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Abstract

NF-kB is an important mediator of immune activity and its activation is essential in mounting
immune response to pathogens. Here, we describe the optimization and implementation of
a high-throughput screening platform that utilizes high content imaging and analysis to mon-
itor NF-kB nuclear translocation. We screened 38,991 compounds from three different small
molecule libraries and identified 103 compound as hits; 31% of these were active in a dose
response assay. Several of the molecules lacked cytotoxicity or had a selectivity index of
more than 2-fold. Our image-based approach provides an important first step towards identi-
fying small molecules with immunomodulatory activity.

Introduction

Nuclear factor kappa B (NF-«B) is a protein complex found in almost all eukaryotic and it is
involved in the expression and regulation of a wide range of genes involved in cellular response
to stimuli, transcription of DNA, cell survival and proliferation as well as cytokine production
[1-3]. It is mostly found as a p65 homodimer or p65/p50 heterodimer with the p65 component
responsible for most of its transcription factor function [4]. With the exception of keratino-
cytes and vascular smooth muscles, it is predominantly found in the cytoplasm of all cells
bound to the inhibitory molecule IxB ([5, 6]. The size of this complex together with blocking
of the nuclear localization signals by IkB prevents NF-kB from translocating to the nucleus.
Upon exposure to external stimuli, a series of signaling cascades are triggered which result in
the degradation of IkB by phosphorylation leading to NF-xB activation and its translocation
into the nucleus [7]. Following NF-kB activation and translocation, IxkB accumulates in the
cytoplasm [8, 9], is translocated to the nucleus and binds to NF-«B inhibiting its activity com-
pleting the cycle ([10].

Substances or agents capable of inducing NF-«B nuclear translocation and activation are
promising vaccine adjuvants [11]. Several mechanisms have been described linking NF-xB
activation to adjuvant activity, including toll like receptors (TLRs) signaling and kinase activity
[12, 13]. TLRs are found largely on immune cells [14, 15], but are also expressed on other cell
types including endothelial cells [16]. By exerting their effects in boosting the immune
response, adjuvants have the potential to be used in adjunctive therapy to shorten treatment
regimen as well as facilitate clearance of pathogens in a host-directed manner [17-19]
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Quantitative measurement of NF-kB nuclear translocation is a critical research tool for
early drug discovery as well as cellular immunology. Several methods have been used to mea-
sure NF-«kB in the nucleus [20-23]. However, these methods are limited by their sensitivity
and laborious procedures. Recently, novel imaging methods using confocal microscopy [4] or
automated fluorescent microscopy with computer assisted image analysis technology [24]
have been described to detect NF-kB nuclear translocation. The latter, known as High Content
Imaging (HCI), is based on the phenotypic assessment of several biological properties. It not
only offers the high-throughput platform but also provides the advantage of measuring multi-
ple cellular characteristics such as such as cell cycle, motility, morphology, receptor internaliza-
tion and protein redistribution. This platform has been widely applied in screening large
compound libraries in drug discovery as well as cellular immunology to identify and/or under-
stand novel drug targets [25, 26].

In this study, we used a high content imaging platform to screen for compounds which
induce the nuclear translocation of NF-xB. The assay was developed for high-throughput
screening with endothelial cells but can be adapted for low-throughput and other cell types
with some modifications.

Materials and methods
Maintenance of cell lines

Human umbilical vein endothelial cells (HUVECs, Lonza, USA) were maintained at 37°Cina
humidified 5% CO, incubator in complete endothelial cell growth medium (EGM™™-2 Bullet-
Kit™ Medium) consisting of Endothelial Basal Medium with SingleQuot supplement (epider-
mal growth factor, vascular endothelial growth factor, R3- insulin-like growth Factor-1,
ascorbic acid, hydrocortisone, human fibroblast growth factor-beta, heparin, gentamicin/
amphotericin-B) plus 2% fetal bovine serum (FBS).

The HepG2 human cell line (ATCC HB-8065) was propagated in Dulbecco’s Modified
Eagle Medium (DMEM) containing either 25 mM D-glucose or 10 mM D-galactose [27], 10%
FBS, 1 mM sodium pyruvate, 2 mM Glutagro (Corning), and 100 L.U/mL penicillin and
100 pug/mL streptomycin.

Preparation of chemical library

Compound plates were prepared in 384-well plates for screening. Compounds stocks (ImM in
DMSO) were dispensed into columns 3-22 in DMSO and tested at a final concentration of
10 uM (1% final DMSO). All compounds were supplied at >90% purity as per vendor.

NF-kB nuclear translocation assay

HUVEC cells were seeded at 2500 cells/well in 384-well plates in EBM™-2 Basal Medium plus
2% FBS overnight at 37°C in a humidified 5% CO?2 incubator. Compounds (columns 3-22)
and DMSO (columns 1, 2, 23 and 24) were added to cells using a JANUS Automated Liquid
Handling Workstation (Perkin Elmer). Tumor Necrosis Factor-alpha (TNF-a) recombinant
protein (eBiosciences) was used as positive control and was added to columns 1 and 24 ata
final assay concentration of 100 ng/ml while DMSO served as negative control. Plates were
incubated at 37°C for 30 min in a humidified 5% CO, incubator following addition of com-
pounds and controls.

All washing and immunofluorescence staining steps were performed using an EL406 Auto-
mated Washer Dispenser (Biotek). Briefly, cells were fixed with 4% paraformaldehyde at RT
for 15 min. Cells were washed and incubated at RT for 30 min in 0.05% Triton X-100, 0.25%
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IgG-free BSA, 0.25% normal goat serum in Tris-buffered saline. Cells were stained with the
p65 Mouse Monoclonal Primary Antibody (Santa Cruz, sc-8008) at a final concentration of

1 ug/mL in TBS, 0.05% Triton X-100,.25% IgG-free BSA and incubated overnight at 4°C. Cells
were washed and stained with the Alexa Fluor 488 Goat anti-Mouse IgG (H+L) cross-adsorbed
secondary antibody at a final concentration of 4 pg/mL in TBS, 0.05% TritonX-100, 0.25%
IgG-free BSA for 1 hr at RT in the dark. Cells were washed and 1 ug/mL of DAPI added. Plates
were sealed and imaged with an ImageXpress Micro XLS High Content Screening System
(Molecular Devices) using FITC and DAPI channels at 20X magnification. Nine fields were
captured for each well.

