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Abstract

Natural killer (NK) cells are cytotoxic lymphocytes that play a major role in the innate immune system. NK cells exhibit
potent cytotoxic activity against cancer cells and virally infected cells without antigen priming. These unique cytotoxic
properties make NK cells a promising therapeutic against cancer. Limitations of NK cell therapy include deficiencies in
high clinical efficacy often due to a need for a high NK cell to target cell ratio to achieve effective killing. In order to address
the suboptimal efficacy of current adoptive NK cell therapy, a high throughput screen (HTS) was designed and performed
to identify drug-like compounds that increase NK cytotoxic activity against tumor cells without affecting the normal cells.
This screen was performed in a 384-well plate format utilizing an expanded primary NK cell product and ovarian cancer
cells as a target cell (TC) line. Of the 8000 diverse small molecules screened, 16 hits were identified (0.2% hit rate) based on
both a robust Z (RZ) score < -3 and a greater than 10% increase in NK cell killing. A validation screen had a confirmation
rate of 70%. Select compounds were further validated and characterized by additional cytotoxicity assays including activity
against multiple blood cancer and solid tumor cell lines, with no effect on primary human T cells. This work demonstrates
that high-throughput screening can be reliably used to identify compounds that increase NK tumoricidal activity in vitro
that can be further investigated and translated for potential clinical application. Précis: Our work led to the identification of
promising compound that potently increases NK cell-mediated killing of a variety of different cancer cells, but no impact
on the killing of normal cells. This compound demonstrates the utility of this assay.

Keywords High-throughput screen - Immunotherapy - NK cells - Ovarian cancer - NK activation - NK cytotoxicity

Introduction
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nity against viruses and malignantly transformed cells [1].
NK cells are able to specifically target virally infected cancer
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Due to the unique capacity of NK cells to recognize and
directly lyse TCs, they are being investigated in the context
of adoptive cell therapy for cancer [5]. NK cell immunother-
apy has shown particular promise in treating hematologic
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cell malignancies [1]. For example, in a clinical trial of NK
cell immunotherapy involving 11 patients with B-cell malig-
nancies, seven patients achieved full remission (four with
lymphoma and three with chronic lymphocytic leukemia),
and one patient had a partial remission [6]. NK cell therapy
has also proven to be effective against other malignancies
such as diffuse large B cell lymphoma, multiple myeloma,
prostate, ovarian, and cervical cancer [5, 7]-[11]. NK cell
therapy offers many potential advantages over other immune
cell therapy types, such as T cell immunotherapy, including
the ability to target cancer cells without the necessity for
tumor antigen specific recognition and the ability to utilize
allogeneic donors without inducing graft versus host dis-
ease [12]. In particular, while HLA matching is essential
to prevent graft versus host disease with T cell therapies,
clinical studies to date suggest that NK cells, in contrast, do
not induce graft versus host disease, and therefore, universal
donor NK products may be feasible [13].

Our study was directed against ovarian cancer cells.
Ovarian cancer is the deadliest gynecological cancer [14].
Previous reports found that ovarian cancer is sensitive to
NK lysis, making it a target of current clinical NK therapy
studies [15, 16]. While there is some evidence of clinical
feasibility in the treatment of ovarian tumors with adoptive
NK cell transfer, improvements in NK activity against this
malignancy are important to enhance clinical efficacy [16].

Despite the promise of NK cell therapy for cancer, there
are some limitations that have hindered the field. One major
shortcoming is the challenge to manufacture large doses of
NK cells to support an off-the-shelf universal donor prod-
uct. This has been partially overcome by ex vivo expansion
platforms that impair NK cell senescence and permit robust
and long-term expansion of clinical grade NK cells [17, 18].
While these expanded NK cells demonstrate increased cyto-
toxic activity as compared to non-expanded cells and show
promise in clinical testing, it is likely that further enhance-
ments in cytotoxic activity will be necessary to achieve
marked clinical efficacy [13, 19]. Although patients receiv-
ing NK cell therapy have been shown to go into remission,
their cancers often relapse, which may be attributable to
the short lifespan, insufficient cytotoxic activity, and limited
number of NK cells in many adoptive NK cell studies.

