THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 52, pp. 44799-44810, December 30, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Novel p65 Binding Glucocorticoid-induced Leucine Zipper
Peptide Suppresses Experimental Autoimmune

Encephalomyelitis

Received for publication, July 4, 2011, and in revised form, September 19,2011 Published, JBC Papers in Press, September 30,2011, DOI 10.1074/jbcM111.279257

Mythily Srinivasan' and Srihari Janardhanam

From the Department of Oral Pathology, Medicine and Radiology, School of Dentistry, Indiana University-Purdue University

Indianapolis, Indianapolis, Indiana 46202

inhibits nuclear factor-«B (NF-«B).

encephalomyelitis.

\_

(Background: Glucocorticoid-induced leucine zipper (GILZ), a glucocorticoid inducible molecule, physically binds and
Results: A peptide mimic derived from the p65 binding carboxyl terminus of GILZ inhibits T cells and prevents autoimmune

Conclusion: GILZ-p65 interaction is a potential target for multiple sclerosis.
Significance: GILZ-peptide may provide a lead for small molecule NF-«B inhibitors.
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Multiple sclerosis (MS) is a neurological disease characterized
by inflammatory demyelination in the brain and spinal cord.
The immune-mediated inflammation involves well orches-
trated intermolecular interactions that exhibit rapid binding
kinetics. The binding interfaces of transient interactions fre-
quently include proline residues that favor an extended con-
formation for molecular recognition. Linear interface pep-
tides are excellent lead inhibitors of specific protein-protein
interactions because only small segments of the interface
contribute to the binding. Glucocorticoid-induced leucine
zipper (GILZ), a recently identified molecule exhibits potent
anti-inflammatory properties. Mechanistically, a proline-
rich segment in the carboxyl terminus of GILZ physically
binds the p65 subunit of nuclear factor-«kB and inhibits the
transactivation of inflammatory cytokines. Integrating
knowledge derived from the mechanism of action of GILZ
with in silico structure prediction identified an immuno-
modulatory peptide, the GILZ-P. Treatment with GILZ-P
exhibited therapeutic efficacy in experimental autoimmune
encephalomyelitis, a model for human MS.

Multiple sclerosis (MS)* is a chronic immune-mediated
inflammatory disease of the central nervous system character-
ized by relapsing-remitting clinical manifestations (1). At the
molecular level, immune responses involve well orchestrated
low affinity but high specificity intermolecular interactions that
regulate intercellular communications and intracellular signal-
ing pathways (1, 2). A common structural theme in the inter-
faces of transient protein interactions is the frequent presence
of proline residues. Although the function of proline is to bring
the proteins together so as to make subsequent interactions
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DECEMBER 30, 2011 +VOLUME 286+NUMBER 52

probable, the adjacent residues determine the specificity (3, 4).
Greater than 60% of the mouse and human proteome exhibit at
least one proline-rich motif (5). The high preponderance of
proline-rich regions in the interfaces of proteins involved in
critical biological processes suggests that these motifs could
represent an important group of targets for therapeutic inter-
ventions (4).

The imino group of the proline side chain limits the rotation
around the Ca bond by the covalent link and its C8 atom steri-
cally restricts the preceding residue to the 3 region of the Ram-
achandran map promoting a distinct secondary structure called
polyproline type II (PP};) helix (3, 6). The advantages of the PP;
helical structure for molecular recognition are the flexibility
and orientation freedom offered by the extended conformation
(3, 6). A conceptually straightforward strategy to develop spe-
cific inhibitors of protein-protein interactions is the synthesis
of interface peptides derived from the primary sequence of one
of the protein binding partners (4). Examples of linear peptides
exhibiting PP}, conformation include peptides derived from the
p85 subunit of PI 3-kinase, CD28-CDR-3 peptide, and protein
kinase inhibitors (7-9).

Glucocorticoid-induced leucine zipper (GILZ) is a recently
identified molecule during a systematic study of genes tran-
scriptionally induced by glucocorticoids (10, 11). Functionally
the GILZ negatively regulates Ras signaling, suppresses proin-
flammatory cytokines, and modulates T cell activation (12, 13).
Indeed, the anti-inflammatory activities of glucocorticoids
have been attributed to the induced up-regulation of GILZ (14)
and are thought to be mediated by its ability to inhibit nuclear
factor kB (NF-«B), the master regulator of inflammatory
responses (12, 15).

NF-«B is a heterodimer of p50 and p65 that remains as an
inactive complex with the inhibitory IkB proteins in the cyto-
plasm of resting T cells. Following activation, the subunits
translocate to the nucleus and mediate transactivation of
inflammatory genes (16). GILZ has been shown to physically
bind the p65 subunit through a protein-protein interaction and
inhibit NF-«B. Mutational analysis localized the site of interac-
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tion with the p65 to the proline-rich carboxyl terminus of GILZ
(GILZ-COOH) (14, 17). Structurally the p65 has an amino-ter-
minal Rel homology domain, a nuclear localization sequence
masked by the IkB inhibitory complex and a carboxyl-terminal
transactivation domain (TAD) (18). It has been shown that the
GILZ-induced inhibition of NF-«B does not require other rel
proteins and is independent of IkB/NF-«B binding (12, 14,
17). This suggests that the GILZ:p65 binding does not
involve the dimerizing rel homology domain or the nuclear
localization sequence but is potentially mediated through
the p65-TAD. Among the proteins that bind p65, a subset
interacts directly with the TAD. Binding of the p65-TAD
with other co-factors modulates the basal transcriptional
machinery involved in cell cycle regulation and signaling
(19). Interestingly, many p65-TAD interactants including
p300, CBP (cAMP-response element-binding protein) (20),
silencing mediator of retinoic acid and thyroid hormone
receptors (SMRT) (21), A07 (22), and the TATA box-binding
protein-associated factor 80 (T AF;;80) (23) exhibit proline-
rich regions in the binding interface (Table 1).

