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A disproportionate increase in activated nuclear factor-kappa B (NF-kB) has been shown to drive the A depo-
sition, neuroinflammation and neurodegeneration in Alzheimer’s disease (AD). Hence, selective targeting of
activated p65 represents an attractive therapeutic approach for AD. Glucocorticoid induced leucine zipper (GILZ)
is a NF-kB interactant that binds and sequesters the activated p65 in the cytoplasm. The p65 binding domain of
GILZ adopts a polyproline type II helical conformation, a motif that acts as an adaptable glove in the interface
with the binding partner and constitutes an excellent template for drug design. Previously, peptide analogs of the
p65 binding domain of GILZ, referred to as GA have been shown to suppress pathology in the lipopolysaccharide
induced model of neuroinflammation. In this study, we investigated the CNS delivery of labeled GA administered
intraperitoneally in adult mice for a period of upto 24 h. Further, we evaluated the suppressive potential of GA in
5xFAD mice, an aggressive model with five genetic mutations closely associated with human AD. Groups of
5xFAD mice administered GA or control peptide intraperitoneally on alternate days for six weeks were evaluated
for A deposition, microglia, inflammation and innate immune responses by immunohistochemistry and real
time polymerase reaction. GA was observed in proximity with NeuN positive neurons suggesting that the
compound crossed the blood brain barrier to reach the brain parenchyma. Further, GA treatment decreased Af
load, reduced Ibal + microglia and glial fibrillary acidic protein (GFAP)+ astrocytes, inhibited inflammatory
cytokines and suppressed toll like receptor (TLR-2, TLR-4) expressions in 5xFAD mice.

1. Introduction

transactivating ability [8]. Together with the other two members of the
family, p50 and p52, the five NF-kB proteins combine diversely to form

Neuroinflammation is increasingly recognized as the third core
pathological feature in Alzheimer’s disease (AD) along with the char-
acteristic accumulations of amyloid beta (AB) plaques and neurofibril-
lary tangles. Considerable evidence suggests that the increased
activation of the transcription factor nuclear factor-kappa B (NF-xB),
drives the self-sustaining cycle of neuroinflammation leading to neuro-
degeneration in AD [1-3]. However, constitutive expression of NF-kB in
the central nervous system (CNS) is also critical for the physiological
process of neurogenesis and synaptic activity [4,5]. Such dichotomous
effects in the cellular responses has been attributed to the composition of
the activated NF-xB subunits [6,7].

Amongst the NF-xB family of proteins, Rel-B, c-rel and p65 subunits
possess the transactivation domain and are endowed with the

homo or hetero dimers. In resting cells, the NF-xB dimers remain in an
inactive complex with the inhibitory proteins. Upon activation, the di-
mers translocate to the nucleus and mediate transactivation of target
genes [6,7]. Dissecting the effect of different NF-kB components, it was
shown that the neuroprotective stimuli such as the interleukin-1p,
S100B and agonists at metabotropic glutamate type-5 (mGlu5) receptor
preferentially activate the c-rel containing dimers and mediate trans-
activation of anti-apoptotic and neurotrophic factors [6,7,9,10]. In
contrast, noxious stimuli such as the excitotoxic glutamate or the Ap
increase activation of the p65/p50 dimers and upregulate trans-
activation of pro-apoptotic and neurotoxic factors [6,11,12]. A highly
regulated balance between the c-rel containing and the p65/p50 dimers
maintains the NF-kB homeostasis in the CNS.
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Induced activation of p65 in response to a variety of stimuli is typi-
cally transient but lasts sufficiently long enough to upregulate trans-
activation of target genes. The process is tightly controlled by
intermolecular interactions in the cytoplasm that modulate the nuclear
import of activated p65 or interfere with the DNA binding in the nucleus
[4,6,13]. Increased activation of the p65/p50 dimers contributes to the
sustained neuroinflammation, cell death and the resultant neuro-
degeneration [7,10,14]. This is supported by the observations of
p65-mediated upregulation of AP producing beta secretase enzyme-1
(BACE-1) and the increased Bax (pro-apoptotic) to Bcl-2 (anti-apoptotic)
ratio in Ap stimulated neuronal cells. Upregulated p65 expression is also
observed in the neurons and their processes in the hippocampus, ento-
rhinal cortex and in the nucleus basalis of Meynert of AD brains [15-17].
Hence, targeting activated p65 is an attractive approach to inhibit
neuroinflammation and progression to neurodegeneration. Indeed, tar-
geted disruption of NF-xB p65 or indirect inhibition of p65 by diterpe-
noids or stilbene has been shown to improve cognition in AD models
[18,19].