Despite the challenges, the potential of NK cell therapy
against cancer supports the identification of novel strate-
gies to enhance NK cell cytotoxic activity toward cancer
cells. Recently, strategies to modulate the immune system,
most commonly T cells, have become more prevalent in
cancer therapy. For example, the identification of immune
checkpoint blockade has stirred up interest in identifying
checkpoint inhibitors, including small molecule inhibitors,
particularly against PD1 and CTLA-4[20]. In the case of
NK cells, investigations are underway to assess the potential
of targeting checkpoint molecules including LAG-3, TIM-3
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and TIGIT largely through blocking antibodies [21]. In addi-
tion, studies have suggested that blockade of the immuno-
suppressive cytokine TGFp by small molecules or antibodies
may enhance NK cell activity [22]. A small number of other
small molecules have been described that can impact NK
cell function, though none that exhibit any known significant
clinical efficacy to date. For example, dasatinib, a kinase
inhibitor commonly used to treat chronic myeloid leukemia,
has been reported to enhance NK cell activity against leuke-
mia cells through unclear mechanisms [23]. Small molecule
GSK3 inhibitors have also been found to enhance NK cell
cytotoxic activity against cancer cells through enhancing
conjugate formation with tumor cells [24].

As the mechanisms and pathways through which NK
cells regulate their cytotoxic activity are not fully charac-
terized, we developed an activity-based screen to identify
novel small molecules that can enhance NK cell cytotoxic
activity. To identify small molecule regulators of NK activ-
ity, we chose a high throughput screening (HTS) system
because it allows for rapid testing of a large number of drug-
like compounds. HTS systems overcome the limited assay
capacity for in vitro studies and allow the rapid ability to
test hundreds of thousands of compounds with relative ease
and cost-effectiveness [25]. In particular, we developed and
implemented a cell-based HTS assay using a clinical NK cell
product to enable the identification of compounds that may
be useful both as tool compounds to better understand NK
cell cytotoxicity as well as initial hits that can be developed
into clinically useful NK cell activating agents.

Methods
Cell culture

NK cells were isolated from healthy donor peripheral blood
acquired through the Hematopoietic Biorepository and Cel-
lular Therapy Core at Case Western Reserve University.
NK cell isolation and expansion were performed as previ-
ously described [18]. Briefly, Peripheral blood mononuclear
cells were first isolated from blood using a ficoll-paque (GE
healthcare) density gradient centrifugation. Next, T cells
were depleted using CD3 magnetic beads (Miltenyi Biotec).
The isolated cells were then cultured with irradiated NKF
(mbIL-21 expressing OCI-AML3) feeder cells at a feeder to
NK ratio of 5:1 with 100U/mL IL-2 and RPMI 1640-L-glu-
tamine supplemented with 10% serum, 1% penicillin/strep-
tomycin, and 0.1% ciprofloxacin. Cells were expanded for
2.5 weeks with weekly addition of irradiated NKF cells.
NKEF feeder cells, Ovcar3, RAJI, HCT116, and HT29
cells (ATCC) were cultured in RPMI 1640 with 2 mM
L-glutamine supplemented with 10% serum, 1% penicillin/
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streptomycin, and 0.1% ciprofloxacin. All cells were incu-
bated at 37 °C and 5% CO,.

Compound library

A small-molecule library, composed of 8000 compounds
from Chemical Diversity Labs and ChemBridge Corpora-
tion, was assembled as a plate-based, diversity subset of the
larger U. T. Southwestern Chemical Library. All compounds
were dissolved in DMSO to a stock concentration of 5 mM.
The final DMSO concentration did not exceed 0.1% in the
screening assay or during hit validation, and the negative
and positive control samples contained the same vehicle
percentage.

High-throughput small molecules screening

For high-throughput screening, 384-well plates (Greiner
Bio-One) containing a final test concentration of 5 pM of
each chemical in columns 3-22 and vehicle (DMSO, 0.1%)
in other control wells (columns 1, 2, 23) were prepared using
an Echo 555 acoustic liquid handler (Labcyte, Inc., San Jose,
CA). A total of 50 pL of media with IL-2 activated NK
cells were dispensed into each well of the plates using an
automated dispenser (BioTek MultiFlo liquid handler) and
incubated 16 h. After an overnight incubation at 37 °C and
5% CO,, 25 pL of media with Calcein-AM labeled Ovcar3
TC were added to all wells at an NK:TC ratio of 1.5:1, fol-
lowed by a 2-h incubation at 37 °C in 5% CO, incubator.
In each plate, the following controls were included: 1) a
neutral control (DMSO only) of NK and TC at a 1.5:1 ratio
(columns 2 and 23); 2) an untreated control of only TC (col-
umn 24); and 3) a positive control of NK and TC at a 7.5:1
ratio (column 1). Killing of the tumor cells by the immune
effector cells was monitored and recorded by performing a
Calcein-AM release cell imaging assay.