In this study, we integrated molecular interactions of GILZ
with in silico structure prediction to identify an immunomodu-
latory GILZ-peptide, the GILZ-P. Our data show that the
GILZ-P potentially adopts the PP; helical conformation and
binds p65 and inhibits its nuclear translocation thereby sup-
pressing T cell responses in experimental autoimmune enceph-
alomyelitis (EAE), a model for human MS (24).

EXPERIMENTAL PROCEDURES

Molecular Modeling—Homology models of GILZ were
developed using web-based systems CPHModels (25), Geno3D
(26), SWISS-MODE (27), and I-Tasser (28). The primary struc-
ture of GILZ is highly homologous with that of the human &
sleep-inducing peptide (DSIP) (10, 11), the solution structure of
which (PDB code 1DIP) was used as the template for the GILZ
models (29). The predicted models were assessed for quality by
QMEAN (Qualitative Model Energy Analysis), a comprehen-
sive scoring system that determines the statistical probability
for the agreement of predicted and calculated secondary struc-
ture and solvent accessibility (30). The secondary structure
assignment of the GILZ models was independently assessed by
the PROSS (Protein dihedral angle-based Secondary Structure
assignment) program (31). Superimposition of the predicted
GILZ models with the experimentally determined PP;; helix
was performed to evaluate the similarity between the structures
in terms of root mean square deviation.

Peptides and Reagents—GILZ-P**>~'37 and a control peptide
(control-P) of scrambled residues were synthesized as peptide
amides and the PLP,3,_,5; (HSLGKWLGHPDKF) and
MBPg, _o, (VHFFKNIVTPRTP) as peptide acids (32). The ami-
no-terminal of GILZ-P, control-P, and MBPg, ., were acety-
lated. All peptides were 95% pure as confirmed by mass spec-
trometry. Recombinant human p65 protein (r-p65) and
purified r-GILZ with C-terminal DDK (catalog number
TP320780) and biotinylated anti-DDK antibody were from Ori-
Gene Technologies Inc., Rockville, MD. Partial length p65
(p65AC14) and anti-p65 mAb were from Active Motif, Carls-
bad, CA. Recombinant mouse GILZ protein and the mouse
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anti-GILZ mADb (catalog number H00001831-M02) were from
Abnova Corporation, Walnut, CA. The mouse anti-GILZ mAb
exhibits cross-reactivity with the human GILZ. The chariot
peptide Pep-1 (33, 34) was obtained from Anaspec, San Jose,
CA.

GILZ:p65 Binding—High binding ELISA plates coated with
40 uM r-p65/r-GILZ were probed with cytoplasmic/nuclear
extracts, respectively, of CD4+ peripheral blood mononuclear
cells stimulated with purified protein derivative (10 units/ml)
for 48 hin the presence of dexamethasone (100 pg/ml). Binding
of the plate-bound r-p65 with cytoplasmic GILZ and the plate-
bound GILZ with nuclear p65 was detected with anti-GILZ
mAb or anti-p65 mAb, respectively, followed by trinitroben-
zene substrate. For detecting direct interaction of r-GILZ
(5—40 um), captured wells were probed with r-p65 (0.325-40
uM) at 22 °C for 2 h and detected with peroxidase-conjugated
anti-GILZ mAb followed by trinitrobenzene substrate. Alter-
natively plates coated with GILZ-P, control-P (3.9-250 um),
r-GILZ (0.2-1.8 um) were probed with 40 um r-p65:DDK/
p65AC14 and detected with anti-DDK/anti-p65 mAb, respec-
tively. Absorbance at 650 nm was measured between 0 and
300 s with a mixing time of 0.30 s and a 5-s interval between
readings.

Data Analysis—The kinetic velocity or the slope of absorb-
ance versus time curve was calculated by linear regression. The
dissociation constant of the interaction between the r-p65 and
r-GILZ/GILZ-P was determined as described (35, 36). A frac-
tion of the bound r-p65 (x) and the ratio of bound r-p65 to the
free r-GILZ/GILZ-P (y) were determined by the equations: x =
(A, —A)(A,)) whereA, is the absorbance of r-p65-anti-p65 com-
plex in the absence of bound r-GILZ/GILZ-P and y = (4, —
AlA)(a, — i, X A, — AlA,), where a,, is the total concentra-
tion of r-GILZ/GILZP and i, is the total concentration of r-p65
(36). K, for the interaction was determined by the Scatchard
equation: x = 1 + Kj/y.

Treatment of R-EAE—Groups of 8-10-week-old SJL/]
female mice induced with EAE were administered intraperito-
neally with vehicle/Pep1 (0.3 um/mouse) mixed with r-GILZ (2
ng/mouse), of GILZ-P, or control-P (500 pg/mouse) in 100 ul
of PBS on the day of immunization (day 0). A group of mice
received the GILZ-P-Pep-1 complex 12 days post-immuniza-
tion. Because the mouse and human GILZ proteins are highly
identical (10, 11), rh-GILZ was used to evaluate the effect in
R-EAE.

Pep-1-mediated Delivery—For Pep-1-mediated delivery,
complexes of Pep-1-r-GILZ at varying proportions (50:1 um to
1.25:1 um or 10:5 um in PBS) were incubated at room temper-
ature for 30 min. Jurkat T cells were cultured in complete HL-1
medium supplemented with 5% fetal bovine serum, 25 mm
HEPES, 2 mM L-glutamine, 50 units/ml of penicillin, 50 mg/ml
of streptomycin, and 5 X 107> M B2-mercaptoethanol in a
humidified chamber containing 5% CO, at 37 °C for 24 h.
The cells were then rested for 2 h, washed, and cultured in a
96-well culture plate at 1 X 10* cells/well in serum-free
medium for 60 min. Confluent T cells were then overlaid
with the preformed Pep-1-GILZ complexes and incubated at
37 °C for 1 h. The cells were then extensively washed, per-
meabilized, and incubated with phycoerythrin-labeled anti-
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DDK for 30 min at 4 °C. Subsequent to washing, the cells
were fixed in PBS, 2% paraformaldehyde. The efficiency of
r-GILZ intracellular delivery was assessed by measuring the
mean fluorescence intensity using FACS Calibur flow
cytometer (BD Biosciences).