Glucocorticoid induced leucine zipper (GILZ) is a transcriptional
regulatory protein that sequesters the activated p65 in the cytoplasm by
binding its transactivation domain [20,21]. Structurally, the p65 bind-
ing domain of GILZ adopts an extended polyproline type II (PPII) helical
conformation [20,22-24]. Often found in transient interfaces, PPII he-
lices act as adaptable gloves in the binding interface and constitute
excellent templates for drug design [25-28]. The sequence of the motif
determines the specificity of the interaction and the flexibility promotes
efficacious binding. Incorporating rational amino acid substitutions in
the p65 binding motif, we designed low molecular weight GILZ analogs
(GA) that exhibit increased propensity to form stable PPII helical
conformation in the context of the p65-transactivation domain. Previ-
ously, we showed that the treatment with select GA suppressed pa-
thology in the lipopolysaccharide induced model of neuroinflammation.
The objective of this study is to investigate the delivery of GA to the
brain and evaluate its suppressive potential in 5xFAD, an aggressive
mouse model that closely mimics human AD and exhibits five specific
mutations implicated in the disease pathology.

2. Materials and methods
2.1. Animals

Female B6SJL-Tg (APPSwFILon,Psen1*M146L*1.286V) 6799Vas/J
transgenic (5XxFAD) (N = 44) and wild type female B6SJL mice (N = 8)
were provided by the Indiana University/Jackson Laboratory Alz-
heimer’s Disease Precision Models (Model AD, Stark Neuroscience
Research). Mice were housed at the laboratory for animal care and
research, fed with water and food ad libitum, and maintained in a
ventilated room and a 12 h diurnal light cycle. All animal experiments
were performed in accordance with the rules and regulations approved
by the institutional animal care and use committee of the Indiana Uni-
versity Purdue University at Indianapolis.

2.2. GA peptides

Fluorescein isothicyanate (FITC) labeled GA peptide amides, unla-
beled end groups blocked GA and control peptides [sequence control
(CP-1) and conformation control-peptide with no PPII potential (CP-2)]
were commercially synthesized (GenScript, Piscataway, NJ) and the
purity confirmed by mass spectrometry.

2.3. Entry of GA peptide into the CNS

Previously, we showed that select GA covalently synthesized with a
cell penetrating peptide (CPP) exhibited suppressive potential in a
neuroinflammation mouse model [27,29]. Here, we investigated the
ability of GA to enter the brain in the absence of CPP. 5-8 weeks old
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5xFAD mice were injected i.p. 0.2 mg/kg of the fluorescein labeled GA.
5xFAD and wild type B6 mice injected saline served as controls. Groups
of mice (n = 3 in each group) were perfused with PBS and para-
formaldehyde at different time points after GA or saline administration
(immediately, 30 min, 1 h, 6 h, 24 h). One half of the brain was
drop-fixed in 4% paraformaldehyde in PBS and cryoprotected in 30%
sucrose and the second half was snap frozen in liquid nitrogen. Coronal
sections of cryopreserved tissues (30 um) permeabilized in 0.5% Triton
X-100 for 5 min, and blocked in 10% normal serum, were then incubated
overnight at 4 °C with NeuN antibody (ab128886:1:500, Abcam, Cam-
bridge, MA) followed by Alexa Fluor 555 (Abcam) conjugated secondary
antibody. Nuclei were stained with 4', 6-diamidino-2-phenylindole,
dilactate (DAPI, Sigma, St. Louis, MO). Immunostained sections were
scanned with a NIKON multiphoton microscope attached with a DS Ri2
Camera (NIKON Instruments Ind, Melville, USA).

