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Abstract

The transcription factor, Nuclear Factor-kB (NF-xB), regulates many genes involved in host
immunity and cell survival. Unregulated NF-«B activity has been linked to many chronic
inflammatory diseases and is an important target for identification of inhibitors to better manage
these disorders. We present a novel screening system to identify NF-«kB inhibitors that combines
sensitive fluorescence detection with medium- to high-throughput flow cytometry (HyperCyt®). To
validate this approach, we quantified activation of NF-xB by standard flow cytometry and the
HyperCyt® platform. Results were comparable with regard to ECsg values for TNFo-mediated
activation; however, the HyperCyt® platform provided more sensitive signal detection and a greater
linear range for detection. To demonstrate the usefulness of this screening tool, we identified a novel
inhibitor of NF-«xB activation from a resveratrol-based chemical library. Inhibition of NF-xB
activation by analog 6q (ICsg = 19 uM) showed a 3.7-fold improvement over that of resveratrol
(|C50 ~70 },LM).
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Background

Nuclear Factor-kB (NF-xB) is a transcription factor that activates expression of many genes
involved in inflammation [1] and apoptosis [2]. Because of this, the signaling pathways that
lead to activation of this transcription factor are critical for maintaining host immunity and for
cell survival. Conversely, unregulated or constitutively activated NF-xB has been linked to
tumorigenesis and many chronic inflammatory diseases, such as Parkinson’s disease [3],
inflammatory bowel disease [4], arthritis [5] and asthma [6]. The underlying mechanism as to
how NF-kB becomes unregulated in many of these disease states remains unknown yet
continues to be an area of active investigation.

Clinical management of the chronic inflammatory conditions resulting from dysregulation of
NF-«B activity relies on identification of potent and safe inhibitors of NF-«kB activation. To
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date, hundreds of inhibitors of the NF-kB pathway have been identified, including natural and
synthetic molecules [7,8]. In most cases, the targets of these inhibitors are unknown owing to
the complex nature of the NF-kB signaling pathway . In spite of the number of inhibitors
identified, the majority have not translated into good lead compounds due to poor predicted
bioavailability and/or measurable toxicities. This has severely impacted the number of
compounds moving forward into clinical trials. Nevertheless, even with these hurdles there is
still warranted interest in identifying new, safer inhibitors of NF-kB activation because of the
central role this transcription factor plays in many human pathologies.

Typical screening regimens designed to detect the most potent inhibitors of NF-kB activation
are very costly and labor intensive. In lieu of more traditional approaches, high throughput
screening assays are becoming increasingly prevalent and provide the opportunity to screen
many more compounds in a shorter period of time; a need of critical importance when
considering some chemical libraries contain millions of compounds. To accommodate this
need, we present here a novel NF-«B reporter cell line that can be used in conjunction with
HyperCyt® flow cytometry for medium- to high-throughput screening regimens.

A number of other NF-kB reporter cell lines are commercially available but these rely on
luciferase activity to monitor NF-«xB activation. Although luciferase has a proven track record
as a good reporter, sample processing is labor intensive and time consuming which limits the
expandability to testing large numbers of potential inhibitors. We have chosen green
fluorescent protein (GFP) as our reporter because of its high sensitivity and linearity and it is
less cumbersome to measure since it does not require cell lysis or substrate hydrolysis; rather,
fluorescence is directly measured using intact cells [9,10]. We have also chosen to use the
Jurkat cell line as our host for the NF-an immortalized line of human [11]. This will ensure a
robust NF-xB signaling response upon stimulation for maximal GFP expression. Moreover,
Jurkat cells grow well as suspension cultures which will eliminate handling difficulties by flow
cytometry procedures. Other NF-xB reporter systems use attachment-dependent cell lines, such
as MEF, HeLa, HEK293, NIH3T3 and C2C12 cell lines, which tend to aggregate when
detached and impede the cell stream passing through the flow cytometer’s fluidic channel.

In this study, we provide evidence that our NF-kB/GFP-Jurkat reporter cell line is a novel and
useful tool that can be adapted to high-throughput screening of inhibitors of NF-«kB activation
through the use of flow cytometry. This advancement is anticipated to accelerate the discovery
of unique inhibitors of the NF-xB pathway for future clinical applications.

TNFo was obtained by R&D Systems (Minneapolis, MN) and was used in all experiments to
activate hrGFP expression in recombinant Jurkat clones. Hygromycin B, Streptomyces sp.
(Calbiochem, La Jolla, CA) was used for the selection of recombinant Jurkat clones. Luteolin
was purchased from Sigma (St. Louis, MO). Resveratrol was purchased from A.G. Scientific
Inc. (San Diego, CA) and analog 6q was synthesized in the lab [12].