Proliferation and Cytokine Assays—The LNC/splenocytes
were harvested 10 and 45 days post-immunization from R-EAE
mice administered vehicle, r-GILZ, control-P, or GILZ-P on
days 0 and 12 or left untreated. CD4+ cells isolated by
microbead separation were cultured in a transwell system with
irradiated syngenic splenocytes as APC in complete HL-1
medium and restimulated with 40 ug/ml of PLP ,4 ;s;,
MBPyg,_,, or both, and ova in the presence or absence of dexa-
methasone (1077-2077 M), r-GILZ (100-200 ng), GILZ-P
(125-500 um), or control-P (500 um) preincubated with Pep-1
at a 1:20 ™ ratio for 20 min with Pep-1 alone. Supernatants
collected at 24 and 48 h were assessed for specific cytokines
using the OptEIA kits (BD Biosciences). Proliferation assays
included parallel cultures for 72 h with a final 18-h pulse with
[*H]thymidine measured by liquid scintillation counting
(Microbeta, Turku, Finland).

NF-kB Assay—>5 ug of nuclear extracts isolated from PLP 55,5,
restimulated CD4+ cells from R-EAE mice were incubated in a
96-well plate coated with oligonucleotides containing the
NE-kB consensus binding site. The activated NF-«B bound to
DNA was detected by anti-p65 antibody followed by a peroxi-
dase-coupled secondary antibody and substrate using the
TransAM kit protocol (Active Motif).

Real-time Polymerase Chain Reaction (RT-PCR)—50 ng of
c¢DNA from CD4+ cells from R-EAE mice restimulated with
PLP,59_;5; for 24 h was amplified by RT-PCR using the SYBR
Green/ROX qPCR master mixture (SABiosciences, Frederick,
MD) on the ABI Prism 7000 (Applied Systems, Foster City, CA)
as per the manufacturer’s recommendations. The primers
included: 2-microglobulin, forward, 5'-TCACTGACCGGC-
CTGTATGCTATC-3', reverse, 5'-GTGAGGCGGGTGGAA-
CTGTGT-3’; T-bet, forward, 5'-TCCCATTCCTGTCCT-
TCA-3', reverse, 5'-GCTGCCTTCTGCCTTTC-3"; GATA-3,
forward, 5'-ACCACGGGAGCCAGGTATG-3/, reverse, 5'-
CGGAGGGTAAACGGACAGAG-3';IL-10, forward, 5'-CCAG-
TTTTACCTGGTAGAAGTGATG-3', reverse, 5'-TGTCTAG-
GTCCTGGAGTCCAGCAGACTC-3'; and FOX-P3, forward,
5'-GTGGTCAGCTGGACAATCAC-3/, reverse, 5'-CTGAG-
GCACCTGTTTTAGCA-3'. The magnitude of change in the
mRNA was expressed by the method of 2~ #2* with untreated
controls as the reference samples (24).

Statistical Analysis—A one-way analysis of variance with
Tukey’s post hoc test were performed to determine the statis-
tical differences between the groups.

RESULTS

The Rationale and Design of GILZ-peptide—The primary
sequence of GILZ consisting of an amino-terminal leucine zip-
per (LZ) motif and a proline-rich carboxyl terminus is highly
homologous with that of the evolutionarily conserved TGFB-
stimulated clone 22 gene (7SC-22) and the porcine DSIP (Fig.
1A4) (10, 11). Homology modeling of the human and mouse
GILZ was performed by the CPHmodel, Geno 3D, Swiss Model,
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and I-Tasser programs using the solution structure of the DSIP  erated by all four programs (Fig. 1B). The LZ domain of GILZ
(PDB code 1DIP) as the primary template. Comparative analy-  was shown to adopt an a-helical conformation and the proline-
sisby QMEAN (30) suggested that equivalent models were gen-  rich carboxyl terminal was predicted to be flexible (Fig. 1, C-E).

A
Mouse GILZ ‘DLVKNHIMYAVREEVEVLKEQIRELLEKNSQLERENTLLKTLASPEQLEKFQSRL-——-5
Human GILZ DLVKNHLMYAVREEVE I LKEQIRELVEKNSQLERENT LLKTLASPEQLEKFQSCL-——-5
Human TSC22  DLVKSHLMYAVREEVEVLKEQIKELIEKNSQLEQENNLIXTLASPEQLAQFQAQLQTGSP
Porcine DSIP DLVKNHLMYAVREEVEILKEQIRELVEXNSQLERENTLLXTLASPEQLEKFQSRL-—--5
Human DIP DLVKNHLMYAVREEVE I LKEQI RELVEKNSQLERENT LLKTLASPEQLEKFQSCL-———5

Mouse GILZ *PEEPAPEAPETPETPEAPG----GSAV’
Human GILZ PEEPAPE---SPQVPEAPG-——-GSAV
Human TSC 22 PATTQPQG--TTQPPAQPASQGSGPTA
Porcine DSIP PEEPAPE-—-TPEAPEAPG-—--GSAV

