scalable for high-throughput screening-based approaches. Although the
protocols are presented in the context of a single hepatic tumor cell line, they can be easily
adapted easily to other cancer cell types and/or other non-cancer target cells.

Whereas all of the methods presented are robust and reproducible, inter-experimental variation
could occur with different batches of cancer cells and NK cells. To ensure that results accurately
support the conclusions of the experiments, it is advisable to repeat the experiment at least two
times using biological triplicates.

A limitation of this method is that the growth rate of NK92MI cells can be slow. Therefore, for
experiments with 50 or more samples, sufficient numbers of NK92MI should be grown
beforehand to prevent delays. Also, all of the controls described in the protocols must be
implemented to avoid spurious and nonreproducible results. Another limitation of the NK
cytotoxicity assay is that the NK to cancer cell ratio, as well as the incubation time, must be
optimized for each target cell. For example, we have tested various ratios of cancer cells to NK
cells (1:5, 1:10, 1:20, 1:40, and 1:80) for the hepatic cancer cell lines, as well as multiple
incubation times (2, 3, 4, 5, and 6 h). Based on our results we observed most consistent results
with 1:10 and 1:20 ratios of cancer cells to NK cells and incubation for 3 h.

In addition, cancer cells derived from solid tumors will attach and grow on the surface of the
culture plate, whereas NK cells grow in suspension. If the incubation time is longer than 3 h, it is
advisable to use ultralow attachment 96 well plates, which will improve consistency and
reproducibility between experiments and biological replicates. It is also important to note that
NK cell-induced cytotoxicity assays can also be performed using primary NK cells isolated from
peripheral blood mononuclear cells (PBMCs). However, there are several limitations with such
experiments. First, these experiments cannot be as easily scaled as with NK92MI cells. Second,
batch-to-batch variation of cytotoxic activity of NK cells isolated from PMBCs can be problematic
in terms of reproducibility and interpretation of the results. Similarly, other human NK cell lines
are described in the literature and could be used in these types of experiments, including NKL
cells??; however, unlike NK-92Ml cells, NKL cells are IL-2 dependent and not commercially
available.

When considering the calcein AM experiments described, it is important to note that calcein AM
remains in apoptotic bodies after cell death®. Therefore, the quantitation of calcein AM staining
should be carefully performed, as it may lead to an underestimation of NK cytotoxicity.

Similar to NK cell-mediated cytotoxicity, modulation of NK cell migration by cytokines and other
chemoattractants plays an important role in the regulation of NK cell function. The NK cell
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migration assay described here provides a simple platform to evaluate NK cell migration in the
context of a stimulus such as a chemokine or chemoattractant. This assay can be used to evaluate
agents that can either promote or interfere with NK cell migration - thus, identifying enhancers
and repressors of NK cell migration. This method can also be useful to study the NK cell migration
regulatory capacity as a result of a genetic/epigenetic alterations (upregulation or
downregulation) or arising due to drug treatment.

To accurately measure NK cell migration, there are few critical steps that should be followed. For
all of the experiments using conditioned medium, it is important that equivalent conditioned
medium be used from both control and treatment conditions to obtain accurate measurements.
The time of incubation will be varied with purified chemoattractants and conditioned medium.
Finally, transwell migration assays are well established and considered an excellent method to
assess NK cell migration; however, the homogeneous monocultures employed in the assays lack
the complex physiology of tissues or even 3D cultures that might more accurately mimic the
tumor microenvironment.

Thus, although there are some limitations to the NK cell cytotoxicity assays and NK migration
assay presented in this article, these assays are applicable to a wide range of immunological
studies and thus provide important and reliable methods to assess NK cell function and NK cell
modulatory immune therapeutics.
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Response to Reviewers:
Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JOVE editor will not copy-edit your manuscript and any errors in
the submitted revision may be present in the published version.

As recommended, we have proofread the manuscript.

2. JOVE cannot publish manuscripts containing commercial language. This includes trademark
symbols, registered symbols, and company names before an instrument or reagent. Please remove
all commercial language from your manuscript and use generic terms instead. All commercial
products should be sufficiently referenced in the Table of Materials. You may use the generic term
followed by “(Table of Materials)” to draw the readers’ attention to specific commercial names.
Examples of commercial sounding language in your manuscript are: CountBright, FACSCalibur,
transwell, etc.

