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Abstract

Natural killer (NK) cell- or T cell-mediated cytotoxicity traditionally is measured in 4-16h 51Cr-
release assays (CRA). A new four-color flow cytometry-based cytotoxicity assay (FCC) was
developed to simultaneously measure NK cell cytotoxicity and NK cell phenotype
(CD3"CD16*CD56). Target cells, K562 or Daudi, were labeled with Cell Tracker Orange (CTO)
prior to the addition of effector cells. Following co-incubation, 7 amino-actinomycin D (7-AAD)
was added to measure death of target cells. The phenotype of effectors, viability of targets, the
formation of tumor-effector cell conjugates and absolute numbers of all cells were measured based
on light scatter (FSC/SSC), double discrimination of the fluorescence peak integral and height, and
fluorescence intensity. Kinetic studies (0.5 and 1 to 4h) at different effector to target (E:T) cell ratios
(50, 25, 12, and 6) confirmed that the 3h incubation was optimal. The FCC assay is more sensitive
than the CRA, has a coefficient of variation (CV) 8-13% and reliably measures NK cell- or
lymphokine-activated killer (LAK) cell-mediated killing of target cells in normal controls and
subjects with cancer. The FCC assay can be used to study a range of phenotypic attributes, in addition
to lytic activity of various subsets of effector cells, without radioactive tracers and thus, it is relatively
inexpensive. The FCC assay has a potential for providing information about molecular interactions
underlying target cell lysis and thus becoming a major tool for studies of disease pathogenesis as
well as development of novel immune therapies.
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Introduction

Cell-mediated cytotoxicity is a mechanism used by immune cells for defense against
intracellular pathogens, tumor cells, and allogeneic tissue grafts (Biron et al, 1999;Shresta et
al, 1998;Graubert et al, 1997). Lymphocyte effector cells, including natural killer (NK) cells,
NKT cells and cytotoxic T lymphocytes (CTL), recognize and kill targets by direct cell-to-cell
interactions, cytokine production, and/or granule exocytosis (Kreuwel et al, 1999). NK cells
are regulated by inhibitory and activating receptors to protect normal “self” but eliminate
“dangerous” (infected, transformed) cells expressing ligands complementary to activating
receptors (Lanier, 2003;DiSanto, 2006). NK cells are responsible for immune surveillance and
represent the major component of innate immunity (Whiteside and Herberman, 1995). Resting
NK cells express the 3 chain of the IL-2 receptor, and their stimulation with interleukin-2 (I1L-2)
leads to the generation of lymphokine activated killer (LAK) cells with up-regulated
cytotoxicity against a wide variety of targets (Whiteside and Herberman, 1995). Another subset
of lymphocytes, NKT cells, expressing both T and NK cell markers, also contribute to
regulation of tumor growth and metastasis as well as autoimmune disorders (Smyth et al,
2002). CTL, which require antigen priming and sensitization, mediate acquired immunity
(Andersen et al, 2006). Activities of these various lymphocyte subsets may be impaired or
enhanced in disease. Thus, the ability of effector cells to kill a target expressing certain defined
characteristics has become an accepted way of monitoring cytotoxic activity. At the same time,
the nature as well as numbers and phenotypic characteristics of effector cells mediating this
activity are of interest to fully evaluate the extent of abnormalities present in disease or recovery
of effector cell functions following therapy.

Since 1968, the radioactive chromium (°1Cr)-release method has been traditionally used to
determine the cytolytic activity of effector cell populations (Roder et al, 1980;Morales and
Ottenhof, 1983). In this assay, 51Cr labeled targets are co-cultured with effector cells for 4 to
16h, and the culture supernatants are quantified for >1Cr released from lysed targets in a gamma
counter. Although the assay is reliable and has become a “gold standard” for measuring
cytotoxicity, it has a number of disadvantages and functional limitations. The major
disadvantages of the >chromium-release assay (CRA) are (1) the use of radioactivity which
may be hazardous to health and is impractical and costly due to the short half-life of >1Cr and
requirements for radiation safety training and licensing; (2) the use of CRA is limited to targets
which spontaneously label with 51Cr quantities sufficient for reliable detection of lysis; (3) the
CRA sensitivity depends on the background, i.e., the amount of >1Cr released from viable target
cells over the assay period; (3) the assay is not interpretable if spontaneous ®1Cr-release is high,
and thus many targets are not suitable for CRA because of high spontaneous >1Cr release; (4)
its interassay variability is considerable, and coefficients of variation (CV’s) over 20% are
common. The functional limitations of the assay are that results are uniparametric, death is not
quantified at a single-cell level, and difficulties in labeling target cells with 51Cr are common.
For these reasons, a search for methods that could replace the CRA has been ongoing, and
several alternative assays have been introduced (Von Zons et al, 1997;Jedema et al,
2004;Roden et al, 1999;Chahroudi et al, 2003).