Image analysis

Images were analyzed using the MetaXpress software (Molecular Devices) by creating a custom
analysis program in the Custom Module Editor. Briefly, DAPI was used to identify the nucleus of
the cell and a nuclear mask created. A secondary mask was created by enlarging the nucleus
mask to identify the whole cell. The whole cell mask was then overlaid on the nucleus mask to
identify the cytoplasm. The average p65 (NF-kB) pixel intensities in both the nucleus and cyto-
plasm were quantified and a value assigned to each. A translocation value was calculated by deter-
mining the ratio of the average nuclei intensity to the average cytoplasmic intensity of p65 (NUC/
CYT) [24]. For assay development, the Kruskal-Wallis non parametric test was used to compare
the medians of the different groups after correcting for multiple comparison with Dunn’s multi-
ple comparison test using GraphPad Prism 7.04 software. For assay validation, the mean (),
standard deviation (SD) and coefficient of variation (CV) for nuclear translocation were calcu-
lated for the maximum (TNF-o) and minimum (DMSO) activation control wells, maximum and
minimum activation plates as well as CVs for 320 test wells. The Z’ (measure of spread between
maximum and minimum control signals) was calculated for each plate using the formula:

3(SDMax + SDMin)

Z =1-
| Mot — Hosin

)

where max is average maximum signal and min is average minimum signal [28]. The ECs, was
defined as the concentration that gave half the maximal response.

HepG2 cytotoxicity assay

Cells were seeded in 384-well plates at 1800 cells per well and incubated in a humidified incu-
bator at 37°C, 5% CO2. Compounds were solubilized in 100% DMSO and assayed using a
10-point three-fold serial dilution. Compounds were added 24 hours post cell seeding to a
final assay concentration of 1% DMSO and highest compound concentration of 100 pM. Cell-
Titer-Glo®) reagent (Promega) was added to 384-well plates after a 72-hour incubation period.
Relative luminescent units (RLU) were measured using a Synergy 4 plate reader (Biotek). Raw
data were normalized using the average RLU value from negative control (1% DMSO) and
expressed as % growth. Growth inhibition curves were fitted using the Levenberg-Marquardt
algorithm. The ICs, was defined as the compound concentration that produced 50% of the
growth inhibitory response.

Results
Assay development

In this study, we aimed to identify compounds that induced NF-«B nuclear translocation by
high content imaging using HUVECs. We optimized and validated a screen to use high-
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throughput microscopy on 384-well plates. Our screen was developed using an overall work-
flow (Fig 1) in order to allow us to optimize key parameters. In overview, HUVECs were
seeded into 384-well plates and incubated in a humidified incubator at 37°C, 5% CO, over-
night. Compounds and controls were added to plates and cells incubated for a further time.
Cells were fixed with paraformaldehyde, washed, blocked and incubated with the NF-«B pri-
mary antibody overnight. An Alexa Fluor conjugated secondary antibody was used to stain
NF-kB and DAPI was used to stain cell nuclei. Plates were imaged in both FITC and DAPI
channels using the ImageXpress high content microscope.

We optimized a number of parameters. We first determined the optimum cell seeding den-
sity. For accurate measurement of NF-kB, it was important to identify individual cells as well
as cellular segmentation in a monolayer of adherent cells after overnight seeding. We tested
four different seeding densities (8000, 4000, 2000 and 1000 cells/well) and analyzed cell-to-cell

Seed

HUVEC: in Day 1
384 well
. Add 1°
compounds Fix cells Block plates antibody Day 2
to cells
antibody Add DAPI Day 3

Analyze

images and
data

Fig 1. Schematic representation of NF-kB nuclear translocation assay.

https://doi.org/10.1371/journal.pone.0199966.9001
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contact after overnight incubation (data not shown). We observed adequate contact between
cells with no piling and clumping with 2000 cells. Higher cell densities (4000 and 8000 cells/
well) resulted in piling and clumping of cells, while wells seeded with 1000 cells had little or no
cell contact between the cells. We chose 2500 cells/well as seeding density in order compensate
for any cell loss during the washing steps.

We next sought to determine the optimum time for NF-xB activation. HUVECs were
seeded at 2500 cells/well in a 384-well plate overnight and stimulated with 10 ng/mL TNF-o.
Cells were fixed at 15, 30, 45 and 60 min post cytokine stimulation, stained with NF-xB p65
antibody and Alexa Fluor 488 conjugated secondary antibody. NF-«B activation was quanti-
fied by calculating the ratio of fluorescent antibody intensity in both the nucleus and cyto-
plasm (NUC/CYT). As expected, little or no NF-«B was detected in nuclei of unstimulated
HUVECs (1% DMSO) (Fig 2A). NF-kB was predominantly found in the cytoplasm of
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Fig 2. Optimizing activation stimuli for NF-kB nuclear translocation. HUVECs were seeded overnight, stimulated with TNF-a. for 30
min and stained for NF-kB. (A) Images from the DAPI and FITC channel. White arrows indicate non-stained nuclei in FITC channel;
green arrows showing stained nuclei in FITC channel (B) Time course of translocation. HUVECs were stimulated with 10 ng/mL TNEF-
o.. (C) Translocation in response to different inducers. HUVECs were stimulated for 30 min with 10 ng/mL TNF-o,, 100 ng/mL
lipopolysaccharide (LPS), 10 uM phorbol myristate acetate (PMA), 10 uM prostratin, or 10 pM calcimycin (D) Nuclear translocation in
response to TNF-o.. HUVECs were stimulated for 30 min. The average pixel intensity was measured in both the nucleus and cytoplasm
of each cell and a translocation value obtained calculating the NUC/CYT. Results are shown in boxes and whiskers. Boxes denote the
interquartile range with the median represented by line inside the boxes. Whiskers show maximum and minimum values. Differences
between conditions tested was assessed using the Kruskal- Wallis test. Data are a representative of two different experiments (n = 2) with
at least 8 replicates per condition tested.

https://doi.org/10.1371/journal.pone.0199966.9002
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unstimulated cells. Stimulation of HUVECs with TNF- o resulted in NF-xB translocation
from the nucleus to the cytoplasm (Fig 2A). NF-kB activation was seen as early as 15 min post
stimulation and attained maximum at 30 min (Fig 2B). There was no further increase in trans-
location observed at 45 min and a slight decrease was observed at 60 min (Fig 2B). This same
pattern was seen with different concentrations of TNF-o. Therefore, we selected 30 min as the
optimal time.