Cell imaging, image analysis, and cell viability
calculation

Imaging was performed by an IN Cell Analyzer 6000
(Cytiva, Inc.) high content imaging system using a 488
laser line and 20X objective with the assay plate placed on
a heated stage during image collection. After images were
collected, image analysis was performed using the CellPro-
filer software (v3.1.8; Broad Institute). Intact TC were iden-
tified based on the Calcein-AM fluorescence intensity. Four
non-consecutive fields per well were imaged and analyzed.
The average number of live and total TC was determined for
each well. The viability data were analyzed using Genedata’s
Screener software suite (v15) as previously described [26].
Robust Z scores (RZ scores) were assigned to all library
compounds [27].

LC-MS and HPLC

Compound 2 was purchased from ChemBridge to perform
biological studies, and purity was measured to be >95%
(Supplementary Fig. 2a-c). Reverse phase column was used
for both measurements. Water and acetonitrile were used
as solvents. LC-MS (Shimadzu LCMS 2020) utilized 0.1%
formic acid additive (Supplementary Fig. 2a and b). 0.05%
ammonia hydroxide additive was used for HPLC (Agilent
1200) (Supplementary Fig. 2c).

Luciferase-based Cytotoxicity Assay.

Compound treated NK cells were co-cultured with
Ovcar3 cells stably expressing a luciferase plasmid (pLenti
CMYV puro LUC, Addgene) in white bottom 96-well plates
for 2 h. After incubation, luciferin substrate (GoldBio,
16.6 pg /mL) was added to the plate for 2 min at room tem-
perature. Luminescence was then measured using a Spec-
tramax Gemini dual-scanning microplate spectrofluorimeter
(Molecular Devices). The results of the co-culture were nor-
malized to TC alone wells to calculate % cell death.

Flow cytometry phenotyping

NK cell immunophenotyping was performed using the
following antibodies: perforin (BD, PE), granzyme (BD,
FITC), IFNy (BD, PE), TNFa (BD, FITC), CD56 (BD,
APC), CD3 (BD, BV421). For intracellular staining, treated
NK cells were co-cultured with Ovcar3 cells for 4 h at an
ET of 0.5-1 in the presence of monensin (BD GolgiStop, 4
pL/6 mL cell culture). Samples were fixed and permeabi-
lized using the Foxp3/Transcription Factor Staining Buffer
Set (eBioscience). Flow cytometry was performed using the
Attune Nxt cytometer (ThermoFisher). Analysis was done
using FlowJo (version 10.7.1, BD).

Statistical analysis

Nonparametric two-tailed unpaired t tests were performed
to determine statistical significance between 2 groups. Non-
parametric one-way ANOVA was used to calculate signifi-
cance between groups of 3 or more. *P <0.05, **P <0.01,
%P <0.001, ¥****P <0.0001.

Regulatory approvals

The work using human primary NK cells was performed
according to the human subjects guidelines at University
Hospitals Cleveland Medical Center and approved by their
Institutional Review Board. Informed consent was obtained
from all subjects.
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Results
Development of high-throughput screen

A high-throughput screen to identify novel small mol-
ecules that enhance NK cell cytotoxic activity was devel-
oped and optimized in a 384-well plate format (Fig. 1a
and b). As a major purpose of this screen is to develop
strategies to enhance clinical adoptive NK cell therapy,
expanded primary human NK cells served as the basis of
the screen. Specifically, NK cells expanded using NKF
feeder cells that are currently being tested as a therapeutic
in relapsed/refractory cancer patients were utilized [28].
NK cell purity representative of our manufacturing process
has previously been reported to be over 90% [18]. The
ovarian cancer cell line, Ovcar3, served as the TC line in
order to measure the activity of the NK cells on a cancer
cell type that is the focus of active clinical investigation
for NK therapy [10]. In order to monitor NK cell killing
of Ovcar3 cells, the molecule Calcein-AM was utilized.
Calcein-AM exists as a non-fluorescent molecule prior to
passively crossing cell membranes and being converted
by intracellular esterases into a highly fluorescent com-
pound that is retained by intact membranes resulting in
fluorescently labeled Ovcar3 cells. Upon disruption of the
cell membrane by NK cells, Calcein-AM is released from
the cells. While this method has commonly been utilized

in NK and T cell cytotoxicity assays with flow cytom-
etry [29], here we utilized fluorescent microscopy to rap-
idly and reliably quantitate the Calcein-AM signal in the
Ovcar3 cells.