Recently, flow cytometry-based methods have been developed to overcome some of the
disadvantages and limitations of the CRA. For example, monitoring of cell death by highly
sensitive measurements of fluorochrome release by labeled targets or staining with specific
markers or dyes for indication of target death represent novel initiatives (Goldberg et al,
1999;0zdemir et al, 2003;L.iu et al, 2002). However, an assay that simultaneously monitors
not one but several functional characteristics of effector cells, defines their phenotype,
evaluates effector-tumor conjugate formation in addition to killing or quantifies avidity of
effector target binding in relation to cytotoxicity has not yet been devised. We have undertaken
the development of a multi-color flow cytometry assay to simultaneously measure NK cell- or
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LAK cell-mediated cytotoxicity, visualize conjugates of tumor and effectors, obtain absolute
cell counts, measure cytolytic function of killer cells and determine their immunophenotype.
This approach is expected to provide a more accurate evaluation of the mechanisms involved
in killing of target cells by effector cells obtained from normal donors or diseased subjects. At
the same time, the assay results correlate with the traditional CRA. Here, using effector cells
isolated from the peripheral blood of patients with cancer, we demonstrate that the new flow-
based assay extends the number of features applicable to identification and characterization of
effector cell subsets that are responsible for killing of tumor cell targets.

Materials and Methods

Subjects and samples

Cell targets

Venous blood was obtained from healthy volunteers (n = 11), patients with melanoma (n = 8),
and patients with head and neck cancer (n = 7) for the NK cell assay. Additional healthy
volunteers (n = 12) donated peripheral blood for the LAK cell assay. Blood samples were
collected into heparinized tubes and delivered to the laboratory within 2h of phlebotomy. All
subjects signed a consent form approved by the IRB. Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-Hypaque gradient centrifugation. PBMC were recovered from
the gradient interface, washed in phosphate buffered saline (PBS), counted and assessed for
viability in a trypan blue dye (0.2% (v/v) in PBS), and promptly used for the flow cytometry
and the CRA, which were performed in parallel by the same individual (GGK).

K562, human chronic myelogenous leukemia cells (ATCC #CCL-243), were cultured in RPMI
1640 medium supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS), 2 mM L-
glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (complete medium, CM) from
Invitrogen, Carlsbad, CA at 37°C in the atmosphere of 5% CO5 in air. Daudi, human lymphoma
cells (ATCC #CCL-213), were cultured in CM and used as targets for LAK assays. Target cells
were harvested in the log phase of growth, washed in PBS and counted in a trypan blue dye
prior to use.

LAK cell generation

PBMC (1 x 106 cells/mL) were cultured in the CM medium described above. The CM was
additionally supplemented with 2,000 International Units (IU)/mL of recombinant human
Interleukin 2 (IL-2) obtained from Chiron (Emeryville, CA). Cells were cultured in T75 flasks
at 37°C in the atmosphere of 5% CO> in air for 3 days. On day 3, LAK cells were harvested
and counted, then assayed for cytotoxic activity against Daudi targets.

51 Cr-release assay

The assay was performed as previously described (Whiteside et al, 1990). Briefly, target cells
were labeled with 100 pCi of 1Cr (Perkin Elmer, Billerica, MA 200-500 mCi/mg) for 1h at
37°C in the atmosphere of 5% CO, in air. The labeled cells were washed twice in CM,
resuspended in CM, and the viable cell counts were performed. Cells were co-incubated at
effector to target (E:T) ratios of 50, 25, 12, 6 for use in NK-cell assays and E:T ratios of 6, 3,
1.5, 0.75 for use in LAK-cell assays. Co-cultures were set up in 24 well flat bottom plates
(Linbro, Aliso Viejo, CA) and plates were incubated in triplicate for 4h at 37°C in the
atmosphere of 5% CO, in air. Controls included targets incubated in medium alone for
spontaneous release and targets in 5% (v/v) Triton X-100 (Sigma, St. Louis, MO) in PBS for
maximum release. Radioactivity was measured by Wallac Wizard 1470 Automatic Gamma
Counter. The percentage of cytotoxic activity was calculated using the following formula: %
specific lysis = (sample cpm - spontaneous cpm)/(maximal cpm —spontaneous cpm) x 100%.
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NK-cell flow cytometric assay

Target cells were labeled with 5 uM Cell Tracker Orange CMTMR (CTO) (Invitrogen, Eugene,
Oregon) for 1h at 37°C in the atmosphere of 5% CO, in air. The labeled cells were washed
twice in PBS, resuspended in CM, and counted in a trypan blue dye. PBMCs were incubated
in the presence of FITC-anti-CD16 (Leu-11a) (BD Biosciences, San Jose, CA), FITC-anti-
CD56 (NCAM16.2) (BD Biosciences), and ECD-anti-CD3 (UCHT1) (Beckman Coulter,
Miami, FL) monoclonal antibodies (MoAbs) according to the manufacturers’
recommendations for 30 min at 4°C. Cells were washed twice in PBS and again counted. The
effector cells were co-incubated at the E:T ratios of 50, 25, 12, 6 for NK cell and 6, 3, 1.5, 0.75
for LAK cell assays, for various periods of time at 37°C in the atmosphere of 5% CO, in air.
Triplicate samples were set up for each E:T ratio. As controls, targets or PBMC alone were
incubated in CM to measure spontaneous cell death. 7-amino-actinomycin D (7-AAD) (BD
Biosciences) was added to every tube at the final concentration of 1ug/mL, as recommended
by the manufacturer. Fluorospheres (Beckman Coulter) were added in order to obtain absolute
cell counts. Samples used for the analysis of conjugate formation were acquired using low
flow, so as not to disturb E:T conjugates. Stained samples were analyzed by multicolor flow
cytometry immediately after the end of the incubation period.