Several stimuli have been identified and used to activate NF-xB [4, 24, 29]. However, cyto-
kines and TNF-a in particular induce a more robust activation [24]. We tested the ability of
different stimuli to induce NF-xB nuclear translocation (Fig 2C). HUVECs were seeded at
2500 cells/well in a 384-well plate overnight and stimulated with TNF-o, lipopolysaccharide
(LPS), phorbol myristate acetate (PMA), 10 uM prostratin, or 10 uM calcimycin for 30 min.
DMSO (1%) was used as the negative control. Cells were fixed and stained for NF-kp activa-
tion. TNF-o induced the most robust NF-xB nuclear translocation (Fig 2C). There was no dif-
ference between the negative control (1% DMSO) and the other stimuli in inducing NF-xB
nuclear translocation (Fig 2C). We therefore selected recombinant TNF-o as our control.

We next determined the optimal cytokine concentration for activation. HUVECs were
seeded at 2500 cells/well in a 384-well plate overnight and stimulated with 5-20 ng/mL of
TNEF-a. for 30 min. Cells were fixed, stained and imaged for NF-xB translocation. NF-xB
nuclear translocation was induced with all concentrations tested (Fig 2D). There was no differ-
ence in translocation between the three concentrations (Fig 2D). To examine this further, we
performed a dose response using TNF-a. starting at 100 ng/mL and using a ten point, 3-fold
dilution series. Although we saw no difference in NF-kB translocation between 3-100 ng/mL,
less variability in response was observed with the highest concentration tested. In order to
establish a robust assay with clear distinction between the negative and positive control
responses, we selected 100 ng/mL of TNF-a for the rest of the experiments.

There can be a major variability in the specificity and performance of different antibody
preparations. We determined which antibodies (primary and secondary) were optimal for our
assay. For primary antibodies, we tested a rabbit monoclonal, a rabbit polyclonal and a mouse
monoclonal antibody; for the secondary antibody, we tested goat anti-rabbit and goat anti-
mouse. Both secondary antibody types were conjugated to Alexa Fluor 488. Our results
showed consistently higher NF-xB staining with the mouse monoclonal antibody, as com-
pared to both the rabbit monoclonal and polyclonal antibodies (Fig 3A and 3B). The mouse
monoclonal antibody gave the highest NF-«B translocation signal and showed good separation
between the negative and positive controls (Fig 3A). The rabbit monoclonal and polyclonal
antibodies showed very little difference in staining between the positive and negative control
(Fig 3A). Superimposing images from both the DAPI (nuclei, blue) and FITC (NF-kB p65,
green) channels showed brightly stained cells using the mouse monoclonal antibody (Fig 3B).
In addition, to higher NF-xB nuclear translocation observed with the mouse monoclonal anti-
body, we also observed a higher signal to background with this primary antibody compared to
the rabbit monoclonal and polyclonal antibodies.

We next investigated the optimum concentrations for each primary/secondary antibody
pair for the mouse monoclonal antibody and its complementary secondary antibody. Cells
were stained with 0.25-2 pug/mL of mouse monoclonal antibody overnight at 4°C. For each
primary antibody concentration, cells were stained with 1-4 pug/mL of goat anti-mouse sec-
ondary antibody conjugated to Alexa Fluor 488 for 1 hour at RT. We observed highest NF-xB
nuclear translocation in HUVECs stained with 1 pg/mL of the primary antibody and 4 pg/mL
of secondary antibody (Fig 3C). Based on above considerations, 1 ug/mL mouse monoclonal
antibody and 4 ug/mL Alexa Fluor 488 goat anti-mouse antibody were selected as our assay
conditions.
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Fig 3. Antibody optimization. HUVECs were seeded overnight, stimulated with 100 ng/mL TNF-o. and stained for NF-xB p65. NF-kB p65 average
pixel intensity was measured in both the nucleus and cytoplasm of each cell and a translocation value obtained by calculating the NUC/CYT (A) Cells
stained with mouse monoclonal, rabbit monoclonal and rabbit polyclonal NF-«B p65 primary antibodies. (B) Superimposed images from DAPI (nuclei)
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concentrations; different concentrations of primary and secondary antibodies were tested. Green circles— TNF-a stimulated cells; black squares-DMSO
control. Data are a representative of two different experiments (n = 2) with at least 14 replicates per condition tested.

https://doi.org/10.1371/journal.pone.0199966.9003

Image analysis pipeline development

Image acquisition and analysis were critical in accurately measuring NF-kB nuclear transloca-
tion. The custom module editor in the MetaXpress software was used to process images follow-
ing acquisition. For image acquisition, we chose the 20X objective. This objective allows
quantitative readouts which include numbers of cells analyzed as well as high image resolution
allowing for easier identification of the nuclei than 4X objective. Higher magnification objec-
tives had no advantage in resolution, but increased imaging acquisition time. We captured 9
fields per well in both the FITC and DAPI channels (Fig 4).

For image analysis, we set absolute values for pixel intensity in each channel to segment the
features from the background. These settings were adjusted to appropriate levels for each run
due to variation in experimental parameters such as exposure to light, dye and staining as well
as several other factors that affected brightness in different runs. The threshold mask created
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Low threshold

Yellow=Nuclei
Blue= Cytoplasm

Light green= Extended nuclei

High threshold

from the DAPI channel was used to identify cells (Fig 4A). The threshold was set such that
dim cells which were different from the background were included and very bright cells which
could be an indication of cell death, cells in mitosis or just debris were excluded (Fig 4A). With
a bottom threshold setting that was too high only very bright cells were captured, compared to
lower and more appropriate bottom threshold settings that captured dim cells that were still
significantly brighter than the background (Fig 4A). There was a lot of variation in results
from analysis with high threshold settings due to the features created being uneven (Fig 4A).
On the other hand, features created from low threshold settings were uniform and similar in
shape (Fig 4A). For this reason, low threshold settings were used for this assay.