In order to develop the screen, we first optimized the
incubation time needed for co-culture of NK and Ovcar3.
We compared the standard 4 h co-culture of NK and TC with
a 2 h co-culture and found that ~60% of killing occurred
during the initial 2 h (Supplementary Fig. 1a). In order
to increase the high-throughput capacity of the screening
method, the 2 h time point was selected. To evaluate toler-
able concentrations of DMSO, 15,000 NK cells per well
were treated for 16 h with DMSO (0.25-1%) and assessed
for viability using the Calcein-AM assay. NK cells were
found to tolerate up to 0.5% DMSO treatment with no effect
on cytotoxic activity or viability as compared to untreated
NK cells (Supplementary Fig. 1b). Next, we established the
following controls for the screen: 0.1% DMSO treated TC
only (negative control), 0.1% DMSO treated NK cells co-
cultured with TC at 1.5:1 effector to target (ET) ratio (neu-
tral control), and 0.1% DMSO treated NK co-cultured with
TC at a high ET ratio of 7.5:1 (positive control) (Fig. 1c).

We developed a method to quantitatively assess the NK
cell cytotoxic effects on Calcein-AM labeled TC using
imaging microscopy (Fig. 1d). In the first step of image pro-
cessing, all objects are identified within a captured image
using Cell Profiler software (v3.1.8). Next, cells are identi-
fied based on a size threshold to eliminate debris or large

a b c
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Fig.1 Fluorescent microscopy-based cytotoxicity assay allows for
measurement of direct tumor lysis by primary NK cells. a Schematic
showing general workflow involved in the HTS assay b Schematic
showing the detailed steps performed during the HTS process ¢ Rep-
resentative fluorescent microscopy images of Calcein-AM labeled
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Ovcar3 cells from the control groups utilized for the screen: Ovcar3
cells alone (left panel), neutral control (middle panel), and positive
control (right panel) d) Representative images depicting the image
processing and analysis used to determine target cell cytotoxicity
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aggregates. Finally, live TCs are identified based on a live/
dead fluorescent intensity threshold calculated per plate
based on the neutral control (DMSO treated NK cells). Given
these parameters, the fraction of live Ovcar3 target cells is
calculated per well (fraction live =live TC number/total TC
number). Prior to performing the full HTS, a pilot screen of
two 384-well test plates from a Bioactive compound library
was performed and resulted in Z’ scores of 0.759 and 0.805,
which is indicative of an excellent assay[30].

Primary high-throughput screen

A high-throughput screen was performed using an 8000-
small molecule diversity subset that is representative of the
chemical space present in the UT Southwestern Chemical
Library (200,000 compounds). To overcome NK cell hetero-
geneity among NK cell donors, a single batch of expanded
primary human NK cells was used for the entire screen. NK
cells were robustly expanded using irradiated NKF feeder
cells to reach the appropriate numbers necessary for screen-
ing[18]. Prior to screening, expanded NK cells from this
specific donor were tested to determine the optimal ET ratio
of 1.5:1 to achieve a baseline percentage of target cell death
at approximately 40% (Fig. 2a). To perform the screen,
15,000 viable NK cells were plated per well in 50 pL media
containing 100 U/mL IL-2. Compounds were added to a
final concentration of 5 pM per well (0.1% DMSO). DMSO
was dispensed to all control wells (0.1% final concentra-
tion). After 16 h in 5% CO,, Ovcar3 cells (10,000 cells per
well in 25 pl of media) were pre-labeled with Calcein-AM
(stained with 1 pM Calcein-AM for 20 min at 37 °C) and
subsequently added to all wells. The NK and Ovcar3 cells
were co-cultured for 2 h at 37 °C in 5% CO,.

After the 2-h co-culture, the plates were imaged via fluo-
rescent microscopy. All Ovcar3 cells were identified using a
low global intensity threshold on the Calcein-AM channel.