Determining absolute counts using fluorospheres

The concentration of Flow Count Fluorospheres (Beckman Coulter) was confirmed using
Coulter Micro Diff 16 counter (998 beads/uL). Fluorospheres were incubated at room
temperature (25°C) for 30 minutes prior to their addition to the assay tubes. The fluorospheres
were gently vortexed and an equal volume was added to each sample using an Eppendorf repeat
pipettor. Samples were tested by flow cytometry, and the absolute cell counts were determined
using the formula: (cell events / bead events) x the calibrator factor (998 beads/uL).

Immunophenotyping by multicolor flow cytometry

In parallel to tubes set up for measurements of cytotoxicity, PBMC were incubated in the
presence of ECD-anti-CD3 (UCHT1), PC5-anti-CD16 (3G8), and PC5-anti-CD56 (N901)
MoAbs (all from Beckman Coulter) at dilution recommended by the manufacturer for 30 min
at 4°C. The stained cells were washed twice in PBS and counted in a trypan blue dye. The cells
were co-incubated at the E:T ratios of 50, 25, 12, 6 for the NK-cell assay and at the E:T ratios
of 6, 3, 1.5, 0.75 for the LAK-cell assay for 3h at 37°C in the atmosphere of 5% CO, in air.
To identify effector cells activated in the presence of the target, FITC-anti-CD69 (L78) (BD
Biosciences) MoAb was added to the assay tubes immediately after termination of the
incubation period. Isotype control MoAb was placed in control tubes. The cells were washed
twice in PBS, fixed in 2% (w/v) paraformaldehyde in PBS (PFA) and washed again in PBS.
Next, they were permeabilized in 1% saponin /0.1% (v/v) bovine serum albumin (BSA) in PBS
(saponin solution), stained with PE-anti-granzyme B MoAb(CLB-GB11) or isotype control
Ab (Research Diagnostics, Flanders, NJ) for 30 min at 4°C and washed in saponin solution
followed by PBS. The controls were PBMC alone incubated in CM for baseline activity and
granzyme B content. Stained samples were analyzed by flow cytometry within 24h of staining.

Flow cytometry acquisition and data analysis

Four-colored flow cytometry acquisition was performed on a Epics XL-MCL (Beckman
Coulter) equipped with an argon laser operating at 488 nm. The instrument was calibrated
daily. Alignment and fluids operation were verified with Flow Check beads (Beckman
Coulter); PMT gain settings were confirmed using Flow Set beads (Beckman Coulter). The
stop and save functions were used to acquire 20,000 CTO" targets for each sample. Cells were
acquired at a low flow rate with double discrimination of fluorescence peak integral and height
to detect conjugate formation, and a time parameter was added to detect any fluidics problems
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during sample acquisition. CTO (Agps = 540 nm and A¢m = 566 nm) was detected in the FL2
channel, using filter configurations recommended by the manufacturer. 7-AAD was detected
in the far red range of the spectrum (FL4, 650 nm long-pass filter). Spectral overlap was
compensated in FL1, FL2, and FL3 channels using FITC-anti-CD8 MoAb, CTO, and ECD-
anti-CD8 MoADb. 7-AAD + events (i.e., dead cells), which were detected in both FL3 and FL4
channels, were removed from analyses of FL3 fluorescence by logical gating. Fluorospheres,
used for absolute counts determinations, were also detected in all channels, but were excluded
from analyses of cellular fluorescence by their distinctive scatter and fluorescence signature.
The data were analyzed using the Coulter EXPO 32v1.2 analysis software. The percentages of
cytotoxic activity was calculated using the following equation:

% 7 — AAD+CTO+(dead) targets — % spontaneous 7 — AAD+CTO+(dead) targets
100 — % spontaneous?7 — AAD+CTO+(dead) targets

= 100 %

Amnis-based imaging of E and T interactions

The Amnis instrument was purchased from The Amnis Corporation, Seattle, WA. The FCC
assays were set up at different E:T ratios as described above. In the Amnis imaging assay,
similar to the FCC assay, targets are identified by CTO staining and are scored for cell death
by up-take of 7-AAD. However, interactions of surface-labeled effector populations with the
target are visualized using a brightfield image. The brightfield aspect ratio is quantified as the
ratio of the width to the length of imaged objects. An aspect ratio close to 1 indicates a round
object. Smaller aspect ratios indicate an elongated object, such as that formed by a cluster of
two or more cells.