Following cell identification, a-5 step image analysis pipeline was created to identify the
nuclei and cytoplasm by first filling holes from images from the DAPI threshold setting (Fig
4B). This was done to create even coverage across the nucleus and allowed the filled area to be

B

Nuclei

Extended Whole
nuclei

Cytoplasm

Fig 4. Image analysis pipeline. (A) Low and high pixel intensity threshold setting in DAPI channel to identify cells. Uneven shapes and features created with
high threshold setting. Uniform features created with low threshold intensity. (B) Stepwise pipeline used to create nuclei, whole cell and cytoplasm masks. Fill
holes operation done from threshold settings to create even features. Nuclei mask created from fill holes operation by shrinking features by a number of pixel
intensities and size. Extended nuclei mask created from nuclei mask by increasing features by a few pixel intensities. Whole cell mask created from nuclei mask
by increasing features be a number of pixel intensities. Cytoplasm mask created from both extended nuclei mask and whole cell mask (C) Different cell
compartments identified using the pipeline. Yellow, blue and light green representing nuclei, cytoplasm and extended nuclei respectively.

https://doi.org/10.1371/journal.pone.0199966.9004
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included in measurements. An initial shrunk nuclei mask was created by shrinking the DAPI
stained objects by a few pixels. The final nuclei mask was created from the shrunk nuclei by
excluding objects based on area. Both maximum and minimum size values were used, followed
by excluding objects that touched the border of the well (Fig 4B). From the final nuclei mask,
two operations were performed to identify the whole cell as well as the cytoplasm mask (Fig
4B). Firstly, the nuclei mask was extended by a few pixels to create an extended nuclei mask
(Fig 4B). The extended nuclei mask was created to avoid any overlap in fluorescence intensity
between the nucleus and the cytoplasm. Then, to create a whole cell mask the nuclei mask was
grown by a number of pixels but this time more than 3 times greater than the number used to
create the extended nuclei mask. The final step in the image analysis pipeline was the creation
of the cytoplasm mask by subtracting the pixels in the extended nuclei mask from the whole
cell mask (Fig 4B). This image analysis pipeline enabled simple, effective and accurate identifi-
cation of both the nucleus and cytoplasm of each cell and hence the measurement of NF-kB
p65 antibody within each cell compartment (Fig 4C).

Assay validation

Following optimization and establishment of adequate imaging and analysis protocols, we
determined whether the assay was reproducible according to NCGC guidelines for robustness
testing. We determined intra-experiment and inter-experiment variability using three inde-
pendent runs including negative and positive controls (Fig 5).

In each run, duplicate plates were run for full plates of maximum signal, minimum signal,
and dose response. TNF-o (100ng/mL) and DMSO were used as positive and negative controls
respectively. For each run the coefficient of variance (CV) was determined, as well as the Z’ of
controls; for plates to pass CV had to be <20% and Z’ > 0.5. All plates met the required statisti-
cal parameters set for validation including Z’ for controls for all 3 independent experiments
(Fig 5A-5C). For the dose response plates, there was little variation in ECs; (0.3-0.6 ng/mL)
across the three independent experiments which was well within the required criteria of 3-fold
variation (Fig 5D).

High-throughput screen of small molecule libraries

We used the assay to screen 38,991 compounds from MyriaScreen II, TimTec and Chem-
Bridge libraries. The libraries were composed of 800 natural purified products from plants,
fungi and bacteria (TimTec), 10,000 compound library of small molecules (MyriaScreen II)
made up of ~60% singletons with diverse structural groups (TimTec/ Sigma Aldrich) and
28,191 compounds from a 100,000 small molecule DIVERSset library (ChemBridge). Each
assay plate included 320 compounds screened at a fixed concentration of 10uM, plus positive
and negative controls (100 ng/mL TNF-o and 1% DMSO respectively) (Fig 6A).

Compounds that induced an NF-«B nuclear translocation defined by a ratio of NUC/CYT
greater than or equal to 1.3 (red line) were considered active (Fig 6B, 6C and 6D). Using these
criteria, 86 compounds from MyriaScreen II (Fig 6B, Table 1), 4 compounds from TimTec
(Fig 6C, Table 1) and 60 compounds from ChemBridge (Fig 6D, Table 1) induced NF-xB
nuclear translocation. The hit rate was 0.9%, 0.5% and 0.2% for MyriaScreen II, TimTec and
ChemBridge libraries respectively with an overall hit rate of 0.4% (Table 1).

Confirmation and validation of identified hits

Following identification of hits from the primary screen, we confirmed the activity of the com-
pounds to induce NF-kB nuclear translocation. Of the 150 compounds, we selected 103 for
turther study. The remainder were excluded for reasons such as known cytotoxic properties or
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Fig 5. Screen validation. HUVECs were seeded overnight, stimulated with 100 ng/mL TNF-o and stained for NF-kB p65. NF-kB p65 average pixel intensity
was measured in both the nucleus and cytoplasm of each cell and a translocation value obtained by calculating the NUC/CYT. Screen validation was performed
as three independent experiments, each with duplicate plates of negative control (DMSO), positive control (100 ng/mL TNF-a) and dose response (10-point,
3-fold dilutions of TNF-). (A-C) are data from 1 plate of each run for positive and negative controls. (A) Run 1 (B) Run 2 (C) Run 3. (D) Dose response curves
from all three days. NUC/CYT was normalized and plotted using non- linear 4-parameter fit in order to calculate the ECs, = effective concentration 50%,
defined as the concentration at which 50% of the maximum response is seen.

https://doi.org/10.1371/journal.pone.0199966.9005

instability. All 103 hits were re-ordered from various vendors and tested as a dose response
using a 10-point, 3-fold serial dilution, with a starting concentration of 100 uM. For each com-
pound, we calculated the ECs. From our primary screen, 38 compounds were active in a dose
response assay (Fig 7). Activity was defined as compounds having an EC5, <50 uM. Of these
hits, 22 reconfirmed as active on retest in triplicate (Table 2 and Fig 8).

