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Abstract: Glucocorticoid-induced leucine zipper (GILZ) is a glucocorticoid responsive protein
that links the nuclear factor-kappa B (NFkB) and the glucocorticoid signaling pathways. Func-
tional and binding studies suggest that the proline-rich region at the carboxy terminus of GILZ
binds the p65 subunit of NFxB and suppresses the immunoinflammatory response. A widely-
used strategy in the discovery of peptide drugs involves exploitation of the complementary
surfaces of naturally occurring binding partners. Previously, we observed that a synthetic peptide
(GILZ-P) derived from the proline-rich region of GILZ bound activated p65 and ameliorated
experimental encephalomyelitis. Here we characterize the secondary structure of GILZ-P by
circular dichroic analysis. GILZ-P adopts an extended polyproline type II helical conforma-
tion consistent with the structural conformation commonly observed in interfaces of transient
intermolecular interactions. To determine the potential application of GILZ-P in humans, we
evaluated the toxicity and efficacy of the peptide drug in mature human macrophage-like THP-1
cells. Treatment with GILZ-P at a wide range of concentrations commonly used for peptide
drugs was nontoxic as determined by cell viability and apoptosis assays. Functionally, GILZ-P
suppressed proliferation and glutamate secretion by activated macrophages by inhibiting nuclear
translocation of p65. Collectively, our data suggest that the GILZ-P has therapeutic potential
in chronic CNS diseases where persistent inflammation leads to neurodegeneration such as
multiple sclerosis and Alzheimer’s disease.

Keywords: glucocorticoid-induced leucine zipper, therapeutic potential, translational impact,
chronic inflammation

Introduction

Persistent inflammation is widely recognized as a common denominator in the patho-
genesis of multiple diseases with diverse clinical manifestations, such as immune-
mediated rheumatoid arthritis or multiple sclerosis and neurodegenerative Alzheimer’s
disease or Parkinson’s disease.'® Sustained or unregulated activation of the transcription
factor nuclear factor kappa B (NFxB) is integral to the persistence of inflammation.®’
The most common form of NFxB is a heterodimer of p5S0 and p65 subunits. In resting
cells, NFkB exists in the cytoplasm as an inactive complex bound to kB inhibitory
proteins.>® Activation of NFkB signaling induces proteolytic degradation of IkB inhibi-
tory proteins, releasing the p50 and p65 subunits. p65 is the functionally dominant
subunit that, upon release from the inhibitory complex, translocates to the nucleus,
where it binds cognate NFxB binding sites in the DNA and modulates expression
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of several genes involved in apoptosis, and immune and
inflammatory responses.?’

Mechanistically, many drugs used in the treatment of
chronic inflammatory pathologies act at least in part by
inhibiting NFxB transactivation. For example, the effects
of many of the nonsteroidal anti-inflammatory drugs are
mediated by suppression of NFkB activation by inhibiting
the [kB complex or by activation of peroxisome proliferator-
activated receptor gamma, a negative regulator of NFxB
transcription.”’ The profound anti-inflammatory effects of
the widely-used glucocorticoids'® as well as the therapeutic
efficacy of many currently approved biologics has been
attributed to indirect inhibition of NFxB signaling.'":!?
However, nonspecific responses, serious adverse effects,
and/or high cost are some of the factors that compromise
long-term use of these therapeutic agents.

Interactome analysis using MetaCore™ (Thomson
Reuters, New York, NY, USA) identified glucocorticoid-
induced leucine zipper (GILZ) as a “divergence” hub
functionally linked to multiple proteins in the NFxB and
glucocorticoid signaling pathways.!* GILZ was identified
originally during systematic study of genes transcriptionally
induced by glucocorticoids.'*!® Functionally, GILZ has
been shown to suppress immune responses by preventing

A Amino terminus

A

signaling via AKT or PKB (protein kinase B)/Ras proteins,
inhibiting cyclooxygenase -2 (Cox-2) activity, and skewing
proinflammatory cytokine(interferon gamma [[FN-y], tumor
necrosis factor alpha [TNF-a]) responses to anti-inflammatory
cytokine (interleukin [IL]-10, transforming growth factor
beta [TGF-]) responses.'*!* Mechanistically, the inhibitory
potential of GILZ is attributed to its ability to bind and prevent
nuclear translocation of p65, thereby inhibiting transactivation
of pathological mediators.!®? Indeed, it is suggested that the
profound therapeutic efficacy of glucocorticoids could be
attributed to the induced upregulation of GILZ.2!-*?
Structurally, GILZ has an amino terminal-dimerizing
leucine zipper motif'and a proline-rich carboxy terminus (Fig-
ure 1A). Mutational analysis suggested that the p65 binding
domain of GILZ is localized in the proline-rich region of its
carboxy terminus.?*? In the eukaryotic proteome, proline-rich
regions are widely represented in the interfaces of transient
protein-protein interactions and are considered attractive
targets for drug development.?** A common strategy in the
discovery of peptide drugs involves exploitation of the comple-
mentary surfaces of the naturally occurring binding partners.?
We observed that a synthetic peptide (GILZ-P) derived from
the proline-rich region of GILZ suppressed immune-mediated
inflammatory responses in mice.?” Kinetic analysis suggested
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Figure | The GILZ protein and peptide.