Statistical analyses

Results

Reproducibility of the flow cytometric assay was characterized by estimating the pooled
within-subject coefficient of variation and the intra-class correlation coefficient. The standard
error of measurement was calculated and used to compute 95% confidence bounds on each
NK cell flow cytometric measurement of percent of cell death. The FCC was compared to CRA
with random coefficient regression models (Rutter and Elashof, 1994). For each subject, the
proportion of positive cells was logit transformed, and a regression model was fit to the base
2 logarithm of the E:T ratio. Each donor was treated as a random effect with a common
unstructured covariance matrix. Once the linearity assumption was verified, the mean response
for each type of assay was estimated as a fixed effect, and the slopes were compared by testing
for equality under the assumption that the intercepts differ. Thus, it was possible to verify
whether a single slope model could describe both the FCC and CRA.

Gating strategies for the flow cytometry-based assay

Discrimination between effectors, targets and effector cell-target conjugates in the flow
cytometry-based cytotoxicity (FCC) assay is dependent on gating strategies. For example, the
gating strategy shown in Figure 1 permits simultaneous identification of target cells (alive vs.
dead) and several populations of effector cells. NK cells (CD3"CD56*CD16") are
discriminated from T cells (CD3*CD16 CD567). In its simplest version, the assay provides
information about the proportion of target cells killed during co-incubation with the identified
and quantified effector cell populations consisting of NK cells, NKT cells and T lymphocytes.
Other gating strategies which permit assessments of cell numbers or examination of conjugates
are presented in subsequent figures.
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Quantification of cytotoxicity using flow cytometry

In the 1Cr-release assay (CRA), °1Cr may be spontaneously released by leaky target cells, and
the formula for the calculation of percent specific lysis corrects for spontaneous >1Cr release.
In the FCC method, 7-AAD uptake by live cells is limited and easily distinguished from that
of dead cells (Figure 1). However, some targets may be dead prior to co-incubation with effector
cells. To account for spontaneous target cell death (i.e., before co-incubation) a similar formula
is used: % specific death = % total 7-AAD*CTO™ (dead) cells - % spontaneous 7-
AAD*CTO" / (100% - % spontaneous 7-AAD*CTO™ (dead) cells) x 100%. The percentage
of spontaneous 7-AAD*CTO" target cells is measured in the tube containing target cells only
(Figure 2) , while that of dead 7-AAD*CTO" target cells is determined after co-incubation of
targets with effectors (Figures 1 and 2). Because flow cytometry has the capacity for analyzing
thousands of cells per second, one cell at a time, the number and percentage of cells acquired
that display defined characteristics may be rapidly and precisely determined in multiple
experimental and control tubes. In our experiments, we routinely acquired 20,000 targets for
analysis.

Absolute counts of effector cells

The addition of fluorosphere beads at the known concentration to tubes containing effectors

and targets allowed for calculation of the absolute numbers of all identifiable cell populations
at the termination of the assay (Figure 3). Since the absolute number of target cells at time 0

is known, the assay can account for target cells which have disappeared from the analysis as
well as for those that have become 7-AAD permeable. Similarly, time-dependent changes in
the number of effector populations can be determined.

Assay kinetics

The CRA are incubated for 4-16h, depending on the sensitivity of targets to effector cell-
mediated lysis. Using K562 cells as targets and PBMC obtained from normal donors as
effectors (n = 11), the co-cultures were incubated for various time periods. As illustrated in
Figure 4, the cytotoxicity curves for the 3h and 4h assays were nearly identical. Neither the
shorter nor longer co-incubation periods were satisfactory. Assays incubated longer than 4h
were not reproducible and tended to show decreased cytotoxicity values. Therefore, the 3h
period was selected as optimal incubation time for the FCC assay.

Assay reproducibility

The initial assay validation tested the linearity assumption for samples run at four E:T ratios.
The percent of cell lysis was logit transformed, and the E:T ratio was log transformed (base
2). The linearity assumption of the E:T ratio vs. % specific lysis was found to be correct, and
random coefficient linear regression models were fit to the logit-transformed data. Blood
samples obtained from 9 normal donors were assayed in triplicate, and were tested in parallel
on the same day for each donor. In total, 108 data points were analyzed. This strategy allowed
for the assay precision to be determined, and the CV for the assay calculated as shown in Table
1. The assay was found to be highly reproducible with CV ranging from 7.9 to 12.7%, high
intra-class correlation coefficient (0.960-0.987), small standard error of measurement
estimated from the pooled within-donor variances (0.87-4.35), and 95% confidence bounds
for the assay value ranging from + 1.7 to + 8.5. The representative data for three of nine donors
are shown in Figure 5, demonstrating excellent intra-assay variability for these samples.

Biological variability of the assay is, of course, dependent on changes in the measured activity
spontaneously occurring overtime in a tested subject. In the case of NK cell cytotoxicity,
biological variability in a representative normal donor between day 1 and day 99 was
noticeable, with a difference of about 30% at all E:T ratios (Figure 6). In contrast, as shown in
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Figure 6, differences in NK cell cytotoxicity between day 1 and 31 were negligible for the same
donor. The data suggest that the assay is able to discriminate between levels of activity that
change overtime in the same individual and thus is likely to be applicable to serial
measurements taken in the course of therapy, for example.