To classify live versus dead cells, the population intensity
histogram for each neutral (DMSO) control well was deter-
mined. Since there is a population of dead cells in the neutral
control wells from basal levels of NK cell lysis of Ovcar3
cells, the saddle point between the live (high Calcein-AM
intensity) and dead (low Calcein-AM intensity) populations
in each well is chosen as the filtering point to differentiate
the two groups (Fig. 2b). A per-plate intensity cutoff value
was calculated by averaging the intensity cutoff values for all
the neutral control wells in each plate. This value was then
used to classify all cells in each plate as dead or alive. The
fraction of live Ovcar3 cells per well was then calculated.
These values were then parsed into the Analyzer module of
the Genedata Screener analysis software (v. 15, Genedata,
Inc), where they were corrected for systematic errors such
as row or column effects, and visually inspected for non-
recurring plate effects [27].

A 7’ value was calculated for each plate. Subsequently,
all wells were normalized to the robust median of the wells
containing the chemical library (columns 3-22). An RZ
score was then calculated for each compound [27] [31]. For
the primary screen, a compound was deemed a hit if there
was a> 10% increase in NK cell killing as compared to the
robust median NK cell killing observed for all test wells on
the relevant assay plate (Fig. 2¢). Results from the primary
screen are available on PubChem.

Validation of primary hits

A total of 30 compounds were identified as hits in the pri-
mary screen and were evaluated by follow-up studies. In
confirmation testing (5 uM, 3 replicates per compound), 21
of the 30 compounds (70%) reproduced activities observed
in the primary screen. In the same study, additional doses
were tested (2.5, and 1 pM, 3 replicates per compound) and
several of the compounds showed good dose-responsiveness
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Fig.2 High throughput screening identified multiple small molecules
that lead to enhanced NK cell cytotoxic activity. a NK cell dose curve
to determine the optimal ET ratio for the screen (n=3). b Histogram
of the DMSO treated neutral control population from an exemplar
plate from the pilot screen. After identification and intensity meas-
urement, all cells in the 16 neutral control wells were binned by their
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of hits based on RZ score value
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in each well. The robust median well value across control wells is
used to normalize the compound-containing well results and scale the
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(Fig. 3a). Next, we examined the possibility of false posi-
tive hits resulting from possible direct toxic effects of the
compounds on Ovcar3 cells. As the NK cells were pretreated
with the small molecules and the cells were diluted when
the TC were added, the theoretical drug concentration in
which the TC were exposed was reduced by 33% to 3.33,
1.65, and 0.66 pM and limited to 2 h of duration. To assess
for direct toxic effects on TC, Ovcar3 cells were treated for
2 h and monitored with the Calcein-AM assay. There was no
evidence of any direct toxicity of any of the validation screen
drugs at concentrations ranging from 1 to 5 pM (Fig. 3b).
To independently validate the results of the screening
assay, a subset of compounds (Table1) was tested to assess
effects on NK cell cytotoxicity using an independent and

Compound

ity assessment of validated compounds on Ovcar3 target cells at the
indicated concentrations (n=3) in the primary HTS assay. Calcein-
AM labeled Ovcar3 cells were treated with the compounds for 2 h
and then assessed for cytotoxicity using the fluorescent microscopy
(n=3). c) Validation of selected hits using an orthogonal luciferase-
based cytotoxicity assay that measures the loss of bioluminescence in
luciferase transduced TC after co-culture with treated NK cells (n=3)

well-established luciferase-based cytotoxicity assay that
monitors the loss of luminescence signal in TC (Fig. 3c).
While all compounds increased NK cytotoxicity against
Ovcar3 TC, compound 2 was selected for further biological
studies. Additional hits validated in secondary screen can be
found in Supplementary Table 1.

Characterization of compound 2

To further characterize the activity of compound 2
(3-[(6-ethoxy-1,3-benzothiazol-2-yl) thio]-N-(4-methoxy-
phenyl) propenamide) in regulating NK cell activity, we per-
formed time- and dose-dependent assays. Treatment of NK
cells with compound 2 (C,4 H,;)N,05S,) resulted in a 77%