Proline rich region

P120 P123
¢ v o v
Human GILZ wild type -61.9 (175.2 -64.0 |149.8
Mouse GILZ wild type -67.5| 1425 | -70.4 (124.9
Human GILZ P to A mutant [-65.0 | 179.2 89.1 |-41.0
Mouse GILZ P to A mutant |-83.2 | 136.5 | -59.7 84.0

Both E and P to Amutant |-78.4 | 85.8 |-113.3 21

Notes: (A) Primary structure of human GILZ showing different domains. The proline-rich region with “PXXP” motifs is highlighted. Homology models of (B) mouse or
(C) human GILZ using porcine § sleep-inducing peptide (PDB: IDIP) as the template are shown. The proline in helical poly-I-proline type Il conformation is shown in blue.
Models of GILZ mutants are shown with (D) alanine substitution of proline residues or (E) both proline and glutamic acid residues in the proline-rich region. The alanine
substituting the poly-I-proline type Il helical proline is shown in blue. (F) Table showing the y and ¢ dihedral angles of potentially critical proline residues in the carboxy

terminus of the human and mouse GILZ models and the indicated mutants.

Abbreviations: GILZ, glucocorticoid-induced leucine zipper; TSC, TGF-beta stimulated clone-box.
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the strength of interaction between the GILZ and the p65
proteins to be in micromolar concentrations consistent with
observations in transient intermolecular interactions.?? In this
study, we characterized the secondary structure of GILZ-P,
investigated its toxicity, and evaluated its functional potential
in human macrophage-like THP-1 cells.

Materials and methods
Peptides and preparation
of Pep-|:peptide complexes
GILZ-P

115-137
of scrambled residues were synthesized as peptide amides

(Figure 1B) and control peptides (Control-P)

with amino terminal acetylation. All peptides were 95%
pure by mass spectrometry. Intracellular delivery of GILZ-P
and Control-P was achieved using the Pep-1 chariot reagent
(Active Motif, Carlsbad, CA, USA). Immediately prior to
each experiment, a noncovalent complex of the chariot and
peptide drug was formed by combining Pep-1 and GILZ-P
or Control-P at appropriate concentrations in 100 pL of
sterile phosphate-buffered saline and incubating at room
temperature for 30 minutes.”” The noncovalent complex of
Pep-1 with GILZ-P and Control-P will henceforth be referred
to as GILZ-P_ or Control-P .

Circular dichroism

Circular dichroism (CD) spectra were collected on a MOS450
AF/CD spectrometer (Bio-Logic Science Instruments , Clarix,
France) at 25°C in the 190-270 nm wavelength range with a
0.5 nm resolution and a scan rate of 200 nm per minute. The
samples were prepared by dissolving lyophilized GILZ-P and
Control-P at a 100 uM concentration in citrate buffer (1 mM
sodium citrate, | mM sodium borate, 1 mM sodium phosphate,
15 mM NaCl) with pH adjusted at 7.0. Each spectrum was
measured five times with individually prepared solutions. Raw
CD signals were converted to mean residue molar ellipticity (6)
urw in degrees cm?*/dmol using the formula [0], ., =[6] , /101
cn, where [0] , represents the observed ellipticity, 1 is the path
length in centimeters, ¢ is the molar concentration of peptide,
and n is the number of residues in the peptide. To determine
0% polyproline type II (PPII) helical content, CD spectra were
recorded with GILZ-P and Control-P dissolved in 6 M CaCl,.*®
The data used for graphical presentation and analyses were
each an average of five different scans.

Cell cultures

The human monocytic cell line, THP-1 (a gift from Dr Michael
Klemsz, Department of Immunology, Indiana University
School of Medicine, Minneapolis, IN, USA) was maintained

in complete Roswell Park Memorial Institute (RPMI)-1640
medium (Sigma-Aldrich, St Louis, MO, USA) supplemented
with 1% L-glutamine, 5 mM B-mercaptoethanol, and 10 mM
N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
(HEPES) (Life Technologies, Carlsbad, CA, USA), with 10%
heat-inactivated fetal calf serum, 100 U/mL penicillin, and
100 pg/mL streptomycin, and seeded in 75 cm? flasks at a
density of 5x10° cells per flask. The cells were cultured in
5% CO, atmosphere at 37°C , and the medium was changed
every 2-3 days.* For differentiation to mature macrophages,
cultured THP-1 cells were initially rested for 24 hours in
fresh medium without antibiotics. Next, the cells were seeded
at 5x10° cells/mL in a new 75 cm? flask and stimulated with
200 nM of phorbol-12 myristate 13-acetate (PMA; Sigma-
Aldrich) for 72 hours.?! Previously, PMA has been shown
to induce THP-1 cells to differentiate into mature human
macrophages.®!'** The differentiation was confirmed by flow
cytometric analysis for expression of the macrophage-specific
markers, CD14 and CDI11c. The cells were then washed
to remove PMA and rested in fresh complete RPMI-1640
medium for 24 hours prior to use in experiments.3!2

Cell viability and apoptosis assays

THP-1 cells (1x10%mL) suspended in complete RPMI-
1640 were incubated in the presence of medium-alone or
increasing concentrations of GILZ-P_(10-640 uM) in a 5%
CO, incubator at 37°C. The viability of cells harvested at 1,
4, 8, 12, 24, and 48 hours was determined by trypan blue
exclusion using a Countess automated cell counter (Thermo
Fisher Scientific, Waltham, MA, USA).>* Adherent cells were
treated with 0.5 mL of 0.05% trypsin-0.5 mM ethylenedi-
aminetetraacetic acid (EDTA) (Thermo Fisher Scientific)
at 37°C for approximately 5 minutes to enhance removal.
In separate experiments, THP-1 macrophages cultured
similarly were harvested at different time points and stained
with Annexin V and propidium iodide using the Annexin-V-
FLUOS staining kit (Roche Diagnostics, Indianapolis, IN,
USA) according to the manufacturer’s protocol. Incubation
of cells with actinomycin D was used as a positive control
for apoptosis. Fluorescence was detected by flow cytometry
(FACS Calibur™; BD Biosciences, Palo Alto, CA, USA).
Fluorescence parameters were gated using unstained cells.
Data shown are expressed as percentages of Annexin
V-positive cells for quantitation of apoptosis.®!-