Human DIP PEEPAPE---SPQVPEAPG-—--GSAV
B F
Structure Q MeanS Score Structure | RMSD Phi psi %PP;;
Raw Score | Z score helix
1 DIP (Template) | 0567 213 1 DIP 3.5A Pro 61 -789 | 1423 | 7.
CPH Models Pro72 ! -783 1498
Fuman GILZ 048 193 ST B e s )
CPH MODEL
Moue OL.Z 50 150 Mous | 3.03A | Proi20 | 731 [ 1659 [ 73
SWISS -Model GILZ
Moue GILZ 0663 0.26 Human |3.15A |Prol20 | 640 | 1498 |75
Human GILZ 0469 -189 GILZ Pro129 | -73.3 | 1463
LIy 1 SWISS MODEL
Model 1 LD -4.72 Mous | 3.49A [Prolls | -780 | 1423 |70
Modd 2 038 =i GILZ Pro129 | -783 | 1498
Model 3 0341 -4.54 Human |3.69A |ProllS | 646 | 1741 |26
Model 4 0476 -3.00 GILZ Pro123 | 684 | 1448
Model 5 055 -2.09 Geno 3-D Models
GENO-3D Model1 [2.96A [Pro120 [-639 [180 [7s
Model 1 043 -2.13 Pro123 | -640 | 1284
Model 2 043 -2.14 Model2 |3.01A | Pr0123 | 640 | 1248 | 3.9
Model 3 0420 225 Model3 | 2.99A | Prol23 | 641 | 1236 |39
Model 4 0363 -2.65 Proi26 | -52.9 | 1307
Model 5 04%2 -2.01 Model4 [3.27A |Pro123 | 641 | 1236 |78
Model 6 037 254 Pro126 | -529 | 1307
Model5 |3.01A |Pro120 | 632 | 1775 |91
c Pro123 | 67.6 | 1328
Model6 |2.92A |Pro120 | 641 [1738 [0
Pro123 | 693 | 1284

-Tasser Models
ModelIT [3.50A [Pro=° | 630 | 1569 | 0.08
Pro®® | 718 | 180
Ala'® | 772 | 124
Model2 |3.34A |Prolls | 375 | 1276 | 0.07
Pro120 | -69.6 | 1389
Model3 |3.62A | Val 125 [ 654 | 1214 [ 0.05
Glu127 | 688 | 139.1
Model2 |3.39A | Pro120 | -139 | 1252 | 0.07
Gln124 | 613 | 153.0
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Often misrepresented as disordered regions due to the
absence of intra-chain hydrogen bonds, proline-rich regions
are known to favor the PP}, helical conformation (6). The extent
of the PP}, helix is determined by the degree of backbone solva-
tion and modulated by side chain interactions (6). The GILZ-
COOH consists of a three (PXX),, motif with proline as every
third residue (Fig. 1A4). Secondary structure assignment based
on backbone dihedral angles by PROSS showed that Pro**° of
GILZ exhibited an ¢ angle of —67 = 5° and ¢ angle of 142.5 =
15° (Fig. 1F) adopting the PP}, helical conformation (6). Addi-
tionally, the presence of multiple glutamic acid residues in the
region increases the net charge further promoting the extended
conformation by electrostatic repulsion (37). Superimposition
of the predicted GILZ over the experimentally determined PP,
helix yielded root mean square deviations of <5 A, which sug-
gests significant structural similarity (Fig. 1, G-I). Because the
extended conformation is induced by local folding relatively
independent of long range interactions, it is likely that the end
groups that blocked the synthetic GILZ-P potentially adopts a
PP, helical conformation (6).

Kinetics of GILZ-peptide-p65 Interaction—We initially
investigated the interaction between GILZ and p65 proteins by
modified cellular ELISA. Treatment with dexamethasone
increases GILZ expression and suppresses p65 translocation in
activated T cells (14). Hence, the nuclear or cytoplasmic protein
fractions derived from the CD4+ T cells stimulated with recall
antigen in the presence of dexamethasone were assessed for
binding plate-bound r-GILZ or r-p65, respectively. Although
the absorbance was significantly increased in the r-p65-coated
wells probed with the cytoplasmic fraction of dexamethasone-
treated activated CD4+ T cells (Fig. 24), it was significantly
decreased in r-GILZ-coated wells probed with the nuclear frac-
tion of CD4+ T cells activated in the presence of dexametha-
sone as compared with untreated cells (Fig. 2B). Reduced p65 in
the nuclear fractions of cells treated with dexamethasone alone
is consistent with its ability to inhibit NF-«kB translocation in
unstimulated cells (Fig. 2B).

To detect direct interaction, the ability of r-p65 to inhibit the
binding of anti-GILZ mAb with the plate-bound r-GILZ was
assessed. The GILZ-anti-GILZ complex formation was inhib-
ited by r-p65 in a dose-dependent manner (Fig. 2C). To deter-
mine the kinetics of interaction between r-GILZ/GILZ-P and
the p65, plate-bound r-GILZ, GILZ-P, and control-P at varying
concentrations was probed with full-length r-p65-DDK. The
percent of p65 binding decreased with decreasing concentra-
tions of r-GILZ/GILZ-P (Fig. 2E). The adjusted velocity of the

Novel p65 Binding GILZ-Peptide

interaction between r-p65 and r-GILZ (7.5/s) or GILZ-P (25/s)
was observed at 1:4 molar concentrations (Fig. 2, F and G). A
plot of the change in absorbance with time showed that maxi-
mum absorbance was reached at a later time point in the bind-
ing of r-GILZ (210 s) than of GILZ-P (38 s) with r-p65 suggest-
ing a slower association rate and hence weaker strength for the
former interaction as compared with the latter (data not
shown). Scatchard plot and linear regression analysis suggested
that the dissociation constant, K, for the interaction between
r-GILZ or GILZ-P and r-p65 were 5.91 * 2.4 X 10~ m (Fig. 2H)
and 1.12 * 0.25 X 10~ ° m (Fig. 2H), respectively. Absorbance
over background was not observed when plate-bound r-GILZ/
GILZ-P was probed with p65AC14 and detected with anti-p65
mADb (Fig. 2E), suggesting that the GILZ-P potentially interacts
selectively with the p65-TAD. Significant absorbance was not
observed in wells coated with control-P and probed with r-p65/
p65AC14 (Fig. 2D).