We next assessed our hit compounds for cytotoxicity in a human hepatocyte cell line. The
majority of the compounds had some effect on HepG2 (Table 2). The selectivity index (SI) for
each compound was determined as IC5o/ECs,. Ten of the compounds showed good selectivity
(SI>5) (Table 2), six had some selectivity (SI of 2-5) and seven had no selectivity (SI <2)
(Table 2). The compounds with SI >2 show some promise for further investigation.

Discussion

In this study, we describe the validation and implementation of a screen for compounds with
the ability to activate the NF-«xB pathway. The principle of the assay is to measure the translo-
cation of NF-xB from the cytoplasm (where it is predominant in an inactive state in resting
cells) to the nucleus following stimulation by microscopy. HUVECs were chosen for the assay
development and primary screen as opposed to an immune cell, since they are relative easy to
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https://doi.org/10.1371/journal.pone.0199966.9006

culture, they are primary cells and they have large nucleus and cytoplasm. A clear distinction
between the nucleus and cytoplasm is important for this assay to allow accurate determination
of translocation. Thus cells with relatively large cytoplasmic to nuclear area ratio are recom-
mended [4]. We excluded the use of human macrophage-like cell lines (THP-1), since they
require differentiation induced by PMA, which itself can act as an NF-xB inducer [29, 30].
However, primary immune cells and cell lines can be used for low throughput and secondary
experiments to confirm hits from primary screen with the same approach detailed above
applied with some modifications [4].
Two pathways are involved in NF-kB signaling, the canonical/classical and the non-canoni-
cal/alternative pathways [31, 32]. For this screen, we were interested in the canonical pathway

Table 1. Hits from NF-kB nuclear translocation assay.

Library # compounds Hits Hit Rate (%)
MyriaScreen II 10,000 86 0.9
TimTec 800 4 0.5
ChemBridge 28,191 60 0.2
Total 38,891 150 0.4

https://doi.org/10.1371/journal.pone.0199966.t001
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Fig 7. Confirmed hits and structures: Small molecules confirmed as hits in dose-response experiment with their
corresponding structures.

https://doi.org/10.1371/journal.pone.0199966.9007

of NF-«B signaling since its activation results in immune response and inflammatory gene
expression [33, 34]. The primary activators of this pathway are pro-inflammatory signals such
as cytokines, pathogen-associated molecular patterns (PAMPs), and some danger-associated
molecular patterns (DAMPs) [33]. Among these, TNF-o has been shown to be the most robust
activator of NF-«B [15, 24]. We also observed the same result when we investigated different
activators of NF-«B in our assay. This cytokine worked well as a positive control for our pri-
mary screen as it had previously for HeLa cells [24].
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Table 2. Activity for confirmed hits. ECs, = Activity in HUVECs, ICs, = Cytotoxicity in HepG2, D = Unique com-
pound identification number. Data are mean + SD of three independent experiments for hit confirmation (for * com-
pounds only N = 2 was run) and two independent experiments for cytotoxicity. The selectivity index (SI) was
determined as ICs¢/ECsp.

ID EC50 1C50 SI
IDR-0112566 38+14 28 £0.7 7.4
IDR-0112703 6.3+6.0 13 +5.0 2.1
IDR-0112706 13+4.5 27 £3.5 2.1
IDR-0113345 8.6 +89 54 +5.0 6.3
IDR-0122120 6.6 £8.1" 40 +5.0 6.1
IDR-0131600 17 +3.7 32+0.7 1.9
IDR-0133275 18 £1.1% >100 >5.5
IDR-0137368 17 + 14 19+49 1.1
IDR-0137875 15+3 16 £0.71 1.1
IDR-0137892 9.8+3 73+1.38 0.7
IDR-0139144 12+ 10 18+4.2 1.5
IDR-0208481 13 £ 57 41+1.4 3.2
IDR-0515158 2.6 £0.53" 86 +17 33
IDR-0516961 25+17 46 + 18 1.8
IDR-0516964 19+ 14 78 +32 4.1
IDR-0517069 10+ 1.6 >100 >10
IDR-0518296 24+14 17 +12 7.1
IDR-0520796 50+5.6 6.6 +1.6 1.3
IDR-0605183 50+6.0 31+3.5 6.2
IDR-0605186 15+59 >50 >33
IDR-0605187 59+34 51 +£31 8.6
IDR-0605188 4.7+3.8 17+13 3.6

https://doi.org/10.1371/journal.pone.0199966.t002

IxB can take up to an hour to accumulate in the cytoplasm after NF-kB activation and
translocation, [8, 9]. When this happens, IkB may translocate to the nucleus and bind to NF-
kB inhibiting its activity as well as diminishing its signal [10]. Establishing an optimal activa-
tion time was therefore very critical for this assay. We observed optimal NF-«B activation at
30-45 min post stimulation of HUVECs with TNF-a consistent with previous work.

We screened ~ 40,000 compounds for NF-kB nuclear translocation. We had a hit rate of
0.38%, similar to other similar screens [35, 36]. Hit selection was a critical step in the screening
process. Two main strategies have often been used to identify hits: (i) to test if the compounds
have a strong enough effect to reach a set level [37-39] and (ii) to rank the compounds by mag-
nitude of effect followed by selection of the largest number practical for confirmation and vali-
dation [40, 41]. For our hit selection, we used the second strategy whereby compounds were
ranked by NF-«xB p65 NUC/CYT. Our confirmation rate was <40%, which is lower than we
normally see for whole cell screens. There are several reasons why compounds may not con-
firm, including the fact that many of our compounds were resupplied by alternative vendors
meaning that possible changes in purity or contaminants could arise. Nevertheless, the confir-
mation rate is still acceptable and we have a number of promising compounds to pursue.

Conclusions

We have successfully optimized and validated an NF-kB nuclear translocation assay with
robustness and reproducibility for high content, high-throughput screening for HUVECs.
Using this screen, we identified small molecule- activators of NF-«B. Further studies should
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Fig 8. Dose response curves for compounds with good selectivity. HUVECs were seeded at 2500 cells/well in 384
well plates overnight. A dose response (10-point, 3-fold dilutions) of compounds starting at 100uM was done, plates
stained, imaged and NF-xB nuclear translocation (NUC/CYT) determined for each concentration of each compound.