Internalization assays
THP-1 cells (1x10%well) in serum-free RPMI-1640 were
exposed to the Pep-1:GILZ-P complex at increasing molar
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ratios of 0.1 to 50 and incubated at 37°C in a humidified 5%
CO, chamber. Cells harvested at 15 minutes, 30 minutes,
1 hour, and 4 hours were lysed, and the cytoplasmic fraction
was isolated using the nuclear cytoplasmic extraction kit fol-
lowing the manufacturer’s protocol (Pierce Biotechnology,
Rockford, IL, USA). An equal quantity of the cytoplasmic
fraction (20 uL) in 100 pL of phosphate-buffered saline
(PBS) was plated in 96-well high affinity enzyme-linked
immunosorbent assay (ELISA) plates and probed for the
presence of GILZ-P with 20 uM recombinant human p65
protein (rp65-DDK; OriGene Technologies, Inc., Rockville,
MD, USA). Previously we observed that GILZ-P at 15 uM
binds purified p65 protein with a dissociation constant of
1.124£0.25 x 10°* M.?” Wells coated with Pep-1:GILZ-P
at a specific molar ratio (0.1 to 50) constituted positive
controls. The GILZ-P-bound p65 detected with anti-DDK
monoclonal antibody was visualized by trinitrobenzene
substrate and 2 N sulfuric acid. Absorbance at 450 nM
was measured using an absorbance microplate reader
(Model 680; Bio-Rad Laboratories, Hercules, CA, USA).
Presence of GILZ-P was determined using the equation:
% GILZ-P = (OD, ., — OD_, ., /OD )*100 (where OD
represents optical density).

In separate experiments, THP-1 cells (1x10¢well) cultured
similarly in the presence of Pep-1:GILZ-P complex as above
or with Pep-1:recombinant GILZ (rGILZ) (Abnova,Taipei
City, Taiwan) at 20:1 molar ratio were permeabilized at the
end of 24 hours. The presence of intracellular GILZ-P was
determined by sequentially incubating the permeabilized cells
with 20 uM rp65-DDK followed by phycoerythrin-conjugated
anti-DDK monoclonal antibody at 4°C for 30 minutes. After
washing briefly, the cells were fixed in 2% paraformalde-
hyde and analyzed immediately using a FACSCalibur flow
cytometer. Mean fluorescence intensity was representative
of the amount of GILZ-P-bound p65. Data are presented as
the average of two independent experiments.

Cell proliferation

THP-1 macrophages (1x10%mL) were preincubated inde-
pendently with 100 uL of 80 uM GILZ-P /Control-P /
GILZ-P/Control-P/(2 pL) Pep-1 alone at 37°C in humidi-
fied 5% CO, for 30 minutes. The cells were then suspended
in complete RPMI-1640 medium, seeded in 24-well plates
in a total volume of 1 mL/well and cultured in the pres-
ence or absence of lipopolysaccharide (LPS) 2 pug/mL.*
In some wells, the lipopolysaccharide-stimulated cells
were treated with dexamethasone 0.3 mg/mL. At the end
of 72 hours, 25 uL of MTT (3-[4,5-Dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide) solution at 5.0 mg/mL
was added to each well and incubated at 37°C for 3 hours.
The plates were then centrifuged at 1,000 rpm in a clinical
centrifuge for 5 minutes. The supernatants were removed
and 150 puL of the MTT solvent (10% isopropanol and
50% sodium dodecyl sulfate) was added to each well and
the plates were incubated at 37°C with mild shaking for
30 minutes. Optical density measurements were recorded
at 540 nM absorbance using a Gensys 5 spectrophotometer
(Thermo Fisher Scientific). The viability of THP-1 cells
was indicated by the absorbance at 540 nM of the reduced
formazan formed in living cells. The absorbance in all test
samples was normalized to the cells cultured with medium-
alone. All experiments were performed in triplicate and the
data are presented as the mean + standard deviation.

In independent experiments, THP-1 macrophages treated
as above with 80 uM GILZ-P /Control-P /(2 uL) Pep-1 alone
or dexamethasone were stimulated similarly with lipopoly-
saccharide 2 pg/mL or medium-alone. The supernatant was
collected at the end of 24, 48, and 72 hours, and was stored
at —80°C until further analysis.

ELISA for cytokines

Cytokines in the culture supernatant were measured
by ELISA using Opt EIA kits for IFN-y, IL-12, IL-6
(BD Biosciences) or Quantikine ELISA kits for TNF-o. (R&D
Systems, Minneapolis, IN, USA).>¢ Briefly, 96-well enzyme
immunoassay plates (Thermo Fisher Scientific) coated with
the appropriate concentration of the primary antibody were
applied 50 UL of culture supernatant in triplicates. The pres-
ence of cytokine was probed using the appropriate detection
antibody and detected using the streptavidin enzyme conju-
gate followed by color development. The optical density of
each well was determined using a microplate reader set to
450 nm. The concentration of cytokines was calculated in
comparison with the standard series diluted in two-fold steps.
Limits of detection were 31.2, 3.9, 3.9, and 7.8 pg/mL for
IL-12, IFN-y, IL-6, and TNF-a, respectively.