We have removed the referencing of “CountBright” and “FACSCalibur” from the revised
manuscript. However, there is no accurate alternative term to describe the term “transwell”.
Therefore, we have elected to leave it as is in the revised manuscript to avoid confusion for the
readers. We would be happy to consider any alternative terms suggested by the editor that have
been used in prior publications to describe transwell cell culture

3. Please specify all volumes and concentrations used throughout. We need these details to film.

As recommended, we have now added volumes and concentrations throughout the revised
manuscript.

4. Please list all centrifugation speeds in terms of centrifugal g-force instead of rpm: 100 x g.
As suggested, we have now changed all centrifugation speeds from rpm to x g.

5.2.1: Are cells grow in a Petri dish or in a flask? Please specify growth conditions. What volume
of trypsin-EDTA added? What is the incubation temperature?

As recommended, we have added these details in the revised manuscript.
6. 2.2: Are the cells transferred to a conical tube for centrifugation?

Yes, cells were transferred to a conical tube for centrifugation. This information is present in both
the previous and revised versions of our manuscript.

7. Figures: Please use the following abbreviations for time units (h for hour, min for minutes, s
for seconds).
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As suggested, we have made these modifications in the revised figures.

8. Figure 2B: Please include a scale bar, ideally at the lower right corner, for all microscopic
images to provide context to the magnification used. Define the scale in the appropriate figure
Legend.

We have added the scale bar in the figure and added a description in the figure legend.

9. Figure 3A: Please replace commercial language (Transwell) with a generic term.

There is no alternative term to describe “transwell” and removing this from the manuscript and
replacing it with a non-standard vague term will be extremely confusing for readers to follow.
However, in regard to other commercial terms (e.g., “FACSCalibur” and “CountBright™), we have
replaced them using more generic terms. We would be happy to consider any alternative terms
suggested by the editor that have been used in prior publications to describe transwell cell culture

10. References: Please do not abbreviate journal titles; use full journal name.

We have changed the formatting of the references.



Reviewers' comments:

Reviewer #1: Manuscript Summary: This manuscript reports two protocols to evaluate NK-cell-
mediated cytotoxicity toward hepatic tumor cells. These protocols are non- radioactive, and can
be scaled up for high-throughput screening. The methods are elegant and easy to execute. The
methods have been described in sufficient detail. The manuscript is fit for publication in Journal
of Visualized Experiments.

The reviewer 1 stated that “the manuscript is fit for publication in Journal of Visual
Experimentation” and did not suggest any modifications. We thank the reviewer for his/her
encouraging comments.



Reviewer #2:

Gupta and co-authors provide three separate protocols to assay cytotoxicity and migration of NK-
92 cells in vitro. These are straightforward protocols but could benefit from a few additions. It
would be much useful to include a statement that these assays can be used for primary NK cells as
well but also to point out relevant pitfalls in such experiments.

We agree and have expanded the discussion section of the manuscript to describe the utility of
these assays for primary NK cells, as well as the challenges these types of experiments present.

Note 2.1. Include information that some NK cell receptors, particularly NCRs are sensitive to
trypsinization and cite relevant literature.

This is an important point. As suggested, we have added the relevant references in the manuscript
to address the sensitivity of NK cell receptors to trypsinization.

Note 2.10 While the measurement of absorbance of NK92MI cells alone will provide a background
measurement it is important to note that NK cells may die during co-culture, therefore, the LDH
that are measured can come from both targets and effectors.

Based on our experience and short period of incubation (few hours), we believe that contribution
to LDH activity as a result of NK cell death will be minimal. Furthermore, we have built in a
control condition with NK cells (effector cells) alone that proactively addresses this possibility
(See Note 2.10).

Note 3.10. completely lysed target. Provide details on how to produce "completely lysed target
cells".

We apologize for this omission. As recommended, we have provided information in the protocol
regarding how to produce completely lysed target cells.

Note 4.6. Include a notion that the time of culture may vary depending on target cells and amount
and kinetics of chemokines that can be produced by target cells.

This is an important point and we have added this information as a separate note below 4.6.
Figure 2. A figure to summarize figure 2b would be helpful, preferable a bar or scatter plot.
As suggested, we have added a figure to summarize figure 2b.

Axes on graphs in figure 3b need to be displayed.

Axes in figure 3b have been added.