Pep-1-mediated Intracellular Delivery of r-GILZ in T Cells—
For an effective intracellular concentration, r-GILZ/GILZ-P/
control-P were mixed with an amphipathic chariot peptide,
Pep-1, which rapidly associates through hydrophobic noncova-
lent interactions and forms stable nanoparticle complexes in
solution independent of cargo sequence or size (Fig. 3, A-C)
(34). The efficiency of Pep-1 to deliver biological molecules was
investigated by incubating Jurkat T cells with preformed com-
plexes of Pep-1 and r-GILZ at varying concentrations. Intracel-
lular delivery was seen in cells incubated with a r-GILZ:-Pep-1
complex but not in cells incubated with r-GILZ/Pep-1 alone
(Fig. 3, A-C). The delivery was most efficient in cells incubated
with Pep-1 and r-GILZ at the molar ratio of 50/20:1 as evi-
denced by the higher mean fluorescence intensity (Fig. 3D). The
delivery efficiency decreased with decreasing concentrations of
Pep-1 (Fig. 3D). The mean fluorescence intensity was equiva-
lent in untreated cells and cells overlaid with r-GILZ/Pep-1
alone (Fig. 3D). Pep-1 has been effectively used for intracellular
delivery of different cargos; including peptide inhibitors of pro-
tein kinases, apoptotic protein, and small interfering RNA (33,
34).

Effect of GILZ-peptide on T Cell Responses—To investigate
the ability of GILZ-peptide to interfere with the GILZ-p65
interactions, in vitro T cell proliferation assays were performed.
A significantly decreased proliferative response (mean Acpm)
was observed in CD4+ LNC isolated from R-EAE mice and
re-stimulated in vitro with PLP,,, 5, in the presence of dexa-
methasone/r-GILZ/GILZ-P with maximum inhibition in cul-
tures treated with 250 uMm GILZ-P (1404 = 106). No significant

FIGURE 1.A, sequence alignment of human GILZ (BAB18680.1), mouse GILZ (AAD01789.1), human TSC22 (CAA10951.1), porcine DSIP (AAB28177.1),and human
DIP by CLUSTAL W (46). The conserved proline residues are highlighted. Homology modeling of mouse GILZ and human GILZ were generated based on
sequence and structure similarity with the porcine 8 sleep-inducing peptide (PDB 1DIP). B, validity of the models from CPH Models, Geno3D, Swiss Model,
I-Tasser, and Geno3D were assessed with the QVIEAN 6 program. The QMEAN 6 score is a composite score consisting of a linear combination of 6 terms (C-3
interaction energy, all atom pairwise energy, salvation energy, torsion angle energy, secondary structure agreement, and solvent accessibility agreement). The
pseudo-energies of the contributing terms (raw scores) are given together with their Z-scores with respect to scores obtained for high-resolution experimental
structures of similar size solved by x-ray crystallography. Cand D show the structure of PDB code 1DIP and a representative model of the mouse GILZ generated
by Swiss Model. E, comparison by overlap yields a root mean square deviation of less than 0.1 A between the mouse GILZ model and PDB code 1DIP suggesting
excellent structural symmetry. F shows the values of the backbone dihedral angles depicting the secondary structure of the GILZ-COOH as assigned by PROSS.
The torsion angles ¢ and 7 of Pro’?° and Pro'2? are consistent with the PP, helical conformation in the predicted GILZ models. The root mean square deviation
of the superimposition of the GILZ models against the x-ray crystal structure of the synthetic PP, helix as determined by CHEMERA is also given. G-/ show
representative superimposed structures of synthetic PP, in gray and the (G) CPH mouse-GILZ model, (H) Swiss Model mouse GILZ model, and (/) Geno-3D
mouse GILZ model in blue. Pro'?° and Pro’® are highlighted.
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inhibition was observed in cultures treated with control-P
(6079 = 70), Pep-1 alone (6022 * 87), or GILZ-P alone (6663 *
173) (Fig. 3E). PLP, ;5 _;5; primed CD4+ cells did not exhibit a
significant response to an irrelevant antigen, ova (418 * 24).

We next investigated whether the GILZ-P-mediated reduc-
tion in proliferation is associated with the modulation of cyto-
kine response and p65 transactivation. CD4+ LNC from
PLP,;, ;5;-primed mice re-stimulated in vitro in the presence
of dexamethasone/GILZ-P/r-GILZ secreted significantly lower
pro-inflammatory IFN-vy (Fig. 3F), IL-12 (Fig. 3G), and IL-17
(Fig. 3H) but elevated anti-inflammatory IL-10 cytokine (Fig.
3]) as compared with untreated/control-P-treated cells. Fur-
thermore, in vivo primed CD4+ LNC re-stimulated with
PLP,;, ;5 in the presence of dexamethasone/r-GILZ/GILZ-P
exhibited significantly decreased T-bet mRNA (Fig. 3K), the
canonical Th1 transcription factor, and elevated GATA-3 (Fig.
3L), the Th2 transcription factor, as compared with unstimu-
lated/control-P-treated  cells. Importantly, significantly
decreased p65-specific DNA binding activity was observed in
nuclear extracts of CD4+ LNC-restimulated with PLP,,, 5,
in the presence of dexamethasone/r-GILZ/GILZ-P as com-
pared with untreated or control-P-treated cells (Fig. 3/).