NFxkB assay

THP-1 macrophages (1x10%mL) were preincubated with
100 pL of 80 uM GILZ-P /Control-P /(2 uL) Pep-1 alone at
37°C in humidified 5% CO, for 30 minutes. The cells were
then suspended in serum-free RPMI-1640 medium, seeded
in 24-well plates, and cultured in the presence or absence
of LPS 2 ug/mL. In some wells, the LPS-stimulated cells
were treated with dexamethasone 0.3 mg/mL. Nuclear
extracts were prepared from cells harvested after 4 hours
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of culture using the nuclear extraction kit following the
recommended protocol (Active Motif). Activated NFxB
in each sample was determined by oligonucleotide-based
ELISA using the TransAM kit protocol (Active Motif). Five
micrograms of nuclear extract was incubated in a 96-well
plate coated with oligonucleotides containing the NFxB
consensus nucleotide sequence (5'-GGGACTTTCC-3").
The activated NFxB bound to DNA was detected by the
anti-p65 antibody followed by the horseradish peroxidase-
conjugated secondary antibody and visualized using
hydrogen peroxide/TMB (3,3’ 5,5’-tetramethylbenzidine)
chromogenic substrate. The p65 binding was calculated
as the ratio of absorbance of the LPS-stimulated cells to
unstimulated cells for each test sample. Nuclear extracts of
Raji cells provided in the kit were used as the positive con-
trol for nuclear p65. In separate experiments, to determine
the dose response, the THP-1 macrophages preincubated
with GILZ-P_ or Control-P_ at varying concentrations
(10, 40, and 80 uM) were cultured similarly. The nuclear
extracts harvested from cells at 4 hours were assessed for
activated p65 as mentioned.

Glutamate production

THP-1 macrophages (0.5 x 10%/well) pretreated with 80 uM
GILZ-P /Control-P /(2 uL) Pep-1 alone were cultured in
complete RPMI-1640 medium in the presence or absence of
LPS 2 pg/mL as above. In some wells, the LPS-stimulated
cells were treated with dexamethasone 0.3 mg/mL. The
concentration of glutamate in the culture supernatant col-
lected at the end of 24 hours was measured using a com-
mercially available glutamate colorimetric assay following
the manufacturer’s protocol (BioVision Inc., Milpitas, CA,
USA).34% Briefly, glutamate standard (0, 2, 4, 6, 8, 10 nmol/
well) and culture supernatant diluted 1:4 in the assay buffer
provided in the kit was added to 96-well plates in triplicate.
To each well was added a reaction mixture containing 0.8%
glutamate developer and 0.2% glutamate enzyme mix in the
assay buffer. The glutamate enzyme mix recognizes glutamate
as a specific substrate leading to proportional yellow color
development, and the amount of glutamate is measured by
reading the absorbance at 450 nM in a microplate reader. Wells
added assay buffer and developer in the absence of glutamate
enzyme served as background controls. The net absorbance
in supernatants of each sample calculated by subtracting the
values of the background wells was used to determine the
amount of glutamate using the standard curve. The glutamate
concentration in each sample was calculated using the formula
C=Sa/Svnmol/uL, where Sa is the sample amount of known

(in nmol) from the standard curve and Sv is the sample vol-
ume (UL) added into the wells. The low limit of detection
was 2 nmol/uL. The experiment was repeated twice and the
data presented represent the average of two experiments. To
determine the dose response, in separate experiments the
THP-1 macrophages preincubated with GILZ-P_or Control-P,
at varying concentrations (10, 40, and 80 uM) were cultured
similarly and supernatants collected at 24 hours were mea-
sured for glutamate secretion as mentioned.

Statistical analysis

Differences in the proliferation, cytokine secretion, gluta-
mate production, and p65 activity between the untreated and
treated (with GILZ-P /Control-P /dexamethasone/GILZ-P,
Control-P/Pep-1 alone) macrophages were determined by
pairwise comparison using the Student’s #-test. A difference
at P=0.05 was considered to be statistically significant.

Results and discussion

Rationale and design of GILZ-P

The carboxy terminus of GILZ (GILZ-COOH) spans
40 residues (98—137), with eight glutamic acid residues,
eight prolines, and five “PXXP” motifs'*?! (Figure 1A). The
primary sequence of GILZ is highly homologous to that
of porcine 8 sleeping-inducing peptide (DSIP). In models
of GILZ generated using the solution structure of DSIP
(PDB:1 DIP) as a template, secondary structure assign-
ment by PROSS showed that the Pro123 of human GILZ
exhibits ¢ and ¢ angles of —64.5° and 149.8°, respectively,
adopting a helical poly-I-proline type II (PPII) conforma-
tion?”*%3? (Figure 1B). The presence of multiple glutamic
acid residues in the region increases the net charge, further
promoting the extended PPII conformation by electro-
static repulsion.* Replacement of both glutamic acid and
the proline residues in the proline-rich region by alanine
abrogated the ability of GILZ to inhibit NFkB, potentially
due to an induced bend that disrupts the extended PPII
conformation??? (Figure 1C). Binding studies suggested
that the GILZ protein interacts with the transactivation
domain at the carboxy terminus of p65.%” Similar to the
frequently observed features in structural complexes with
fast binding kinetics, the C-H-m interaction between the
imino ring of the critical prolines of GILZ and the aromatic
ring of the conserved F534 and F542 in the p65 transac-
tivation domain could contribute to the binding energy
of the GILZ:p65 complex.*'* The planar structure of the
aromatic side chains are complementary to the ridges and
grooves presented on the PPII helix.*'*3 Taken together,
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these observations implicate a short proline-rich motif
at the GILZ-COOH as critical for interacting with and
inhibiting p65 transactivation.