Curve was fitted using a non- linear 4-parameter fit on Graphpad Prism 7.04 and the ECs, for each compound

determined. Data are a representative of three different experiments (n = 3).

https://doi.org/10.1371/journal.pone.0199966.9008

focus on characterizing these molecules in vitro with human mixed cell populations as well as
in immune cell lines and in vivo for adjuvant properties.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199966  June 28, 2018

14/17


https://doi.org/10.1371/journal.pone.0199966.g008
https://doi.org/10.1371/journal.pone.0199966

@° PLOS | ONE

High content screening for small molecule inducers of NF-kB

Acknowledgments

We would like to thank Lindsay Flint, Allison Morley and Nicole Shintaku for technical
assistance.

Author Contributions

Conceptualization: Samuel Njikan, Divya Awasthi, Tanya Parish.

Data curation: Samuel Njikan, Yulia Ovechkina, Divya Awasthi, Tanya Parish.
Formal analysis: Samuel Njikan, Yulia Ovechkina, Divya Awasthi, Tanya Parish.
Funding acquisition: Tanya Parish.

Investigation: Samuel Njikan, Alyssa J. Manning.

Methodology: Samuel Njikan, Alyssa J. Manning, Yulia Ovechkina, Divya Awasthi.
Project administration: Tanya Parish.

Resources: Tanya Parish.

Supervision: Tanya Parish.

Validation: Tanya Parish.

Visualization: Tanya Parish.

Writing - original draft: Samuel Njikan, Tanya Parish.

Writing - review & editing: Samuel Njikan, Alyssa J. Manning, Yulia Ovechkina, Divya
Awasthi, Tanya Parish.

References

1. Gilmore TD. Introduction to NF-kappaB: players, pathways, perspectives. Oncogene. 2006; 25
(51):6680—4. https://doi.org/10.1038/sj.onc.1209954 PMID: 17072321

2. Gilmore TD, Herscovitch M. Inhibitors of NF-kappaB signaling: 785 and counting. Oncogene. 2006; 25
(51):6887-99. https://doi.org/10.1038/sj.0nc.1209982 PMID: 17072334

3. Brasier AR. The NF-kappaB regulatory network. Cardiovasc Toxicol. 2006; 6(2):111-30. PMID:
17303919

4. Noursadeghi M, Tsang J, Haustein T, Miller RF, Chain BM, Katz DR. Quantitative imaging assay for
NF-kappaB nuclear translocation in primary human macrophages. J Immunol Methods. 2008; 329(1-
2):194-200. https://doi.org/10.1016/j.jim.2007.10.015 PMID: 18036607

5. Lawrence R, Chang LJ, Siebenlist U, Bressler P, Sonenshein GE. Vascular smooth muscle cells
express a constitutive NF-kappa B-like activity. J Biol Chem. 1994; 269(46):28913-8. PMID: 7961853

6. Kaltschmidt C, Kaltschmidt B, Neumann H, Wekerle H, Baeuerle PA. Constitutive NF-kappa B activity
in neurons. Mol Cell Biol. 1994; 14(6):3981-92. PMID: 8196637

7. Ghosh S, May MJ, Kopp EB. NF-kappa B and Rel proteins: evolutionarily conserved mediators of
immune responses. Annu Rev Immunol. 1998; 16:225-60. https://doi.org/10.1146/annurev.immunol.
16.1.225 PMID: 9597130

8. Baeuerle PA, Henkel T. Function and activation of NF-kappa B in the immune system. Annu Rev Immu-
nol. 1994; 12:141-79. https://doi.org/10.1146/annurev.iy.12.040194.001041 PMID: 8011280

9. Siebenlist U, Franzoso G, Brown K. Structure, regulation and function of NF-kappa B. Annu Rev Cell
Biol. 1994; 10:405-55. https://doi.org/10.1146/annurev.cb.10.110194.002201 PMID: 7888182

10. Arenzana-Seisdedos F, Thompson J, Rodriguez MS, Bachelerie F, Thomas D, Hay RT. Inducible
nuclear expression of newly synthesized | kappa B alpha negatively regulates DNA-binding and tran-
scriptional activities of NF-kappa B. Mol Cell Biol. 1995; 15(5):2689-96. PMID: 7739549

11. Andreakos E, Williams RO, Wales J, Foxwell BM, Feldmann M. Activation of NF-kappaB by the intracel-
lular expression of NF-kappaB-inducing kinase acts as a powerful vaccine adjuvant. Proc Natl Acad Sci
U S A. 2006; 103(39):14459—-64. https://doi.org/10.1073/pnas.0603493103 PMID: 16971487

PLOS ONE | https://doi.org/10.1371/journal.pone.0199966  June 28, 2018 15/17


https://doi.org/10.1038/sj.onc.1209954
http://www.ncbi.nlm.nih.gov/pubmed/17072321
https://doi.org/10.1038/sj.onc.1209982
http://www.ncbi.nlm.nih.gov/pubmed/17072334
http://www.ncbi.nlm.nih.gov/pubmed/17303919
https://doi.org/10.1016/j.jim.2007.10.015
http://www.ncbi.nlm.nih.gov/pubmed/18036607
http://www.ncbi.nlm.nih.gov/pubmed/7961853
http://www.ncbi.nlm.nih.gov/pubmed/8196637
https://doi.org/10.1146/annurev.immunol.16.1.225
https://doi.org/10.1146/annurev.immunol.16.1.225
http://www.ncbi.nlm.nih.gov/pubmed/9597130
https://doi.org/10.1146/annurev.iy.12.040194.001041
http://www.ncbi.nlm.nih.gov/pubmed/8011280
https://doi.org/10.1146/annurev.cb.10.110194.002201
http://www.ncbi.nlm.nih.gov/pubmed/7888182
http://www.ncbi.nlm.nih.gov/pubmed/7739549
https://doi.org/10.1073/pnas.0603493103
http://www.ncbi.nlm.nih.gov/pubmed/16971487
https://doi.org/10.1371/journal.pone.0199966

@° PLOS | ONE

High content screening for small molecule inducers of NF-kB

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Oh DR, Kang HW, Kim JR, Kim S, Park IK, Rhee JH, et al. PMA induces vaccine adjuvant activity by
the modulation of TLR signaling pathway. Mediators Inflamm. 2014; 2014:406514. https://doi.org/10.
1155/2014/406514 PMID: 24948847