GILZ-P Protects against R-EAE—The biological potential of
GILZ-P during antigen priming in vivo was investigated in
R-EAE. On day 0 groups of SJL/] mice were induced by R-EAE
and administered a single intraperitoneal injection of PBS or a
complex of Pep-1 and r-GILZ/GILZ-P/control-P. Separate
groups of mice received a single dose of Pep-1‘GILZ-P on day
12 post-immunization. The average clinical score per day was
significantly lower in mice treated with GILZ-P (day 0/day12),
r-GILZ as compared with the control groups (Fig. 4, A and B).
The severity of clinical disease as suggested by the mean total
clinical score was significantly lower in mice treated with
GILZ-P (day 0, 2.25 = 0.72; day 12, 15.75 * 4.85) or r-GILZ
(7.13 = 2.8) as compared with vehicle (28.5 * 5.57) or control-P
(33 = 7.5)-treated mice. Significantly, whereas the vehicle or
control-P-treated mice exhibited clinical relapse after initial
remission, the mice that received GILZ-P/r-GILZ exhibited
minimal relapse and continued to be protected for the entire
period of observation (Fig. 4A).

GILZ-peptide Suppresses T Cell Responses in R-EAE—To
determine whether the protection mediated by GILZ-P is due
to modulation of T cell responses, we assessed the functional
responses of CD4+ splenocytes from R-EAE mice treated with
PBS/r-GILZ/GILZ-P/control-P. Proliferative responses (mean
Acpm) to PLP,,, ;5 were significantly decreased in CD4+
splenocytes from mice treated with the r-GILZ (16,880 * 264),
GILZ-P (5,733 + 208, day 0) as compared with that from vehicle
(38,657 £ 533) or control-P (32,460 = 940)-treated mice (Fig.

Novel p65 Binding GILZ-Peptide

4C). The average proliferative response of unstimulated CD4+
splenocytes for vehicle, r-GILZ, GILZ-P (day 0), GILZ-P (day
12), and control-P-treated groups of mice was 2,695 £ 608,
2,037 =603, 2,376 £ 602, 1,823 £ 532, and 2,645 * 425, respec-
tively. No significant difference was observed in the prolifera-
tive responses of splenocytes to ovalbumin between the differ-
ent treatment groups (Fig. 4C).

We next investigated the effect of in vivo GILZ treatment in
inflammatory cytokine responses. Upon re-stimulation with
PLP,55_;5; the secretion of Th1 cytokines IL-12 and IFN-y was
significantly reduced in CD4+ splenocytes from mice treated
on day 0 with r-GILZ (22.5 = 01.05 and 100.5 * 6.8 pg/ml,
respectively) or GILZ-P (12.7 = 0.47 and 96.5 = 7.1 pg/ml,
respectively) than from vehicle (53.3 £ 5.2 and 1329 * 7.6
pg/ml, respectively) or control-P (54 * 4.2 and 111.8 = 5.6
pg/ml, respectively)-treated mice (Fig. 4, D and E). Although
IL-12 was significantly lower in CD4+ cells from mice treated
with GILZ-P 12 days post-immunization, the reduction in
IFN-vy was not significant as compared with that from con-
trol groups of mice. The IL-17 secretion by PLP,,, ,; re-
stimulated CD4+ cells from mice treated on day 0 with
r-GILZ (10.66 = 0.2 pg/ml) or GILZ-P (10.85 = 0.3 pg/ml)
was significantly decreased as compared with cells from
vehicle (12 = 0.7 pg/ml) or control-P (11.95 * 0.11 pg/ml)-
treated mice (Fig. 4F). In contrast, the anti-inflammatory
IL-10 secretion was significantly increased in the
PLP,5o_;5,-stimulated cultures of CD4+ LNC from mice
treated on day O with GILZ-P (2316 * 52.9 pg/ml) as compared
with that from vehicle (1456 * 83.8 pg/ml) or control-P
(1488 = 22.9 pg/ml)-treated mice (Fig. 4G).

Because R-EAE is a relapsing disease secondary to epitope
spreading (32), we evaluated the effect of GILZ-P on T cell
cytokine responses to a second common encephalitogenic
epitope in SJL/] EAE, the MBPg, _o,. The MBPg,,_oo-stimulated
CD4+ splenocytes from mice treated on day 0 with GILZ-P
secreted significantly lower IL-12 (28.4 * 1.6 pg/ml), IFN-vy
(97.4 £ 6.9 pg/ml), and IL-17 (10.43 = 0.4 pg/ml) as compared
with vehicle/control-P treated mice (Fig. 4, D—F). Importantly,
significantly elevated IL-10 cytokine was secreted by CD4+
splenocytes from mice treated on day 0 with r-GILZ (1667 =
63.7 pg/ml) or GILZ-P (1850.8 * 90 pg/ml) in response
to MBPg, o, (Fig. 4G). Furthermore, MBPg, o, but not
PLP, 5, _;5; stimulation significantly increased TGF- 3 secretion
by CD4+ splenocytes from mice treated on day 0 with GILZ-P
(33.31 £ 4 pg/ml) or r-GILZ (31.7 = 0.8 pg/ml) as compared
with vehicle (25.3 = 2.9 pg/ml) or control-P (11.8 * 4.7 pg/ml)-
treated mice (Fig. 4H). No significant difference was observed
in the response of the CD4+ LNC from the different groups of
mice to ova, a control antigen.