Considerable success has been achieved in adopting the
results from mutagenesis and structural studies to design
small molecule antagonists of protein-protein interactions.*+
This approach relies on the premise that the key residues of
the binding epitope, in particular the side chain functional
groups responsible for the binding affinity between two
proteins may be transferred to a much smaller molecule with
contributions to the binding largely intact.***¢ The approach
is particularly effective for proline-rich motifs that prefer-
entially adopt a helical PPII conformation, since absence
of the backbone hydrogen donor on proline allows the free
carbonyls to participate in intermolecular hydrogen bonds.
In contrast with the enthalpy-induced associations, such as
the lock and key model, PPII helices are entropy-driven and
behave as “adaptable gloves” in order to obtain the correct
recognition.*’ Further, the side chain and the backbone car-
bonyls that point outwards at regular intervals can be easily
“read” by the interacting protein, making the PPII helix an
excellent recognition motif* and potential therapeutic lead.
We hypothesized that a peptide derived from the proline-rich
carboxy terminus of GILZ (ie, GILZ-P) would adopt a helical
PPII conformation and inhibit p65 transactivation.”’ To mimic
the end groups of the p65 binding domain of GILZ and to
stabilize the secondary structure, GILZ-P was synthesized as
an amide with acetylation of the amino terminus.*

GILZ-P adopts a helical

PPIl conformation
The best way to unambiguously reveal the PPII struc-
ture in solution is to use spectroscopies based on optical

activity, such as CD. As seen in Figure 2A, the CD
spectrum of GILZ-P presented a strong negative band
(6=-20.03x10* deg- cm*dmol) at 199 nm and a weak positive
band (6 = 1.12x10* deg cm*dmol) at 238 nm, consistent
with the spectrum of polypeptides that prefer a helical PPII
structure.®!> An increase in temperature to 90°C or spectral
analysis of GILZ-P in 5 M CaCl, resulted in a dramatic decrease
in the intensity of the mean residue ellipticity minimum
(6 = —8.84x10°deg- cm?/dmol at 205 nM and 6 = —11.37x
0*deg- cm?/dmol at 204 nM, respectively) due to transition
from the PPII helix to random coil conformation'® (Figure 2A).
The CD spectrum of Control-P1 and Control-P2 at 194 nm
showed a weak minimum of 6 =4.5 x 10" deg - cm*dmol and
6 = —3.5x10' deg- cm?/dmol, respectively (Figure 2B).
Control-P1 was used in further cellular experiments.

Effects of GILZ-P on cell viability

and apoptosis

GILZ-P is developed as a potential NFxB inhibitory agent.
As a first step to investigate the possibility of using GILZ-P
in humans, we assessed the effect of GILZ-P on the viabil-
ity of human macrophage-like THP-1 cells by trypan blue
exclusion using an automated cell counter.>* THP-1 cells
were treated with increasing concentrations of GILZ-P_
(10-640 uM). The range of concentration is equivalent to
0.028-1.8 mg/mL and represents the dose range commonly
used for peptide therapeutics.**° The viability of cells was
assessed at 1,4, 8, 12,24, and 48 hours following exposure to
GILZ-P . Cells cultured in medium-alone maintained viabil-
ity of 70%—-100% at all time points (Figure 3A). Although the
viability of THP-1 cells decreased with increasing concentra-
tions of GILZ-P_, more than 40% of cells remained viable,
even in cultures treated with the highest concentration of

A 5 . B 5 .
TE TE 01;10 ST 230 250
T T 5 |
o~ ‘ o~
£ o ——cizpsoc 5 _
> 2 . g) e CoONtrol peptide-1
° == GILZ-P 90°C S _i5 | Control peptide-2
= = GILZ-P 5M CaCl, B
Wavelength (nM) 20 Wavelength (nM)
-25 -25 |

Figure 2 Secondary structure of GILZ-P by circular dichroism.

Notes: Circular dichroism spectra of (A) GILZ-P and (B) control peptide | and 2 (100 uM in water) at 50°C in | mM sodium citrate, | mM sodium borate, | mM sodium
phosphate buffer, and 15 mM NaCl with the pH adjusted to 7.0 or in 5 M CaCl,. 190 and 240 represent the range of wavelength.
Abbreviations: GILZ, glucocorticoid-induced leucine zipper; GILZ-P, synthetic peptide derived from the proline-rich region of GILZ.
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GILZ-P_ at 640 uM (Figure 3B). The mean percent viability
of cells exposed to 640 UM GILZ-P_at 1 hour and 48 hours
was 72%14.5% and 45%%5.5%, respectively.

We next investigated the cellular toxicity of GILZ-P
by staining for the apoptosis-specific and necrosis-specific
markers, Annexin V and propidium iodide, respectively.
Flow cytometric analysis showed that the mean percent
apoptosis of THP-1 cells cultured in medium-alone and

harvested at 4, 8, and 24 hours was 0.32%0.7, 0.53%0.7, and
1.003+0.22, respectively (data not shown). Representative
histograms of percent apoptosis in THP-1 cultures exposed
to 0, 40, or 80 uM of GILZ-P, at 4, 8, and 24 hours are
shown in Figure 3D-F. A dramatic increase was observed
in the mean percent apoptosis of THP-1 cells treated with
80 uM (3.48+0.4%) GILZ-P_ as compared with cells
exposed to 40 UM GILZ-P_(1.03£0.24%) at the 4-hour time
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Figure 3 Effect of GILZ-P on viability of THP-1 monocytes.