Human Jurkat T-lymphocytes were obtained from American Type Culture Collection
(Manassas, VA) and grown in RPMI-1640 (Thermo Scientific HyClone®, Logan, UT)
supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Irvine Scientific, Santa Ana, CA),
1 mM sodium pyruvate, 2 mM L-glutamine, 100 pg/ml streptomycin sulfate, and 100 units/ml
penicillin. Cells were cultured at 37°C with 5% CO, and passaged twice weekly.
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Transfection and expansion of transformed Jurkat cells

Jurkat cells were grown in complete medium and subcultured 24 h prior to electroporation.
Cells were washed in Phosphate Buffered Saline (PBS), pH 7.0, and then suspended in HeBs
electroporation buffer (20 mM Hepes, 137 mM NaCl, 5 mM KCI, 0.7 mM NayHPOy4, 6 mM
dextrose, pH 7.04) at a density of 1.25 x 107 cells/ml (800 pL final volume). Cells were
electroporated with 40 pg PathDetect® cis-reporter plasmid pNF-xB/hrGFP (Stratagene, La
Jolla, CA) using a Gene Pulser® Il system (Bio-Rad, Hercules, CA) with the following
parameters: Gene Pulser® cuvette with a 0.4 cm electrode gap, 0.40 kV, 960 uF, «© Q and a
field strength of 1.0 kV/cm. After electroporation, cells were immediately placed in complete
culture media and incubated for 48 h at 37°C, 5% CO, for recovery. Cells were then split into
complete media containing 1.5 mg/ml Hygromycin B. The optimal concentration of
Hygromycin B was determined by performing a death curve with untransfected Jurkat cells
(data not shown). Individual clones were isolated by single cell deposition using the
Cytomation MoFlo High Speed Sorter (Beckman Coulter, Inc. Fullerton, CA) and cultured in
complete medium containing Hygromycin B.

Measurement of hrGFP expression and flow cytometry

Recombinant Jurkat clones were cultured in 24 well-plates with a seeding density of 2 x 10°
cells/ml. Cells were then incubated without or with the indicated concentrations of TNFa or,
alternatively, incubated with TNFa (20 ng/ml) together with either resveratrol, analog 6q,
luteolin, or vehicle alone (dimethylsulfoxide, DMSO, at 0.1% final concentration) in complete
medium for 24 h. Cells were harvested and centrifuged at 800 rpm for 10 min at 4° C. Cells
were suspended in PBS at a density of 6 x 106 cells/ml and flow cytometry was performed
using a FACScan flow cytometer (Aexcitation 488NM; Agmission 585nm) to record GFP
fluorescence or added to wells of a 96-well plate and used for HyperCyt® flow cytometry.

Cytotoxicity assay

Cells were grown in 96-well plates with a seeding density of 1 x 106 cells/ml in complete media
containing the indicated concentrations of resveratrol, analog 6q, luteolin, or vehicle alone
(DMSO at 0.1% final concentration). After a 24 h incubation, WST-1 (Roche Molecular
Biochemicals, Indianapolis, IN) was added to the cultures to a final concentration of 10% (v/
v). Following an additional incubation at 37°C for 60 min, absorbance was recorded with a
Genesys 10 uv spectrophotometer (Rochester, NY) (450 nm; reference wavelength, 690 nm).

Data analysis

Results

All data aquired from the HyperCyt® flow cytometry system was analyzed using IDLeQuery©
analysis software. All experimental protocols were done in at least triplicates and error bars
represent standard deviations of mean values.

The Jurkat cells used in this study were stably transfected with a pNF-xB/hrGFP cis-reporter
plasmid. This plasmid contains five tandem repeats of the NF-kB consensus binding sequence
placed immediately upstream from the humanized renilla GFP (hrGFP) coding sequence.
hrGFP was developed from Renilla renifomis and modified from the more common enhanced
GFP (EGFP) so as to use human codons for translation in mammalian expression systems. In
contrast to EGFP used in other reporter systems, hrGFP has lower cytotoxicity [13]. This
important attribute avoids undesirable alterations in gene expression profile that often arise
from the high cytotoxicity of EFGP. Moreover, hrGFP expression results in markedly high-
level fluorescence that can be easily quantified by flow cytometry. Clonal populations of stably

N Biotechnol. Author manuscript; available in PMC 2010 November 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gonzales and Orlando

Page 4

transfected cells were obtained from single cell isolates using a high speed fluorescence-
activated cell sorter.