Comparisons of the FCC assay with CRA

To determine whether the FCC assay could be substituted for the CRA, both assays were
performed in parallel, using the same blood samples. In the initial experiments, it was
established that spontaneous dye release was consistently <4% in the FCC assay using K562
or Daudi targets. This contrasted favorably with the CRA, which had spontaneous release
ranging from 10 to 12%. We also showed that the FCC assay incubated for 3h correlated best
to the standard CRA, with R? values of 0.9090 to 0.9980 and p<0.003 for linear regression
analysis of results obtained from 3 normal control (NC) samples incubated for 0.5, 1, 2, 3and
4h (Figure 4). This result confirmed that the flow-based assay was measuring kinetics of
effector-target interactions with greater efficiency.

Next, three sets of cytotoxicity data were obtained in the parallel experiments, comparing 4h
CRA with 3h FCC assay: (1) NK cell cytotoxicity in PBMC obtained from 11 NC; (2) NK cell
cytotoxicity in PBMC of 15 patients with cancer (7 with squamous cell carcinoma of the head
and neck and 8 with melanoma); and (3) LAK activity in IL-2-stimulated PBMC of 12 NC.
K562 targets were used as targets in the first two series, and Daudi cells served as targets for
LAK assays. Untransformed results for these three series of parallel experiments are shown in
Figure 7. In this figure, slopes and intercepts appear to be similar for both assays when
measuring cytotoxicity of NK cells against K562 targets. However, the response curves for
LAK cytotoxicity vs. Daudi targets appear to have different slopes in the two assays. All data
were logit transformed to linearize the response curves and allow for a fit into a linear regression
model. From random coefficient models, the predicted mean responses of NC were identical
in both assays, as indicated by the parallel slopes of lytic curves and by intercepts which were
not significantly different (p = 0.230). With patient samples, heterogenous responses were
observed, resulting in a greater variability of individual slopes (p = 0.029). Also, the intercept
was significantly higher for FCC assay than for ®1Cr-release (p = 0.022). Using Daudi cells as
targets in LAK assays, the mean slopes differed significantly (p = 0.0003). Figure 8 displays
these individual slopes and intercepts for each assay, with a line of equality drawn in each
graph for reference (slope = 1). For the NK cell assay (K562 targets), the slopes for both ND
and patients tended to cluster around the line of equality suggesting equivalent responses in
the two assays. In contrast, the intercepts indicate that FCC assay measures a uniformly higher
response than the CRA. In all three subsets, the individual intercepts are greater for flow
cytometry than for ®1Cr-release. Overall, within the range of E:T ratios used for LAK
cytotoxicity in this study, the slope for flow cytometry was significantly greater than that

for ®1Cr-release; this finding is consistent with a greater sensitivity of the FCC assay.

Immunophenotyping of effector cells

When PBMC or other mixtures of cell types are used as effector cells, the identification of cells
activated in the presence of targets and presumably responsible for cytotoxicity is important.
In an example shown in Figure 9, NK cells are identified as effectors (CD69*, Granzyme B*)
mediating lysis of K562 targets. Combinations of MoAbs specific for surface markers on
effector cells and for molecules involved in the lytic process, such as granzymes or perforin,
can be used in the FCC assay to distinguish and quantify cells mediating lysis of targets.

Conjugate formation

Formation of conjugates precedes lysis and is followed by dissociation of an effector cell from
its target. The proportion of conjugated targets at the end of co-incubation reflects the ability
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of effectors to recognize and bind to the target as well as the kinetics of cytotoxicity. Effectors
able to rapidly kill the target dissociate and are likely to re-cycle. Less effective killer cells
may dissociate slowly or remain bound longer. Hence, assessing the proportion of conjugates
is informative: it characterizes the efficiency of cytotoxic reactions mediated by a batch of
effector cells. For example, in Figure 10, only 1.4% of cells formed complexes after 3h co-
incubation and only 32.1% of these multi-cellular complexes contained K562 targets. Of K562-
containing complexes, only 13.8% were 7-AAD permeant (compared to 33.3% in
uncomplexed K562 cells), suggesting that killing occurs after conjugate release. The recycling
effectors consisted largely of NK cells (42.5%) and T/NKT cells (26.6%) in this case.
Conjugate formation at a selected E:T ratio can be measured throughout the cytotoxicity assay,
providing information about kinetics of effector and target interactions.

The addition of Amnis to conventional flow cytometry considerably expands the capability of
following interactions of effector and targets during the cytotoxicity assay (Figure 11A-D).
Imaging allows for direct visualization of T and NK cells interacting with the target. Gating
on 7-AAD-permeable targets, it was possible to directly see and enumerate cell clusters
containing both NK and T cells (Figure 11D). While dead targets were in clusters, 7-AAD-
negative live targets were seen as single cells. In addition, early interactions of effectors with
targets were observed as occasional single T or NK cells were in close contact with targets
which were still alive.