Table 1 Top performing Activity RZ
validated hits. Structures, RZ Compound Name Structure
score, and median activity at Median score
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carbohydrazide ~
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increase in cell death at 24 h, with significant but smaller
increases observed after 4 h and 10 h (Fig. 4a). Maximal
increase in cell killing was observed after 24 h of treatment
with 5 pM compound 2 against Ovcar3 TC compared to
lower doses of 0.5 and 1 pM (Fig. 4b). Though NK cells are
known to exhibit a high specificity in killing tumor cells as
opposed to normal cells, it was not clear if this specificity
is maintained after NK cell activation with compound 2.
To assess for this property, cytotoxicity assays were per-
formed using normal human T cells as TC, as opposed to
cancer cells. In contrast to tumor cells, no enhancement of
cytotoxic effects of compound 2 treated NK cells on normal
human T cells were observed (Fig. 4c). Next, we assessed
the effect of compound 2-treated NK cells on additional tar-
get cancer cells in addition to Ovcar3 cells. After a 24-h
treatment of primary human NK cells with compound 2, we
observed marked increases in NK cell cytotoxicity in an ET
ratio-dependent fashion against RAJI (B cell lymphoma),
HCT116 (Colon cancer) and HT29 (Colon cancer) cells
(Fig. 4d). For example, NK cell cytotoxic activity increased
by fivefold against RAJI and HCT116 cells at a 2:1 ET ratio
and tenfold against HT29 cells after compound 2 treatment.
Similar to Ovcar3 cells, both HCT116 and HT29 exhibited

a dose dependent increase in TC death (Supplementary
Fig. 3a). Finally, we characterized the phenotype of the NK
cells after treatment with compound 2 by flow cytometry.
Consistent with the increased cytotoxic activity of the com-
pound 2-treated NK cells, the treated NK cells displayed
a phenotype consistent with an activated state including
induction of the cytotoxic mediators: perforin, granzyme,
and the cytokines IFNy, and TNFa (Fig. 4e) as compared to
vehicle-treated cells.

Discussion

NK cells demonstrate high promise for adoptive cell therapy
for cancer due to their ability to rapidly kill cancer cells with
a high level of specificity for cancer versus normal cells.
In addition, NK cells exhibit unique attributes as compared
to more conventional T cell therapy, such as the lack of
graft versus host disease with allogenic products and the
ability of NK cells to target tumor cells without the neces-
sity of specific antigen recognition [2]. NK cells in many
cancer patients, such as AML patients, have impaired cyto-
toxic activity, further supporting the importance of NK cell
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Fig.4 Compound 2 enhances NK cell cytotoxicity against cancer
cells, but not normal cells. a) Compound 2 enhances NK cell cytotox-
icity in a time-dependent fashion. NK cells were treated with DMSO
control or 5 pM Compound 2 and Ovcar3-luciferase cell killing
using the luciferase-based cytotoxicity assay (n=3). b) Compound
2 enhances NK cell cytotoxicity in a dose-dependent fashion. NK
cells were treated with Compound 2 for 24 h and Ovcar3 cell kill-
ing was assessed using the luciferase-based cytotoxicity assay (n=3).
¢) Compound 2 does not enhance NK cell cytotoxicity against pri-
mary human T cells. NK cells were treated with 5 pM Compound 2
for 24 h and assessed for cytotoxicity against T cells using the Cal-

cein-AM microscopy-based cytotoxicity assay (n=3). d) Compound
2 enhances NK cell-mediated cytotoxicity of the indicated cancer
cell lines. NK cells were treated for 24 h with 5 pM compound 2
and assessed for cytotoxicity using the luciferase-based cytotoxicity
assay (n=3). e) NK cells exhibit phenotypic changes consistent with
NK cell activation after treatment with compound 2. NK cells were
treated with 5 pM of compound 2 or DMSO for 24 h and then pro-
filed for the expression of the indicated markers by flow cytometry
(n=3). Compound-treated NK expression was normalized to the neu-
tral control
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activity in combatting cancers [13], 32. In contrast, highly
active NK cells have been correlated with decreased tumor
burden and better outcomes in cancer patients; NK activa-
tion is positively correlated with better outcomes in AML
patients undergoing chemotherapy, as demonstrated by an
activating ligand repertoire on AML blasts [7]. This further
supports the importance of NK cell activation in favorable
anti-tumor outcomes. Due to these observations, the discov-
ery of novel pathways and small molecules that regulate NK
cell activity is important.