Notes: THP-1 cells were incubated with increasing concentrations of GILZ-P_from 10 uM to 640 uM at 37°C for increasing time periods from | hour to 48 hours. The
control consisted of cells incubated in medium-alone. At indicated time points, the percentage of live cells was determined by trypan blue exclusion. (A) Shows percentage
viability in control cells cultured in medium at indicated time points. (B) Represents the percentage of live cells treated with the indicated concentration of GILZ-P_at
specified times. Data are normalized with respect to the cells cultured in medium-alone at each time point and represent the mean =+ standard deviation of three independent
experiments. (C) GILZ-P-treated macrophages stimulated with LPS and treated similarly were stained with Annexin V (apoptosis marker) and propidium iodide (necrosis
marker) and subjected to fluorescence-activated cell sorting analysis to determine apoptosis. The mean percentage of Annexin V-positive THP-1 cells treated with GILZ-P_
at indicated concentrations and analyzed at indicated time points is shown. Data represent the mean + standard deviation of three independent experiments. Representative
histogram of the percentage of apoptosis in THP-1 cultures exposed to (D) 0, (E) 40 uM, or (F) 80 uM of GILZ-P_at indicated time point is shown. (G) Representative
histogram of dual positive (Annexin V and propidium iodide) THP-1 cells treated with actinomycin D as the positive control.

Abbreviations: GILZ, glucocorticoid-induced leucine zipper; GILZ-P, synthetic peptide derived from the proline-rich region of GILZ; GILZ-P, noncovalent complex of
Pep-| with GILZ-P; LPS, lipopolysaccharide; h, hours.
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point (Figure 3C). The mean percent apoptosis of THP-1
cells exposed to GILZ-P_ at the highest concentration of
640 UM at 4, 8, and 24 hours was 7.6210.3%, 9.06£1.9%
and 12.88+2.9%, respectively (Figure 3C). The mean percent
dual positive THP-1 cells (apoptotic and necrotic) exposed to
80 UM or 640 uM of GILZ-P at 24 hours was 28.9£1.01%
and 60.3+3.2%, respectively. The mean percent dual posi-
tive THP-1 cells treated with actinomycin D and harvested
at 4, 8, and 24 hours was 26.9+£7.5%, 59.1+£9.2%, and
98.442.1%, respectively. A representative histogram of dual
positive THP-1 cells treated with actinomycin D is shown
in Figure 3G. Collectively, these observations suggest that
GILZ-P is largely nontoxic.

GILZ-P prevents LPS-induced

proliferation and cytokine secretion

GILZ-P acts by binding p65 in the cytoplasm and should be
delivered into the cell to be effective as a therapeutic agent.?
Cytoplasmic fractions of THP-1 cells exposed to increasing
concentrations of Pep-1:GILZ-P complex were assessed for
binding purified p65 as a measure of intracellular presence
of GILZ-P by modified ELISA. The highest intracellular
presence of GILZ-P was observed in cells exposed to a
10:1 molar ratio of Pep-1:GILZ-P (Figure 4A). In addition,
a dose response of intracellular concentration of GILZ-P
was observed during early time points. In separate experi-
ments, THP-1 cells exposed to increasing molar ratios of
Pep:1-GILZ-P complex were permeabilized at the end of
24 hours. The permeabilized cells were probed with

>

70 4

Mo1 M1 M2 N5 N10 50

60
50 -

40 A

% Intracellular GILZ-P

30m 1h 4h

Figure 4 Intracellular delivery of GILZ-P.

rp65-DDK as an indirect measure of intracellular GILZ-P.
Flow cytometric analysis of permeabilized THP-1 cells
showed that the maximum internalization of the peptide was
observed in cells exposed to GILZ-P:Pep-1 at a 1:10 molar
ratio (Figure 4B). Interestingly, with increasing concentra-
tions of Pep-1, the internalization efficiency was reduced
(Figure 4A and B). Similar observations for cargo delivery
by Pep-1 have been reported previously.”!

To determine the inhibitory potential, we next assessed
the functional efficacy of GILZ-P_ in PMA-differentiated
THP-1 macrophages. The membrane integrity and prolifera-
tion of THP-1 macrophages stimulated with LPS and treated
with dexamethasone/80 uM GILZ-P /Control-P , GILZ-P/
Control-P/(0.2 uL) Pep-1 alone for 72 hours was determined
by MTT colorimetric assay. The viability of THP-1 cells
(as indicated by absorbance at 540 nM) was significantly
higher in cultures treated with dexamethasone (228.5+23.6)/
GILZ-P_(251£14.5) than in untreated cultures (168.3£19.6)
or Control-P -treated cultures (175.6+9.1, Figure 5A). No
significant difference was observed in viability of cells
stimulated in the presence of GILZ-P (165.8+10)/Control-
P (149.6£13.8)/Pep-1 alone (133.320.3) as compared with
untreated cells (168.31£19.6, Figure 5A).