Discussion

We have developed a non-radioactive four-color flow cytometry-based assay to simultaneously
measure cell-mediated cytotoxicity and the phenotype of killer cells. This method identifies
effector cells based on their phenotypic characteristics as: NK (CD3"CD16*CD56%), T
(CD3*CD16 CD567), or NKT (CD3*CD16*CD56%) cells in PBMC as well as in I1L-2-
stimulated PBMC. Target cells, K562 and Daudi, are labeled with a fluorescent probe,
CellTracker Orange (CTO), prior to co-incubation with effector cells. CTO is a thiol-reactive-
membrane permeant dye which becomes trapped within the cytosol upon formation of
glutathione adducts. Following co-incubation, 7-amino-actinomycin D (7-AAD) is added and
taken up by dead target cells. 7-AAD is excluded by live cells with an intact cell membrane
but enters the cytoplasm of apoptotic or necrotic cells, where it undergoes a spectral shift upon
intercallation into DNA (Perfetto et al, 2006). This assay has several advantages (Table 2) that
allow for a better understanding of celluar interactions taking place.

Cytotoxicity assays are commonly performed in research laboratories and are often used to
monitor responses of patients treated with biologic therapies (Whiteside and Herberman,
1994). These assays are difficult to perform, standardize, interpret and reproduce from one
laboratory to another. In recent years, these assays have been largely replaced by single-cell
cytokine-based ELISPOT or intracellular cytokine flow cytometry assays (Whiteside,
2005;Maino and Picker, 1998). However, spontaneous or antigen-induced cytokine production
by effector cells does not inform about the ability of these cells to kill a target, a functional
feature that is especially crucial to discern and measure in human diseases. While cytokine
production in an ELISPOT assay is a result of the recognition event, it leaves out the fate of
the target. As killing of any target entails recognition, binding, conjugate formation, mediator
production and death, all of these elements should be examined to fully understand effector-
target interactions.

In the past 30 years, the CRA has been used to quantify the ability of lymphocytes to induce
death in selected target cells. The CRA has a number of limitations, including the use of
radioactivity, a requirement for considerable numbers of effector cells, a lack of information
about behavior of single cells, and considerable cost associated with its performance, especially
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when a scale-up in numbers of assays is necessary. In view of these limitations, attempts have
been made to modify cytotoxicity assays and to incorporate new molecular insights into
facilitating visualization and quantification of cytotoxicity (Blomberg et al, 1986;Kroesen et
al, 1992). The most important of these has been a departure from radioactive targets and
replacement of radioactive labeling with fluorescent labels that can be measured by flow
cytometry (Derby et al, 2001;Hatam et al, 1994). The cytotoxicity assays for NK cells and
cytolytic T cells have been described that quantify target cell death based on the level of various
fluorochrome labels released from or retained by the pre-labeled target cells (Derby et al,
2001;Hatam et al, 1994). Others described flow cytometry-based assays using intercalative
DNA dyes (Roden et al, 1999) or activation of fluorogenic caspase substrates in the apoptosing
target cells (Chahroudi et al, 2003;Liu et al, 2002). In fact, numerous assays measuring
apoptosis by flow and image cytometry have been introduced and used to measure effector-
mediated cytotoxicity. (Roden et al, 1999;Chahroudi et al, 2003;Goldberg et al, 1999;0zdemir
et al, 2003;Liu et al, 2002;Telford et al, 2004;Hasper et al, 2000). However, activation of
apoptotic pathway in target cells is not equivalent to lysis, and apoptosis is but one form of
cell death (Lukovic et al, 2003). The CRA recapitulates all molecular events involved in target
cell lysis, and this has been the reason for its status as the “gold standard” for cytotoxicity
determinations.

While there has been a general trend to substitute CRA by flow cytometry-based measurements,
with few exceptions (e.g., Ozdemir et al, 2003), most of the modified cytotoxicity assays were
not correlated with CRA. The FCC assay we developed compares favorably with CRA in
several respects. Its reproducibility, with a CV ranging from 9 to 13%, is excellent. The linear
kinetics allow for a comparison of lytic curve slopes, indicating that responses to the increasing
E:T ratios are identical, at least for K562 targets. The uniformly higher intercepts obtained for
the flow assay indicate that it is more sensitive than the CRA. The shorter optimal incubation
time (3h vs. 4h) probably reflects the more rapid kinetics of the dye influx into an injured cell,
compared to efflux of 1Cr-complexed cytosolic proteins. The assay results calculated as the
percent specific lysis at the four different E:T ratios can be converted into lytic units, as
commonly done for the CRA. The cytotoxicity data can be presented on per effector cell basis,
using the absolute cell number values determined in the assay (LU/absolute # NK cells). This
is advantageous for discrimination between individuals with few NK cells but strong NK cell
activity from those with many NK cells but weak NK cell activity. Further, like the CRA, the
flow-based assay discriminates between NC, who have somewhat higher NK cell activity and
patients with cancer, whose NK cell activity may be depressed (Figure 7). Thus, the assay is
sensitive enough to measure biologic variations, as also indicated by changes observed in NK
cell activity of individual donors serially tested overtime (Figure 6). Like the CRA, the flow
assay accurately measured LAK activity, using Daudi as cellular targets. These data
convincingly show that the FCC assay can be substituted for the CRA to measure NK cell and
LAK activities without concerns about comparison to historical data sets.