Reviewer #3:
Manuscript Summary:

The authors have optimized two assays for measuring the cytotoxic function of NK cells and one
assay for quantifying the NK cell migration. These assays are useful and scalable for high
throughput studies. The assays are elaborated well and the data confirms the utility of the
protocols. | do have a few notes to improve the paper.

We thank the reviewer for noting that our “assays are useful and scalable for high throughput
studies”. This reviewer also made several important suggestions to revise the manuscript. Our
responses to the reviewer’s minor concerns are presented below:

Major Concerns:
No major concerns
Minor Concerns:

1. While the colorimetric LDH-assay controls for spontaneous LDH release in single NK cultures
it does not have a control for the killing of NK cells by tumor cells. While this may be a rare event
there are immune evasion strategies in certain cancer that may cause this effect and this should
be noted in the manuscript.

We have carefully reviewed the literature and could not identify any studies showing that cancer
cells can directly induce cytotoxic eradication of NK cells. Therefore, we believe this issue is not
of concern for the LDH-assay. However, if the reviewer is aware of a particular publication
describing this effect, we would be happy to include it in the manuscript.

2. Can the cytotoxicity assays be used with primary NK cells or other NK cell lines (NKL maybe)
or to examine ADCC?

This is an interesting question, and somewhat similar to a point raised by Reviewer 2. In response
to this, we have expanded the discussion to describe the potential use of NK cells and NKL cells
for the cytotoxicity assay. We have also added information regarding the limitations of using either
primary NK cells or NKL cells.

Regarding ADCC measurements, the goal of the protocols presented in this manuscript for NK
cell cytotoxicity is to measure direct NK cell-mediated cancer cell eradication rather than ADCC.
Although an interesting and important phenomenon in the context of NK cells, an ADCC protocol
is beyond the current scope of our manuscript.

3. Calcein-AM has been reported to remain in apoptotic bodies following cell death, this may need
a control or at least a mention.



This is a very important point. Therefore, as recommended by the reviewer, we have added this
point in the discussion of our revised manuscript.

4. Reverse pipetting is often recommended with count beads to maintain accuracy
We agree and have added this information to the protocol (see Note below section 4.7).

5. What are the limitations of counting on the flow cytometer while maintaining statistical
relevance (minimum beads acquired, minimum NK cell number acquired)?

This is an important question and we have added information related to this in the note below
section 4.7.



Reviewer #4:
Major Concerns:

1. Methodology: In methods section there is no mention about Western blotting, transfection
experiments or RT-PCR which are shown in results section.

As the reviewer might notice, our goal in this manuscript was to focus on and provide detailed
protocol for measuring NK cell-mediated cytotoxicity and NK cell migration. Therefore, providing
the methodology of western blotting, transfection experiments, and RT-PCR is beyond the scope
of the current protocol. We believe these are standard lab protocols that are routinely used in almost
all molecular biology-equipped laboratories. Therefore, providing detailed protocol on such items
seems unwarranted.

2. The references used to support the result are very old hardly two references are from 2018-19.

Our choice of references was primarily driven by two major objectives: 1) to cite original research
whenever possible and 2) to provide high-quality and comprehensive citations that are relevant to
the facts cited in our manuscript. However, we agree with the reviewer that more recent references
can be cited, and per his/her recommendation, we have now added several recent references in this
version of the revised manuscript.

3. The co-culturing assays for immune cells is very common so | do not see much novelty in the
work.

The purpose of this manuscript is not to develop a new novel method but rather to provide a
detailed and easy to follow optimized protocol for NK cell-mediated cytotoxicity and NK cell
migration. We believe we have achieved that goal in this manuscript.

4. In the migration assay, the authors are detecting the NK92MI cells that had migrated toward
CCL2-containing medium, chemokine (C-C motif) ligand 2 (CCL2) which is critical for leukocyte
recruitment. Give the exact percent data for FACS.

As recommended, we have added the percentages to the dot plot for the panel 3B.
5. In results section out the actual percent data for LDH, mRNA levels is missing.

We are not sure what exactly reviewer is referring too. The LDH activity is measured as a readout
for the colorimetric assay, and the formula is presented for calculating % NK cell-mediated
cytotoxicity. Similarly, the mRNA levels in panel 1B were measured using RT-gPCR and relative
MRNA levels in non-specific ShRNA expressing or ATF4 shRNA expressing SK-HEP-1 cells are
presented.



Minor Concerns:
Please check the grammar whole document.

As recommended, the entire document has been carefully edited for grammatical errors and also
carefully proofread.