Though adoptive NK cell therapy has demonstrated prom-
ise for cancer therapy, significant challenges remain in order
to develop NK products that demonstrate sufficient clinical
efficacy as most reported clinical trials describe limited and
short lived benefits of NK products[33]-[36]. For example,
a phase 2 clinical trial using adoptively infused NK cells
for patients with AML and myelodysplastic syndrome dem-
onstrated promise with two patients achieving a complete
response (CR). The patients relapsed after 2 months, indi-
cating the need to improve efficacy of NK adoptive therapy.
A phase 1 clinical trial on 15 patients with non-small cell
lung carcinoma (NSCLC) treated with IL-15 activated allo-
geneic NK cells reported two patients with partial response
and six patients with disease stabilization with no observed
side effects. These studies affirm the safety of adoptive NK
therapy, while indicating a need to improve the activity of
adoptive NK therapy.

In order to identify small molecules that enhance NK cell-
mediated lysis of cancer cells, we developed and optimized
a HTS assay. Screening strategies have more commonly
been applied to identify new modulators of T cell recep-
tor signaling and T cell activation [37]. Limited previous
efforts have been reported to identify small molecule acti-
vators of NK cells, but these studies have relied primarily
on low throughput assays and often utilized indirect mark-
ers (IFN-y secretion) to measure NK cell cytotoxic activity
[38]. These screens have also commonly utilized an NK cell
line or primary NK cells from multiple donors. Previous
efforts include screening 502 natural products using primary
NK cells from three donors using cell lung cancer target
cells [38]. This screen measured NK activation indirectly by
assessing IFN-y secretion by ELISA. Another screen tested
2,880 compounds from a natural product library using a
luciferase based cell killing assay with lung cancer TC that
assessed the impact of the compounds directly in the co-
culture for a period of 24 h[26]. In another case, a genetic
screen was performed on the NK92 cells line to identify
modulators of NK92 cell line activity using RNAi [39].
Using a luminescence-based cytotoxicity assay, they iden-
tified specific genes in target cells that mediate antibody-
dependent cellular cytotoxicity.

One obstacle to performing large scale screens in the past
from primary cells was the challenge of procuring sufficient
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numbers of primary NK cells from the same donor. Due to
the development of NK feeder cell lines that permit robust
NK cell expansion, we have been able to implement a HTS
using primary NK cells from a single donor to avoid issues
with donor-to-donor variability. In addition, our screen uti-
lizes an NK product that is highly clinically relevant as it is
currently being utilized in clinical trials for relapsed/refrac-
tory cancer patients. We have further developed a direct
readout for NK cell cytotoxicity using imaging that is rapid
and reliable to support HTS efforts.

In order to validate our screening assay, we performed
a screen of 8,000 small molecules. The screening assay
was found to be highly robust with Z’ > 0.58 and led to
the identification of 21 hits that increased NK cell killing
by > 10% compared to the robust median NK cell killing
observed for all test (chemical library) wells on the relevant
assay plate. We further validated the reliability of the screen,
by confirming the hits for the induction of NK cell cyto-
toxic activity through the performance of separate NK cell
cytotoxic assays using different methodologies including
a luminescence-based assay. Compound 2 was selected as
our most promising small molecule because it reproducibly
enhanced NK cytotoxicity. Finally, more detailed characteri-
zation of compound 2 was performed to further demonstrate
its properties in inducing NK cell activation. Importantly,
though the NK cell screen was performed using a single NK
cell donor and Ovcar3 ovarian cancer cells, the secondary
assays using compound 2 demonstrated that these results
are not specific to a single NK donor or to ovarian cancer
cells; NK cell hyperactivation was observed across a panel
of blood cancer and solid tumor cell lines, as well as using
multiple NK cell donors after their treatment with compound
2. Importantly, even though compound 2-treated NK cells
demonstrate increased cytotoxicity against tumor cells, there
was no increased cell lysis observed on primary T cells.

While the screening assay reported has high potential
to identify novel compounds and pathways related to NK
cell activation, the mechanisms of action of the compounds
utilized for this screen are not known and further studies
are needed to determine pathways involved in their biologi-
cal activities. Further, additional biological studies includ-
ing mouse tumor models are needed to further assess the
promise of the NK cell activating compounds in vivo. It will
be of particular interest for future developments to assess
whether the compounds are also able to activate NK cells
in vivo including both endogenous NK cells and adoptively
infused NK cells. Overall, these results indicate that our
HTS efforts can reliably identify compounds that stimulate
NK cell hyperactivation against cancer cells. This screen
has the potential to be used to not only contribute toward a
greater understanding of NK cell biology, but also to assist
in the development of therapeutic strategies to enhance NK
cell activity for cancer patients.
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