Recent discovery of inhibitory and activating receptors on NK cells has brought about
resurgence of interest in NK cell activity (Ruggeri etal, 2002;Miller et al, 2003). The realization
that NK cells are programmed to interact with tissue or hematopoietic cells and play a major
role in innate immunity has been reinforced as the understanding of molecular regulatory
mechanisms emerged (Smyth et al, 2004). The phenotypic and functional heterogeneity of NK
cell subsets re-focused attention on their lytic activity and the molecular interactions between
effectors and targets. The new FCC assays offer an opportunity for a multi-parameter definition
of these interactions. Specifically, in the assay described here, at least six distinct characteristics
of NK cells engaged in Killing of a sensitive target can be discerned, as indicated in Table 2.
In aggregate, the major advantage of this multi-parameter FCC assay is that it allows for a
quantitative phenotypic as well as functional definition of NK cell (or T cell) subsets engaged
in an interaction with a cognate target. An additional advantage is that the assay is non-
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radioactive. The assay can be adapted to measuring various phenotypic attributes of effector
cells such as the state of cellular activation, cytokine expression, perforin content or signaling
molecule expression, in addition to their absolute numbers and percent specific lysis. One of
its most attractive features is the possibility of extending the number of characteristics
measured by the use of additional labeled antibodies in polychrome flow cytometry. This opens
avenues for investigating mechanisms or molecular events contributing to target lysis by
discrete subsets of effector cells.

The FCC assay in its four-color version, as described here, can reproducibly serve as a routine
NK cell cytotoxicity assay in a monitoring laboratory, replacing the CRA and providing data
on NK cell activity per absolute number of NK cells present in the sample. However, in a
research laboratory, it can be adapted to a multicolor, multi-parameter tool capable of providing
useful insights into molecular mechanisms of NK cell-, T cell- or NKT cell-mediated death of
various targets.
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Figure 1.

Gating strategy used for the FCC assay. Identification of target cells: ungated events are shown
in the third panel from the left. Target cells (K562) are identified as CTO™ events with high
side scatter. The rightmost panel, gated on target cells only, shows forward scatter versus 7-
AAD fluorescence. Dead K562 target cells (color-evented purple) in A or dead Daudi cells in
B are identified by 7-AAD dye uptake and low forward scatter. Identification of effector cells:
the second panel from the left is gated to exclude target cells and shows the light scatter
characteristics of the peripheral blood mononuclear cells assayed for cytotoxicity. The leftmost
panel, gated to include lymphoid light scatter events from the previous panel, and to exclude
target cells, shows anti-CD3 ECD fluorescence, versus anti-CD16 plus CD56 FITC
fluorescence. Effector cells are analyzed for expression of CD3, CD16 and CD56 to identify
NK (CD3"CD16*CD56™), NKT (CD3*CD16*CD56") and T cell (CD*CD16 CD56")
populations.
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Figure 2.

Measurement of spontaneous release of the dye from labeled K562 cells. A representative
experiment of 9 performed with PBMC of normal donors.
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Calculation:

Absolute Cell Count = (Cell Events / Bead Events) x Calibrator Factor

Example:

Absolute Targets Count = (9631 / 40855) x 998 = 235

Absolute PBMCs (i.e., Not Targets) Count = (106357 / 40855) x 998 = 2598

Absolute T cell Count = (48013 / 40855) x 998 = 1172
Absolute NK Count = (2741 / 40855) x 998 = 67
Absolute NK T Count = (3729 / 40855) x 998 = 91

Figure 3.

1023

FSC

Gating strategies used for the assessment of absolute lymphocyte and tumor cell counts in the
presence of fluorobeads. Beads (high scatter events) are dark blue; live targets are orange; and
dead targets are purple. A. In an open gate, fluorobeads are visualized and bead events are
counted. B. Gate is set on cells, discriminating CTO + targets from lymphocytes. C. Gate is
set on targets to obtain the number of live and dead K562 cells. The lower row shows the gates

used to determine numbers of live an dead effector cells (NK, T and NKT).
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Figure 4.

FCC assays performed for different co-incubation time periods using PBMC as effectors and
K562 cells as targets. Representative data obtained with PBMC from one of 11 normal donors
tested.
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Figure 5.

Intra-assay variability of FCC assays performed with K562 targets and PBMC obtained from
three representative normal donors (of 9 tested). Note that the Y-axis is plotted on the logit
scale used to linearize the data for statistical analysis. Each FCC assay was repeated three times
(solid, dashed and dotted lines).

J Immunol Methods. Author manuscript; available in PMC 2008 August 31.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kim et al.

Page 18

o
= 80,00 Day 311
S éggg : Day 312
o .
S 50.00 /// Day 313
S 400
'S 0.0 / ~ Dey 95-
";—:, 20.00 - Day 99-2
= 1000

000 Day 99-3
61 121 251
ET
Figure 6.

Biologic variability in NK cell cytotoxicity detected in a FCC assay with K562 cells. PBMC
were obtained from the same normal donor on days 1, 30 and 99. On days 30 and 99, the FCC

assays were done in triplicate. Data from a representative donor of 4 tested.
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Figure 7.