We then investigated whether the reduced prolifera-
tive index mediated by GILZ-P_ was reflected by cytokine
secretion in LPS-stimulated THP-1 macrophages. Mea-
surement of cytokines by ELISA suggested that at the
end of 24 hours, macrophages stimulated with LPS and
treated with GILZ-P_80 uM or dexamethasone 0.3 mg/mL
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Mean fluorescence index
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Notes: THP-1 macrophages (1x10%mL) were cultured in serum-free RPMI-1640 medium with an increasing molar ratio of Pep-1:GILZ-P complex at 37°C in humidified 5%
CO, The GILZ-P:rp65-DDK complex was detected as a measure of intracellular GILZ-P. (A) The percentage of GILZ-P in the cytoplasmic fraction of cells harvested at the
indicated time points by modified enzyme linked immunosorbent assay (ELISA). In separate experiments (B), THP-I cells cultured similarly were harvested at the end of 24
hours. In permeabilized cells, intracellular GILZ-P was probed for binding of recombinant human pé5 protein and was assessed by flow cytometry. (B) Mean fluorescence
intensity, representative of the amount of GILZ-P-bound pé5, is shown. The data represent the mean of two independent experiments. *P<<0.05.

Abbreviations: GILZ, glucocorticoid-induced leucine zipper; GILZ-P, synthetic peptide derived from the proline-rich region of GILZ; h, hours; Iso, isotype; m, minutes;
rGILZ, recombinant GILZ; RPMI, Roswell Park Memorial Institute.
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Figure 5 Effect of GILZ-P on proliferation and cytokine responses.

Notes: THP-I cells (1x10%mL) in 100 UL of serum-free RPMI-1640 medium were preincubated in 100 uL of 80 uM GILZ-P, Control-P, GILZ-P, Control-P, or (2 uL) Pep-1
at 37°C in humidified 5% CO, for 30 minutes. In some cultures, THP-1 cells were treated with dexamethasone 0.3 mg/mL. The cells were then suspended in complete RPMI-
1640 medium and cultured in the presence or absence of LPS 2 ng/mL for 72 hours. Cell viability was determined by the colorimetric MTT assay (A). Values are normalized
for the cells cultured in medium-alone. The data represent the mean = standard deviation of three independent experiments. *P<<0.05. In separate experiments, supernatants
collected at 24 hours from THP-1 macrophages cultured similarly were assessed for specific cytokines (B, D, F and H) by ELISA. To determine kinetics, the supernatant
from separate THP-| cultured cells was similarly harvested at the end of 24, 48, and 72 hours and the indicated cytokines were measured. (C, E, G and I). The cytokine
concentrations in the samples were calculated in comparison with standard series (insets). The data represent the mean of three independent experiments. *P<<0.05.
Abbreviations: ELISA, enzyme-linked immunosorbent assay; GILZ, glucocorticoid-induced leucine zipper; GILZ-P, synthetic peptide derived from the proline-rich region
of GILZ; LPS, lipopolysaccharide; GILZ-P,, noncovalent complex of Pep-1 with GILZ-P; MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5 diphenyl tetrazolium bromide; TNF-a, tumor
necrosis factor-a; IFN-y, interferon gamma; Dex, dexamethasone; RPMI, Roswell Park Memorial Institute.
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secreted significantly less TNF-o, IL-12, IFN-vy, and IL-6
as compared with the untreated or Control-P -treated
cells (Figure 5B, D, F, and H). Time course analysis sug-
gested that the reduction in TNF-o and IL-6 was more
pronounced at 24 hours (Figure 5C and 1) and that IFN-y
production was most significant in 72-hour cultures of
GILZ-P -treated THP-1 macrophages (Figure SE). The
concentration of IL-12 was significantly lower in LPS-
stimulated GILZ-P -treated cells at all time points measured
as compared with the untreated THP-1 cells (Figure 5G).
Taken together, these observations suggest that GILZ-P at
a concentration of 80 UM inhibits proliferation and proin-
flammatory cytokine secretion by LPS-stimulated mature
macrophages.

GILZ-P treatment inhibits activated p65

LPS stimulation has previously been shown to enhance
expression of activated NFxB in naive THP-1 cells as well
as in PMA-differentiated THP-1 macrophages.’> We mea-
sured nuclear p65 using activated NFxB-specific ELISA and
report the p65 binding activity as the ratio of absorbance in
nuclear extracts from LPS-stimulated THP-1 macrophages
to that in unstimulated cells. LPS-stimulated THP-1 mac-
rophages treated with dexamethasone/GILZ-P exhibited
reduced nuclear p65 as compared with untreated cells
(Figure 6A). A dose-dependent reducing trend of nuclear
p65 was observed in LPS-stimulated GILZ-P -treated THP-1
macrophages (Figure 6B). Treatment with Control-P,
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Figure 6 Effect of GILZ-P on NFkB activation in macrophages.

GILZ-P, or Pep-1 alone was not associated with a significant
difference in nuclear p65 as compared with the untreated
cells (Figure 6A and B). Collectively, these observations
suggest that, much like glucocorticoids and other synthetic
agents, such as aspirin and nanocurcumin,’*>¢ GILZ-P
treatment also potentially suppresses cytokine responses by
inhibiting NFxB activity.