Comparison of standard flow cytometry and HyperCyt® measurements

To assess if our NF-xB/hrGFP reporter is functional in Jurkat cells, we activated the NF-xB
signaling pathway by stimulating cells with various amounts of TNFo and measured hrGFP
fluorescence by standard flow cytometry (Fig. 1). We found a dose-dependent relationship
between the concentration of TNFa applied to cells and hrGPF fluorescence as measured by
individual cell counts (gated events surpassing a fluorescence intensity set at 2 x 101). From
these data, we calculate an ECgg value of 0.05 uM for TNFa-mediate activation of the NF-xB
signaling pathway in Jurkat cells. Moreover, full activation of the NF-xB pathway in the
reporter cell line (Fig. 1A, panels G-I) resulted in an increase in hrGFP fluorescence by two
orders of magnitude from baseline values demonstrating a large dynamic range for
quantification.

We next measured TNFa-mediated activation of the NF-xB/hrGFP reporter system using a
high-throughput assay format; this being the HyperCyt® Autosampler. The HyperCyt®
platform is designed for rapid high-throughput analysis of hundreds of experimental points by
interfacing a flow cytometer and autosampler [14]. With this robotic configuration, cells are
aspirated from microplate wells and delivered to the flow cytometer for quantification. Briefly,
a sampling probe moves from one well to the next aspirating cell suspensions with a peristaltic
pump. Between wells the pump runs continuously drawing an air bubble into the sample line
to demarcate individual samples. The samples are delivered in a continuous stream to the flow
cytometry for time-resolved data collection. As shown in figure 2, and consistent with data
obtained from standard flow cytometry measurements, treatment of cells with increasing
amounts of TNFa corresponded to an increase in mean GFP-fluorescence intensity. The
calculated ECgq value of 0.15 uM using the HyperCyt® was comparable to that determined
by standard flow cytometry.

Validation of the HyperCyt® platform for identification of inhibitors of NF-kB activation

Identifying inhibitors of NF-kB signaling has been pursued using standard luciferase reporter
assays; however, these assays are time-consuming and labor intensive, making them less useful
for high-throughput analyses. We propose that our newly developed NF-kB/hrGFP reporter
system would be more useful for medium- and high-throughput assays for inhibitor
identification because of its utility in the HyperCyt® platform. To examine this potential, we
used HyperCyt® to confirm the inhibition of NF-kB activation by the natural product, luteolin.
Luteolin is a documented anti-inflammatory compound [15] and potent inhibitor of activation
of NF-xB signaling [16]. Jurkat reporter cells were incubated with TNFa (20 ng/ml) in the
absence or presence of the indicated concentrations of luteolin. hrGFP fluorescence was then
quantified using the HyperCyt® flow cytometry platform. As shown in figure 3A, luteolin
inhibited TNFa activation of NF-«kB in a dose-dependent manner. The ICsg value was
calculated as 7.0 pM which is in agreement with prior measurements [17].

When screening for inhibitors of NF-xB activation, it is also important to test for cytotoxicity
in parallel to rule out potential false-positives. Toward this end, we incubated Jurkat reporter
cells with various concentrations of luteolin and measured cell viability by assessing their
metabolic state using the WST-1 assay. Luteolin showed some cytotoxicity at high
concentrations (Fig. 3B, LD5g = 80 uM); however, these cytotoxic concentrations are much
greater than those required to inhibit NF-xB activation.
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Identification of a novel inhibitor of NF-kB activation using the HyperCyt® platform

The natural product, resveratrol, is a now well established inhibitor of NF-«xB activation
[18-20]. Reasoning that the chemical structure of resveratrol can be modified to improve upon
its capacity toward NF-«B inhibition, we have constructed a chemical library of resveratrol
analogs [12] with the objective of identifying novel, more potent inhibitors than the parent
compound. In a preliminary screen of this chemical library, analog 6q appeared to show
improved properties as an anti-inflammatory (unpublished observation). To confirm this
observation and quantify the inhibitory activity of 6q for NF-«kB activation, we compared
resveratrol and 6q in parallel using the HyperCyt® platform. Reporter cells were incubated
with 6q at the indicated concentrations, followed by measuring hrGFP fluorescence with the
HyperCyt® flow cytometry system. As expected, resveratrol inhibited NF-«xB activation in a
dose-dependent manner. Extrapolation of the data indicates an 1Csq value of ~70 uM (Fig. 4A).
Importantly, analog 6q inhibited NF-«xB activation with an 1Csq value of 19 uM, a 3.7-fold
improvement over the parent compound.