Martin M, Michalek SM, Katz J. Role of innate immune factors in the adjuvant activity of monopho-
sphoryl lipid A. Infect Immun. 2003; 71(5):2498-507. https://doi.org/10.1128/IAl.71.5.2498-2507.2003
PMID: 12704121

Zarember KA, Godowski PJ. Tissue expression of human Toll-like receptors and differential regulation
of Toll-like receptor mRNAs in leukocytes in response to microbes, their products, and cytokines. J
Immunol. 2002; 168(2):554—-61. PMID: 11777946

Green TL, Santos MF, Ejaeidi AA, Craft BS, Lewis RE, Cruse JM. Toll-like receptor (TLR) expression of
immune system cells from metastatic breast cancer patients with circulating tumor cells. Exp Mol
Pathol. 2014; 97(1):44-8. https://doi.org/10.1016/j.yexmp.2014.05.003 PMID: 24836676

Fitzner N, Clauberg S, Essmann F, Liebmann J, Kolb-Bachofen V. Human skin endothelial cells can
express all 10 TLR genes and respond to respective ligands. Clin Vaccine Immunol. 2008; 15(1):138—
46. https://doi.org/10.1128/CV1.00257-07 PMID: 17978010

Nicholls EF, Madera L, Hancock RE. Immunomodulators as adjuvants for vaccines and antimicrobial
therapy. Ann N'Y Acad Sci. 2010; 1213:46—-61. https://doi.org/10.1111/j.1749-6632.2010.05787.x
PMID: 20946578

Maiga M, Agarwal N, Ammerman NC, Gupta R, Guo H, Maiga MC, et al. Successful shortening of tuber-
culosis treatment using adjuvant host-directed therapy with FDA-approved phosphodiesterase inhibi-
tors in the mouse model. PLoS One. 2012; 7(2):e30749. https://doi.org/10.1371/journal.pone.0030749
PMID: 22319585

Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R. Host-directed therapies for bacterial and
viral infections. Nat Rev Drug Discov. 2018; 17(1):35-56. https://doi.org/10.1038/nrd.2017.162 PMID:
28935918

Deptala A, Bedner E, Gorczyca W, Darzynkiewicz Z. Activation of nuclear factor kappa B (NF-kappaB)
assayed by laser scanning cytometry (LSC). Cytometry. 1998; 33(3):376-82. PMID: 9822350

Rogers JA, Fuseler JW. Regulation of NF-kappaB activation and nuclear translocation by exogenous
nitric oxide (NO) donors in TNF-alpha activated vascular endothelial cells. Nitric Oxide. 2007; 16
(8):379-91. https://doi.org/10.1016/j.niox.2007.02.001 PMID: 17374495

George TC, Fanning SL, Fitzgerald-Bocarsly P, Medeiros RB, Highfill S, Shimizu Y, et al. Quantitative
measurement of nuclear translocation events using similarity analysis of multispectral cellular images
obtained in flow. J Immunol Methods. 2006; 311(1-2):117-29. https://doi.org/10.1016/}.jim.2006.01.
018 PMID: 16563425

Fuseler JW, Merrill DM, Rogers JA, Grisham MB, Wolf RE. Analysis and quantitation of NF-kappaB
nuclear translocation in tumor necrosis factor alpha (TNF-alpha) activated vascular endothelial cells.
Microsc Microanal. 2006; 12(3):269-76. https://doi.org/10.1017/S1431927606060260 PMID:
17481363

Trask OJ Jr. Nuclear Factor Kappa B (NF-kappaB) Translocation Assay Development and Validation
for High Content Screening. In: Sitampalam GS, Coussens NP, Brimacombe K, Grossman A, Arkin M,
Auld D, et al., editors. Assay Guidance Manual. Bethesda (MD)2004.

Korn K, Krausz E. Cell-based high-content screening of small-molecule libraries. Curr Opin Chem Biol.
2007; 11(5):503—10. https://doi.org/10.1016/j.cbpa.2007.08.030 PMID: 17931958

Haney SA, LaPan P, Pan J, Zhang J. High-content screening moves to the front of the line. Drug Discov
Today. 2006; 11(19-20):889-94. https://doi.org/10.1016/j.drudis.2006.08.015 PMID: 16997138

Marroquin LD, Hynes J, Dykens JA, Jamieson JD, Will Y. Circumventing the Crabtree effect: replacing
media glucose with galactose increases susceptibility of HepG2 cells to mitochondrial toxicants. Toxicol
Sci. 2007; 97(2):539-47. https://doi.org/10.1093/toxsci/kim052 PMID: 17361016

Zhang JH, Chung TD, Oldenburg KR. A Simple Statistical Parameter for Use in Evaluation and Valida-
tion of High Throughput Screening Assays. J Biomol Screen. 1999; 4(2):67—-73. https://doi.org/10.1177/
108705719900400206 PMID: 10838414

Holden NS, Squires PE, Kaur M, Bland R, Jones CE, Newton R. Phorbol ester-stimulated NF-kappaB-
dependent transcription: roles for isoforms of novel protein kinase C. Cell Signal. 2008; 20(7):1338—48.
https://doi.org/10.1016/j.cellsig.2008.03.001 PMID: 18436431

Hellweg CE, Arenz A, Bogner S, Schmitz C, Baumstark-Khan C. Activation of nuclear factor kappa B by
different agents: influence of culture conditions in a cell-based assay. Ann N'Y Acad Sci. 2006;
1091:191-204. https://doi.org/10.1196/annals.1378.066 PMID: 17341614

Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol.
2009; 1(6):a001651. https://doi.org/10.1101/cshperspect.a001651 PMID: 20457564