FIGURE 2. GILZ-p65 binding analysis. CD4+ cells from the peripheral blood mononuclear cells of individuals vaccinated with the BCG vaccine were stimu-
lated with PPD in the presence or absence of dexamethasone. Nuclear and cytoplasmic extracts were obtained from cells harvested after 24 h. Binding between
the plate-bound r-p65 and the cytoplasmic GILZ (A) or the plate-bound r-GILZ and nuclear p65 (B) were detected by anti-GILZ (A) or anti-p65 (B) mAb,
respectively. *, p < 0.05 when compared with cells stimulated with antigen alone. C, wells coated with r-GILZ at increasing concentrations (5-40 um) were
probed with full-length r-p65:DDK at increasing concentrations (0.3125-40 um) and detected with anti-human GILZ mAb (D). High Bind ELISA plates coated
with increasing concentrations of GILZ-P (3.9-250 mm) or r-GILZ (0.2-1.8 um) were probed with 40 um r-p65 (E) or r-p65AC14 (D) and detected with anti-DDK
(E) and anti-p65 mADb (D) followed by trinitrobenzene substrate. Absorbance was read at 605 nm over a period of time between 0 and 300 s with a mixing time
of 0.30 s and a 5-s interval between readings prior to stopping. The velocity of r-GILZ-p65 (F) and GILZ-P-p65 (G) reactions was measured as mean optical
density/min. Scatchard plot analysis of bound p65 (A, — A/A,) against the ratio of bound p65 to free r-GILZ/GILZ-P (y = (A, — A/A)/(a, — i, X A, — A/A,)) was
used to determine the dissociation constant for the interaction between r-GILZ-p65 and GILZ-P and p65 (H).
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GILZ-peptide Increases Expression of Regulatory Molecules in
T Cells in R-EAE—W e next determined whether GILZ-peptide
facilitates Th1 to Th2 skewing in vivo by modulating specific
transcription factors, T-bet and GATA-3, respectively (24).
RT-PCR showed that the CD4+ LNC from mice induced EAE
and treated on day O with vehicle/r-GILZ/GILZ-P/control-P
exhibited significantly lower T-bet but elevated GATA-3
mRNA following re-stimulation with PLP,;,_;5; (Fig. 5, A and
B). GILZ has been shown to induce IL-10 secretion and pro-
mote regulatory T cell differentiation (15). Accumulation of
FOXP3 + IL-10 secreting regulatory T cells in the CNS has
been associated with disease recovery in EAE (38). We observed
that the CD4+ T cells from mice treated on day 0 with r-GILZ/
GILZ-P exhibited significantly higher expressions of IL-10 and
FoxP3 mRNA as compared with that from vehicle/control-P-
treated mice (Fig. 5, C and D).

DISCUSSION

In the panel of emerging therapeutic agents for human dis-
eases synthetic peptides constitute highly attractive tools. The
advantages of peptides include nonimmunogenicity, inexpen-
sive production, and the potential for high specificity. Hence
despite the drawback of poor stability, peptide therapeutics is
rapidly advancing with over 190 peptides in phase I/II clinical
trials for various diseases (39). In this study we report the iden-
tification of a novel p65 binding GILZ-peptide that exhibits
therapeutic potential in R-EAE.

GILZ is a glucocorticoid responsive molecule that inhibits
NEF-kB transactivation (11, 17) by physically interacting with
the p65 subunit via a short proline-rich segment. Secondary
structure assignment showed that Pro'*® of GILZ-P adopts an
extended PPy, helical conformation providing a mechanism for
discriminatory recognition without requiring high affinities (6).
Consistent with this structural prediction previously, mutation
of Pro'*® has been shown to abrogate the GILZ-p65 interaction
(14). Peptides derived from the proline-rich regions of proteins
potentially exhibit similar affinity as the entire protein with the
interacting partner (7, 8, 40). We show that the end groups that
blocked GILZ-P bind the r-p65 with similar kinetics as the
r-GILZ with the strength of interaction in the micromolar
range commonly observed for transient intermolecular
interactions.

Analyses of structural complexes of interactions wherein the
binding depends on the presence of one or more prolines have

Novel p65 Binding GILZ-Peptide

shown that the functionally critical prolines in the interface of
one protein often are in contact with aromatic residues from
the other component (41). In this context, it is interesting to
observe that the p65-TAD that potentially interacts with GILZ-
COOH presents two highly conserved aromatic residues:
Phe®** and Phe®*?, which together with conserved acidic resi-
dues at Asp®®' and Asp®*® and phosphorylation sites at Ser®*’
and Ser®*® constitute critical residues for p65 transactivation
(18).

Although T cell activation has been shown to down-regulate
GILZ, blockade of T cell receptor signaling or costimulation
up-regulates GILZ expression in CD4+ T cells (24, 42). Trans-
fection of gilz inhibits NF-«B activation, down-regulates T-bet,
and suppresses [FN-vy secretion by activated CD4+ T cells (12,
13). In contrast, GILZ expression up-regulates Th2-specific
transcriptional factors STAT-6 and GATA-3 and increases
IL-4 secretion (13). Thus GILZ is thought to regulate an
immune response by modulating the Th1/Th2 balance (14).
Our data suggest that GILZ-P treatment mimicked many
actions of GILZ. Restimulation of antigen-primed CD4+ T
cells in the presence of GILZ-P suppressed p65 activation,
T-bet transcription, and Th1 cytokines and enhanced GATA-3
and Th2 cytokines.

The diverse roles of GILZ in a range of cellular events impli-
cated in the Thl-mediated pathology suggest that GILZ could
represent an immunomodulatory target in the treatment of
MS, rheumatoid arthritis, and inflammatory bowel disease (14).
GILZ is observed abundantly in the rheumatoid synovium sug-
gesting a role in the local regulation of chronic inflammation
(43). Transgenic mice overexpressing gilz in T cells are pro-
tected against the Thl-mediated transfer of colitis (44). We
observed that a single dose of r-GILZ or GILZ-P adminis-
tered on the day of disease induction protected mice against
R-EAE. Significantly when administered during active
immune response against the inducing antigen (day 12)
GILZ-P suppressed clinical symptoms suggesting an amelio-
rating effect on disease development. Importantly, treat-
ment with GILZ-P suppressed clinical relapse in R-EAE. The
reduced proliferative and cytokine response of the activated
T cells to an encephalitogenic peptide of a myelin protein not
used for disease induction suggests that the continued pro-
tection in R-EAE was presumably mediated by preventing
epitope spreading.