We also tested for cytotoxicity following incubation of reporter cells with resveratrol or 6q.
Both resveratrol and analog 6qg showed little or no cytoxicity, even when cells were incubated
with concentrations as high as 200 uM (Fig. 4B).

Discussion

NF-«B is a vital transcription factor that when activated mobilizes the innate immune system
to protect against harmful agents. Under quiescent conditions, NF-xB is a heterodimer
combining two of the five members of this gene family, the most prevalent of which is a dimer
consisting of p50 and p65. This heterodimer is retained in the cytosol by complexing with a
set of inhibitor proteins designated IxB. In response to a variety of extracellular stimuli, 1xB
becomes phosphorylated by kB kinase (IKK). Once IxB is phosphorylated it dissociates from
NF-xB and is sent to the proteosome for further degregation. Active NF-«xB, in an unbound
state, is then able to translocate to the nucleus where it binds to promoter regions of DNA
initiating a cascade of gene transcription involved in inflammation. Besides controlling acute
inflammatory responses, NF-xB activity has also been implicated in sustaining chronic
inflammatory events, apoptosis and cell proliferation [2,21]. Because of these pleiotropic roles,
it is now thought that NF-xB activation is a convergence point for multiple signal transduction
pathways. As a result of its position at the focal point of many critical cellular functions,
dysregulation of NF-«xB activity can lead to numerous disease states. For this reason, inhibition
of the NF-xB activation has become an attractive target for therapeutic intervention and a major
focus for drug development in industry and academics [21,22]. However, it also must be kept
in mind that NF-xB activation is also responsible for triggering peripheral immune responses
that are critical for maintaining health. Therefore, in approaching NF-«xB as a therapeutic target,
there needs to be a balance between treating human disease and unfavorable side-effects. With
this in mind, the goal should be to identify therapeutic compounds that reduce NF-«xB activation
as opposed to complete inhibition, thus preserving peripheral immune capacity while limiting
chronic inflammatory events associated with disease.

We report here the construction and validation of a novel reporter system using Jurkat cells for
screening chemical libraries to identify new inhibitors of the NF-«xB signaling pathway.
Previous screening regimens have relied upon labor-intensive luciferase based assays. This
new reporter system combines high hrGFP signal intensity, direct measurement without a need
for cell lysis or substrate addition, and the HyperCyt® flow cytometry platform, all necessary
elements for medium- to high-throughput screening capabilities. Moreover, since Jurkat cells
grow well in suspension culture, there are markedly easier to handle for flow cytometric
measurements as compared with adherent cells. Consistent single cell suspensions are difficult
to attain with adherent cells; formation of multicell aggregates often impede the fluid stream
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in the sheath of the flow cytometer. Such difficulties will likely compromise large scale, high-
throughput screening regimens. To validate this new screening tool, we compared hrGFP
fluorescence, following activation of NF-«kB signaling with TNFa, between standard flow
cytometry and the HyperCyt® platform. As expected, with traditional flow cytometry we
readily quantified increases in hrGFP fluorescence resulting from TNFa stimulation and
obtained sufficient data to calculate an ECsq value of 0.05 uM. In the HyperCyt® system,
TNFa stimulation also showed a dose-dependent response in hrGFP fluorescence with a
calculated ECsq value of 0.15 pM. These values confirm that the HyperCyt® platform is able
to quantify a biological response with similar measure as standard flow cytometry. In addition,
the signal detected by the HyperCyt® platform for maximal hrGFP expression was found to
increase ~35.5-fold over that measured for unstimulated cells, whereas standard flow
cytometry only detected a ~15-fold increase from baseline values. The HyperCyt® platform
is thus more sensitive than conventional flow cytometry and capable of detecting hrGFP
fluorescence over a greater linear range.