Comparisons of the 3h FCC assay with 4 h CRA. PBMC were co-incubated with K562 targets.
Non-transformed data obtained with PBMC of normal donors (n = 11) and patients with cancer
(n=15). PBMC of 12 normal donors were also stimulated with IL-2 and tested for LAK activity

with Daudi targets.
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Comparisons of slopes and intercepts obtained from analyses of data obtained in normal donors
(n = 11) and patients with cancer were tested with K562 targets. PBMC of 12 normal donors
were stimulated in the presence of IL-2 and tested for LAK activity with Daudi targets. A line
of equality (slope = 1) is drawn on each graph for reference. In all three groups, the individual
intercepts are greater for the FCC assay than CRA.
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Figure 9.

Gating strategy use to determine the phenotype of effector cells (left) in FCC assays. NK cells
and T cells are identified by their surface markers. On the right, NK cells and T cells are
identified as CD69* or Granzyme B™ cells in a sample of PBMC tested at 50:1 E:T ratio. NK
cells show early activation and increase of the Granzyme B level, while CD69 expression and
Granzyme B levels remain low in T cells after 3h incubation. This phenotype suggests that NK

cells are the active cells in this assay.
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Gating strategy used to evaluate conjugate formation between tumor targets and effector cells.
In A, single cells (not doublets) are discriminated from cell doublets on the basis of forward
scatter integral versus forward scatter peak height. Cell doublets have relatively smaller peak
height for a given peak integral. Among doublets, those with highest integral forward scatter
contain K562 target cells. In this reaction at the E:T ratio of 50:1 only 1.43% cells form
conjugates. In B, doublets in the gate are discriminated into those that contain targets and those
that do not. In B1, gate is set on targets in the doublets to determine percentages of doublets
containing NK cells or T cells. Tumor-NK conjugates are the most numerous. In B2, gate is
also set on targets in the doublets to determine percentages of dead (7-AAD+) targets. Nearly
all conjugated targets are alive (i.e., 7-AAD-negative) after 3h of co-incubation. In C, gate is
set on cells not in doublets to distinguish uncomplexed targets. In D, gate is set to determine
percentages of dead (7-AAD+) targets not in doublets.
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Figure 11.

Amnis images of NK cells and T cells interacting with K562 targets in the FCC assay. In A,
PBMC of a normal donor are tested in the FCC assay at the E to T ratio of 6:1. In the upper
left panel targets and effectors are identified on the basis of CTO staining. The targets are
scored for 7-AAD uptake (killing) in the top right histogram. The brightfield aspect ratio in
live (orange histogram) and dead (yellow histogram) targets reveal the presence of a high
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proportion of cell doublets and clusters among the dead targets. The aspect ratio measures the
ratio of the width to the length of imaged objects. An aspect ratio close to 1 indicates a round
object. Smaller aspect ratios indicate an elongated object, such as is formed by a cluster of two
or more cells. In the bottom left histogram, a lymphoid population is defined among the CTO
negative cells. There are further subdivided into NK cells (CD3- CD16+56+) and T cells (CD3
+) in the bottom center histogram. In the upper right panel, the bright field image of live target
cells; in the lower right panel, a bright field image of dead targets, showing the presence of a
high proportion of cell doublets or clusters among the dead targets. In B, individual images of
7-AAD+ (Kkilled) targets from the same assay (left) and binding of the NK cell or T cell to K562
targets (right). In C, individual images of live (7-AAD negative) targets with an enlarged image
of the NK cell interacting with a live target. In D, individual images of 7-AAD+ targets
interacting with effector cells at the 50:1 ratio. An enlarged image of a cell cluster shows the
presence of NK cells and T cell conjugated a dying target.
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Table 1
Reproducibility of the flow cytometry-based cytotoxicity assay
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E:T Ratio
6:1 12:1 25:1 50:1
Within subject coefficient of variation® 9.1% 12.7% 7.9% 11.1%
Intra-class correlation coefficient .985 .970 .987 .960
Standard error of measurement® 0.87 2.22 2.05 4.35
95% confidence bounds for a new assay valued +17 t4.4 +4.1 +85

aWithin-subject coefficient of variation = intra-assay standard deviation / overall mean

Intraclass correlation coefficient = correlation of assay results within the same sample (also = ratio of subject variation to total (inter)variation, i.e., 1-

intraclass correlation = proportion of variation due to measurement error)
C . L . .
Standard error of measurement estimated from the pooled within-donor variance (intra)

d ) .
Confidence interval for the true (error-free) value

The data were obtained by testing specimens obtained from 9 normal donors. Each assay was repeated 3 times on the same day
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Advantages of the FCC assay
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Table 2

Marker

Information it provides

CellTracker Orange™ CMTMR To measure the
number of remaining target

Labels target cells via glutathione S-transferase mediated reaction (permeable through cell
membrane)

7-amino-actinomycin D (7-AAD)

Indicated cell death by necrosis and late apoptosis by binding to DNA (impermeable throughj
intact cell membrane)

Anti-CD3 Ab Phenotypes the effectors by marking cell surface antigens
Anti-CD16 Ab and anti-CD56 Ab
Anti-CD69 Ab Early activation marker indicating effector cell functions

Anti-Granzyme B Ab

Pro-apoptotic protease marker for target cell lysis

Number of E/T Conjugates

Estimates the ability of effector cells to re-bind to the targets

Amnis assessment of E/T interactions

Allows for following events during E to T binding
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