FIGURE 3. A-D, intracellular delivery of r-GILZ by Pep-1:Jurkat T cells in serum-free HL-1 medium were overlaid with a pre-formed complex of r-GILZ (DDK
tag) and Pep-1 at varying concentrations and incubated in a humidified chamber for 1 h at 37 °C. Intracellular delivery of r-GILZ was detected using
phosphatidylethanolamine-labeled anti-DDK mAb in permeabilized cells and measured by FACS Calibur. Representative images of cells incubated with
(A) r-GILZ alone, (C) 20:1 ratio of Pep-1to r-GILZ, and (B) pep-1 alone are shown. The delivery efficiency was assessed by mean fluorescence intensity (D).
Data are average of two different experiments + S.E. E-L, treatment with GILZ-peptide suppress T cell responses. CD4+ splenocytes (5 X 10° cells/well)
isolated from antigen-primed SJL mice were co-cultured with irradiated syngenic splenocytes as APC and restimulated with PLP,54_;5, (40 ng/ml) fora
total of 72 h (including an 18-h pulse with [*Hlthymidine) in the presence of dexamethasone (20~7/10~7 m), r-GILZ (100 and 200 ng), GILZ-P (125-500
um), and control peptide (C-P)(500 wm) as shown. E, data represent mean Acpm (cpm of the antigen-stimulated cells — cpm of cells only) = S.D. from
three different experiments. F-/, supernatants collected at 48 h were assessed for IFN-vy (F), IL-12 (G), IL-17 (H), and IL-10 (/) by ELISA. Data are presented
as mean * S.D. J, in separate experiments, draining LNC cultured similarly were harvested at the end of 24 h. Five micrograms of nuclear extracts were
tested for binding of the activated p65 NF-«B subunit to an NF-kB consensus sequence using the TransAM NF-«kB ELISA kit. The p65 DNA binding activity
was calculated as the ratio of absorbance from PLP,54_;5,-stimulated cells to that of unstimulated cells. Values are the average = S.D. performed 3 times
in duplicate. K-L, real time PCR for T-bet (K) and GATA-3 (L) was performed using 50 ng of cDNA isolated from CD4+ LNC of R-EAE mice re-stimulated in
vitro with PLP,3,_;5, under the indicated conditions. Treatment with dexamethasone, r-GILZ, and GILZ-peptide down-regulated T-bet (K) and up-reg-
ulated GATA-3 (L) expression in activated CD4+ T cells. * and #, p < 0.05 as compared with the cells treated with PLP,5,_; 5, alone or cells stimulated in
the presence of control-P, respectively.
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FIGURE 5. GILZ-peptide treatment suppresses Th1 and enhances Th2 transcription factors in R-EAE. CD4+ LNC isolated 45 days post-immunization from
the draining lymph nodes of SJL/J mice induced with R-EAE and treated with GILZ-peptide (500 wg) either on day 0 with vehicle, r-GILZ, control-P, or vehicle
(PBS) or on day 12 with GILZ-P (n = 9/group) were restimulated in vitro with PLP,54_,5, (40 mg/ml) using syngenic irradiated splenocytes as APC in transwell
systems. 50 ng of cDNA from CD4+ LNC were used for quantitative measurement of message for (A) T-bet, (B) GATA-3, (C) IL-10, and (D) FoxP3 by quantitative
RT-PCR.E, gel electrophoresis of representative products. * and # represent p < 0.05 by analysis of variance as compared with vehicle or control peptide-treated
group, respectively.

Targeted inhibition of the NF-«B complex is an actively
investigated strategy to control inflammation (16). Previous
approaches include interference with DNA binding by decoy
nucleotides, blocking nuclear translocation by NF-«B dimers,
inhibiting signaling kinases, and use of proteasome inhibitors
(45). The NF-«kB subunits also interact with multiple transcrip-
tional regulators of cellular proliferation and apoptosis (45).
The expanding network of NF-«B interactors has increased the

potential for identifying newer targets for specific inhibition. In
this study, we conceptually integrated the mechanism of action
of glucocorticoids with the knowledge derived from the struc-
tural analysis of GILZ and its interaction with the p65 subunit of
NF-«B in the design of GILZ-P, a bioactive synthetic peptide
that exhibited therapeutic efficacy in a mouse model of human
MS. The low molecular weight GILZ-P can provide promising
leads for developing small molecule NF-«B inhibitors (4).

FIGURE 4. GILZ-peptide treatment inhibits R-EAE. SJL/J mice induced with R-EAE were administered intraperitoneally GILZ-peptide (500 ug) either on day
0 or 12 for r-GILZ (2 ng) and control peptide (500 wg) in complex with Pep-1 (0.3 um) or Pep-1 alone, or vehicle (PBS) on the day of immunization. A shows the
mean clinical score per day per group. B, the severity of EAE is depicted as the mean score per day, which is the cumulative score for each animal divided by the
number of days that animal was observed. Data represent average = S.D. from two experiments (n = 9/group). C-H, GILZ-peptide treatment suppresses Th1
cytokines in R-EAE. CD4+ splenocytes isolated 45 days post-immunization from the draining lymph nodes of SJL/J mice induced with R-EAE and treated with
GILZ-peptide (500 ug) either on day 0 or 12 for r-GILZ, control peptide, or vehicle (PBS) were restimulated in vitro with PLP,55_,5, (40 ug/ml), MBPg;_os (40
g/ml), or both using syngenic irradiated splenocytes as APC for a total of 72 h (including an 18-h pulse with [*HIthymidine). C, proliferative responses of CD4-+
splenocytes are plotted as Acpm = S.E. #, p < 0.05 as compared with the responses of cells from vehicle-treated mice. Supernatant collected at 48 h from
separate CD4+ splenocyte cultures were assessed for (D) IL-12, (E) IFN-v, (F) IL-17, (G) IL-10, and (H) TGF-B by ELISA.* and # represent p < 0.05 as compared with
vehicle or control peptide-treated groups, respectively.
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