We next determined if we are able to quantify the activity of known NF-«B inhibitors and
identify a novel inhibitor from our small molecule library using our NF-xB/hrGFP reporter
system. For this we examined two natural products with established anti-inflammatory
activities, luteolin and resveratrol. Luteolin is a tetrahydroxyflavone that is commonly found
in celery, green pepper, and chamomile tea [23]. Luteolin prevents NF-xB signaling by
inhibiting TNFa-mediated activation of 1kB kinase [15,16] which in turn blocks kB
phosphorylation/degradation. Resveratrol is a polyphenolic phytoalexin and is found in
relatively high concentrations in certain varietals of grapes. Resveratrol has reported anti-
cancer, anti-aging, and anti-inflammatory activities [24-26]. It is known to inhibit TNFa-
stimulation of NF-«B activation [12,27] by targeting kB kinase activity [28,29]. Using the
Jurkat-based reporter system, we found that both luteolin and resveratrol reduced TNFa-
stimulated NF-«B activation in a dose-dependent manner with ICgq values of 7.0 and ~70 pM,
respectively. To determine if our NF-xB/hrGFP reporter system is capable of identifying novel
inhibitors of NF-xB signaling, we measured particular compounds in our resveratrol-based
chemical library to identify inhibitors with improved activity when measured against the parent
compound. This chemical library consists of a series of substituted trans-stilbenes based upon
the structure of resveratrol [12]. We found one analog, 6q, which demonstrated improved
inhibitory activity with a calculated I1Csq value of 19 uM, ~3.7-fold greater than that measured
for resveratrol and a value that approaches luteolin.

The results presented here provide proof-of-principle that our Jurkat NF-xB/hrGFP reporter
system is capable of providing precise, quantitative data to identify novel inhibitors of NF-xB
activation using the high-throughput format of HyperCyt® technology. Because of its large
dynamic range, hrGFP detection by HyperCyt® presents the opportunity to identify potential
therapeutic compounds that reduce NF-«kB activity as opposed to its complete inhibition. With
this approach we can expect to better preserve the peripheral immune response to stave off
normal infections while reducing unregulated NF-«xB activity that is responsible for the many
diseases associated with this central transcription factor.
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Figure 1. Dose-dependent TNFa-activation of NF-kB/hrGFP expression in Jurkat cells:
Quantification by flow cytometry
Jurkat cells, stably transfected with pNF-xB/hrGFP reporter plasmid, were incubated without

or with the indicated concentrations of TNFa for 24 h. A) Cells were harvested and standard
flow cytometry measurements were made (hrGFP fluorescence was measured at Aeycitation
488nm; Aemission 285nm). Shown are one-parameter histogram analyses for each concentration
of TNFa used. Minimum gate was set at a fluorescence intensity of 2 x 101 to exclude
autofluorescence values of unstimulated cells. B) Graph represents percent of gated events
exceeding the 2 x 10 minimum fluorescence threshold for each concentration of TNFa used
in (A). Error bars represent standard deviations of triplicate values.
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Figure 2. Dose-dependent TNFa-activation of NF-kB/hrGFP expression in Jurkat cells:
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Quantification by the HyperCyt® platform
Stably transfected Jurkat cells were plated at 6 x 106 cells/ml in a 96-well plate and incubated
without or with the indicated concentrations of TNFa as in figure 1. The HyperCyt®

Autosampler was used to measure hrGFP fluorescence. The graph represents mean

102

fluorescence intensity of time-gated cells at each concentration of TNFo and error bars

rep

resent standard deviations of triplicate values.
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Figure 3. Luteolin inhibits TNFe-stimulated hrGFP expression in a dose dependent manner and

demonstrates cytotoxicity only at high concentrations in Jurkat cells

(A) NF-xB-dependent hrGFP expression in stably transfected Jurkat cells was stimulated with
20 luteolin for 24 h. Cells were harvested and subjected to HyperCyt® flow cytometric analysis.
Cells treated with TNFa alone (control) resulted in a mean value of 56. (B) Cells were incubated
with luteolin as in (A). Following a 24 h incubation, WST-1 reagent was added to cultures and
incubated for one additional hour. Absorbance was then measured by spectrophotometry (460
nm, reference wavelength 690 nm). Cells incubated without luteolin (control) generated a value
of 0.39 £ 0.01 absorbance units. Error bars represent standard deviations of triplicate values.
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Figure 4. ldentification of an improved inhibitor of NF-kB activation that shows little or no
cytotoxicity in Jurkat cells

(A) NF-xB-dependent hrGFP expression in stably transfected Jurkat cells was stimulated with
20 ng/ml TNFa. In parallel, cells were incubated for 24 h without or with the indicated
concentrations of resveratrol or its structural analog, 6q. Cells were harvested and subjected
to HyperCyt® flow cytometric analysis. Cells treated with TNFa alone (control) resulted in a
mean value of 64. (B) Cells were incubated with resveratrol or 6q as in (A). Following a 24 h
incubation, WST-1 reagent was added to cultures, incubated for one additional hour and
absorbance measured by spectrophotometry as in figure 3. Cells incubated without luteolin
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(control) generated a value of 0.37 + 0.01 absorbance units. Error bars represent standard
deviations of triplicate values.
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