PLOS ONE | https://doi.org/10.1371/journal.pone.0199966  June 28, 2018 16/17


https://doi.org/10.1155/2014/406514
https://doi.org/10.1155/2014/406514
http://www.ncbi.nlm.nih.gov/pubmed/24948847
https://doi.org/10.1128/IAI.71.5.2498-2507.2003
http://www.ncbi.nlm.nih.gov/pubmed/12704121
http://www.ncbi.nlm.nih.gov/pubmed/11777946
https://doi.org/10.1016/j.yexmp.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24836676
https://doi.org/10.1128/CVI.00257-07
http://www.ncbi.nlm.nih.gov/pubmed/17978010
https://doi.org/10.1111/j.1749-6632.2010.05787.x
http://www.ncbi.nlm.nih.gov/pubmed/20946578
https://doi.org/10.1371/journal.pone.0030749
http://www.ncbi.nlm.nih.gov/pubmed/22319585
https://doi.org/10.1038/nrd.2017.162
http://www.ncbi.nlm.nih.gov/pubmed/28935918
http://www.ncbi.nlm.nih.gov/pubmed/9822350
https://doi.org/10.1016/j.niox.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17374495
https://doi.org/10.1016/j.jim.2006.01.018
https://doi.org/10.1016/j.jim.2006.01.018
http://www.ncbi.nlm.nih.gov/pubmed/16563425
https://doi.org/10.1017/S1431927606060260
http://www.ncbi.nlm.nih.gov/pubmed/17481363
https://doi.org/10.1016/j.cbpa.2007.08.030
http://www.ncbi.nlm.nih.gov/pubmed/17931958
https://doi.org/10.1016/j.drudis.2006.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16997138
https://doi.org/10.1093/toxsci/kfm052
http://www.ncbi.nlm.nih.gov/pubmed/17361016
https://doi.org/10.1177/108705719900400206
https://doi.org/10.1177/108705719900400206
http://www.ncbi.nlm.nih.gov/pubmed/10838414
https://doi.org/10.1016/j.cellsig.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18436431
https://doi.org/10.1196/annals.1378.066
http://www.ncbi.nlm.nih.gov/pubmed/17341614
https://doi.org/10.1101/cshperspect.a001651
http://www.ncbi.nlm.nih.gov/pubmed/20457564
https://doi.org/10.1371/journal.pone.0199966

@° PLOS | ONE

High content screening for small molecule inducers of NF-kB

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hoesel B, Schmid JA. The complexity of NF-kappaB signaling in inflammation and cancer. Mol Cancer.
2013; 12:86. https://doi.org/10.1186/1476-4598-12-86 PMID: 23915189

Shih VF, Tsui R, Caldwell A, Hoffmann A. A single NFkappaB system for both canonical and non-
canonical signaling. Cell Res. 2011; 21(1):86—102. https://doi.org/10.1038/cr.2010.161 PMID:
21102550

Sun SC. Non-canonical NF-kappaB signaling pathway. Cell Res. 2011; 21(1):71-85. https://doi.org/10.
1038/cr.2010.177 PMID: 21173796

ZhuT, Cao S, Su PC, Patel R, Shah D, Chokshi HB, et al. Hit identification and optimization in virtual
screening: practical recommendations based on a critical literature analysis. J Med Chem. 2013; 56
(17):6560—72. https://doi.org/10.1021/jm301916b PMID: 23688234

Lee H, Zhu T, Patel K, Zhang YY, Truong L, Hevener KE, et al. High-throughput screening (HTS) and
hit validation to identify small molecule inhibitors with activity against NS3/4A proteases from multiple
hepatitis C virus genotypes. PLoS One. 2013; 8(10):e75144. hitps://doi.org/10.1371/journal.pone.
0075144 PMID: 24130685

Malo N, Hanley JA, Cerquozzi S, Pelletier J, Nadon R. Statistical practice in high-throughput screening
data analysis. Nat Biotechnol. 2006; 24(2):167-75. https://doi.org/10.1038/nbt1186 PMID: 16465162

Zhang XD, Kuan PF, Ferrer M, Shu X, Liu YC, Gates AT, et al. Hit selection with false discovery rate
control in genome-scale RNAi screens. Nucleic Acids Res. 2008; 36(14):4667—-79. https://doi.org/10.
1093/nar/gkn435 PMID: 18628291

Malo N, Hanley JA, Carlile G, Liu J, Pelletier J, Thomas D, et al. Experimental design and statistical
methods for improved hit detection in high-throughput screening. J Biomol Screen. 2010; 15(8):990—
1000. https://doi.org/10.1177/1087057110377497 PMID: 20817887

Birmingham A, Selfors LM, Forster T, Wrobel D, Kennedy CJ, Shanks E, et al. Statistical methods for
analysis of high-throughput RNA interference screens. Nat Methods. 2009; 6(8):569-75. https://doi.org/
10.1038/nmeth.1351 PMID: 19644458

Zhang XD. Genome-wide screens for effective siRNAs through assessing the size of siRNA effects.
BMC Res Notes. 2008; 1:33. https://doi.org/10.1186/1756-0500-1-33 PMID: 18710486

PLOS ONE | https://doi.org/10.1371/journal.pone.0199966  June 28, 2018 17/17


https://doi.org/10.1186/1476-4598-12-86
http://www.ncbi.nlm.nih.gov/pubmed/23915189
https://doi.org/10.1038/cr.2010.161
http://www.ncbi.nlm.nih.gov/pubmed/21102550
https://doi.org/10.1038/cr.2010.177
https://doi.org/10.1038/cr.2010.177
http://www.ncbi.nlm.nih.gov/pubmed/21173796
https://doi.org/10.1021/jm301916b
http://www.ncbi.nlm.nih.gov/pubmed/23688234
https://doi.org/10.1371/journal.pone.0075144
https://doi.org/10.1371/journal.pone.0075144
http://www.ncbi.nlm.nih.gov/pubmed/24130685
https://doi.org/10.1038/nbt1186
http://www.ncbi.nlm.nih.gov/pubmed/16465162
https://doi.org/10.1093/nar/gkn435
https://doi.org/10.1093/nar/gkn435
http://www.ncbi.nlm.nih.gov/pubmed/18628291
https://doi.org/10.1177/1087057110377497
http://www.ncbi.nlm.nih.gov/pubmed/20817887
https://doi.org/10.1038/nmeth.1351
https://doi.org/10.1038/nmeth.1351
http://www.ncbi.nlm.nih.gov/pubmed/19644458
https://doi.org/10.1186/1756-0500-1-33
http://www.ncbi.nlm.nih.gov/pubmed/18710486
https://doi.org/10.1371/journal.pone.0199966