GILZ-P suppresses glutamate release
by LPS-stimulated mature THP-I cells

In addition to the measurement of the cytokines and NFxB
activation, assessment of other biologically active molecules
integrally involved in the pathological process, such as glu-
tamate in neuroinflammatory diseases, is often assessed as
outcomes in early stages of drug discovery.’*>>” We investi-
gated whether treatment with GILZ-P could modulate glu-
tamate secretion in LPS-stimulated THP-1 cells secondary
to the observed NFxB blockade. A measurable amount of
glutamate (395.5+22.4 uM) was detected in the supernatant
of unstimulated THP-1 cells (Figure 7A). LPS stimulation
upregulated release of glutamate by THP-1 macrophages
(886.6+20.9 uM) and treatment with GILZ-P_(595£22 uM)
or dexamethasone (416.371£21.7 uM) significantly sup-
pressed glutamate production (Figure 7A). The reduction
in glutamate release was observed at all concentrations of
GILZ-P_ assessed (Figure 7B). No difference was observed
in glutamate production in THP-1 cultures stimulated in
the presence of Control-P_(792.31+42.6 uM) or Pep-1 alone

M Positive control
Cells + LPS

B_ . m Cells + LPS + GILZ-P,
H = Cells + LPS + Control P,
© T -

3 4

E° T
on
£5 . *
[\ *

9

5 5.

>

£

=

@ o

10 uM 40 uM 80 uM

GILZ-P concentration

Notes: (A) THP-1 macrophages (I x 10°mL) were preincubated with 80 UM GILZ-P, Control-P, or (2 uL) Pep-| alone at 37°C in humidified 5% CO, for 30 minutes.
The cells were then cultured in serum-free medium in the presence or absence of LPS (2 Lig/mL). Some cells were stimulated in the presence of dexamethasone 0.3 mg/mL.
Nuclear extracts obtained from cells harvested at the end of 4 hours were tested for binding of the activated p65 NFxB subunit to an NFkB consensus sequence using the
TransAM NFxB ELISA kit. (A) p65 DNA binding activity was calculated as the ratio of absorbance from LPS-stimulated cells to that of unstimulated cells. (B) To determine
the dose effect, THP-I cells preincubated with increasing concentrations (10, 40, and 80 uM) of GILZ-P_or Control-P_were cultured similarly in separate experiments and
the nuclear extracts assessed for activated p65. The mean absorbance of cells cultured in medium-alone at 450 nM varied between 0.112 and 0.245. Values are the mean *

standard deviation of three experiments performed in duplicate. *P<<0.05.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; GILZ, glucocorticoid-induced leucine zipper; GILZ-P, synthetic peptide derived from the proline-rich region of
GILZ; GILZ-P, noncovalent complex of Pep-I with GILZ-P; LPS, Lipopolysaccharide; Dex, dexamethasone.
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Figure 7 Effects of GILZ-P on glutamate concentration in cultures of human macrophages.

Notes: THP-1 macrophages (I1x10¢/mL) were preincubated with 80 UM GILZ-P,, Control-P, or (2 pL) Pep-1 alone at 37°C in humidified 5% CO, for 30 minutes. The cells
were then cultured in complete RPMI-1640 medium in the presence or absence of LPS (2 pig/mL) for 24 hours. In some wells, the LPS-stimulated cells were treated with
dexamethasone 0.3 mg/mL. (A) Glutamate concentrations in the supernatants measured using a specific colorimetric assay. Concentrations of glutamate in the samples
were calculated in comparison with standard series (inset). (B) To determine the dose effect, THP-1 cells preincubated with increasing concentrations (10, 40, and 80 uM)
of GILZ-P_or Control-P_were cultured similarly in separate experiments and the supernatants were assessed for glutamate release. Samples were analyzed in triplicate and
the data represent the mean of three independent experiments. ¥P<<0.05 as compared with cells stimulated with LPS.

Abbreviations: GILZ, glucocorticoid-induced leucine zipper; GILZ-P, synthetic peptide derived from the proline-rich region of GILZ; GILZ-P, noncovalent complex of

Pep-| with GILZ-P; LPS, lipopolysaccharide; Dex, dexamethasone; RPMI, Roswell Park Memorial Institute.

(700.1617.2 uM) as compared with that in untreated cells
(605.1£20.2 uM, Figure 7B). Thus, much like prednisolone,*
GILZ-P also inhibits glutamate secretion via activated mac-
rophages, suggesting a potential neuroprotective effect for
the latter.

Conclusion and future directions

Proline-rich motifs participating in intermolecular interac-
tions constitute excellent drug targets for development of
competitive inhibitors. For example, a peptide derived from
the proline-rich region of the Wiskott-Aldrich syndrome
protein (WASP)-interacting protein ameliorated the defects
in reorganization of the actin cytoskeleton.?® Previously, we
have shown that peptide mimics of the polyproline epitope
of the CD28 receptor suppressed the immune response by
interfering with CD28: ligand interactions.”®*® Here we
demonstrate that a peptide derived from the p65 binding
proline-rich motif of the GILZ protein adopts a helical
PPII conformation, effectively suppresses NFkB activa-
tion, and suppresses neurotoxic glutamate in differentiated
human macrophage-like cells used as a model for micro-
glial cells. Intraperitoneal administration of GILZ-P at
500 pg ameliorated disease in a mouse model of multiple
sclerosis.?’ Further, treatment with GILZ-P was not associ-
ated with signs of osteoporosis in mice, indicating that the
peptide agent potentially bypasses the adverse effects of
glucocorticoids.* Collectively, these observations strongly
support the therapeutic potential of GILZ-P in chronic
inflammatory conditions, including neuroinflammatory
pathologies transitioning to neurodegenerative diseases.®

Further structural and biophysical characterization of the
GILZ:p65 interaction will assist in the design of functionally
efficient small-molecule GILZ-P analogs.
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