2.4. GA treatment

For treatment, groups of female 6-8 weeks old 5XxFAD mice (N = 5/
group) were used for uniformity. Previous dose response studies using
increasing concentrations of GA-1, CP-1 and CP-2 from 25 uM to 250 uM
determined their LD5( values 18.66 mg/kg, 10.2 mg/kg and 7.9 mg/kg
respectively. Groups of mice (N = 5) were administered intraperitone-
ally GA or CP-1 or CP-2 in 100 pl of sterile saline on alternate days for six
weeks [27]. Groups of (N = 5) 5xFAD and wild type mice treated with
saline alone were included as controls. One mouse died in the control
peptide treated group early (day 2 in the first week) in the study and was
replaced. There was no other loss of animals throughout the study. GA
treated and control groups of mice were sacrificed at the end of the
treatment period by intra-cardial perfusion of 25 ml of 0.9% saline.
Blood was collected prior to infusion. Lungs, liver and brain from each
mouse was removed. The cerebral hemispheres of the brain were sepa-
rated and one-half was immediately frozen and the other half fixed in
4% paraformaldehyde for paraffin embedding. All tissues were
numbered sequentially and de-identified with reference to the treatment
group prior to molecular investigations.

2.5. Immunohistochemistry (IHC)

Serial 8 p thick coronal sections were immunostained for markers of
microglial cells and astrocytes and for NF-«xB p65 [30]. Briefly, after
deparaffinization and hydration, sections were subjected to heat
induced antigen retrieval (Prod. no. ENZ-ACC113) followed by
sequential incubation in hydrogen peroxide and blocking buffer to
reduce nonspecific binding using the Multiview IHC kit (ENZ--
KIT181-0150, Enzo biosciences, Farmingdale, NY) following the man-
ufacturer’s protocol. The sections were then incubated overnight at 4 °C
with the following primary mouse monoclonal antibodies: anti-Iba-1
(1:1000, AIF1 clone: Cat. # MABN92) or anti-glial fibrillary acidic
protein (GFAP) (1:1000, clone GA5: Cat. # MAB3402) or anti-NF-kB p65
subunit (1:500, clone 12H11:Cat. #. MAB3026) (EMD Millipore Cor-
poration, Temecula, CA, USA). After washing the sections were incu-
bated with the horseradish peroxidase conjugated anti-mouse secondary
antibody followed by detection with diaminobenzidine (DAB) chromo-
genic substrate as per the recommended protocol (ENZ-Kit 181-0150).
The immunostained sections were counterstained with hematoxylin. For
each marker, the specificity of staining was confirmed by incubating a
separate set of sections with secondary antibodies alone.

For measuring AP, 8 p sections were deparaffinized and antigen
retrieval was performed by heating the sections in 0.1 M sodium citrate
(pH 3.0, pH 7.2, and pH 10.0) [31]. Sections were then incubated in
rabbit polyclonal primary antibody NBP2-25093 (1:1000, Novus Bi-
ologicals, Centennial CO) overnight at 4 °C. After washing the sections
were stained with anti-rabbit Alexa flour 555 (1:500, Jackson Immuno
Research Inc., PA) conjugated secondary antibody.
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2.6. Quantitative analysis of staining intensity

Images of the IHC stained sections were captured using the NIKON
Multiphoton microscope with attached DS Ri2 camera and analyzed
using the ImageJ Software version 1.52P. All image analyses were per-
formed by two individuals. The H-DAB stained sections were deconvo-
luted into separate colors using the IHC-tool box[32]. For each brain
image, regions of interest encompassing the hippocampus were identi-
fied and staining above the background intensity threshold was
measured as the relative optical density of Ibal+ and GFAP+ glial cells.
The number of p65+-cells was determined using the multi-point tool. Six
consecutive coronal sections were assessed for each mouse and the
average value was used for group comparisons.

2.7. Enzyme linked immunosorbent assay

Frozen cerebral cortical tissue harvested at the end of the treatment
from each mouse was homogenized in RIPA lysis buffer (50 mmol/
LTris-HCl, pH 6.8, 150 mmol/L NaCl, 5 mmol/L EDTA,0.5% sodium
deoxycholate, 0.5% NP-40) supplemented with a cocktail containing
protease and phosphatase inhibitors (Chemicon, Millipore) on ice at
1:25 ratio and then centrifuged at 16,000xg for 30 min. Supernatant was
stored at —80 °C until further analysis. For each sample, 10 pl of tissue
lysate was used for measuring the cytokines IL-6, IL-12, IFN-y, and IL-17
using specific OptEIA kits (BD Biosciences, CA). IL-1p was measured
using the single step ELISA kit (Catalog # ab100705, Abcam, Cam-
bridge, MA). For measuring AB;_42, a sandwich ELISA kit (Invitrogen,
CA. Catalog number KMB3441) was used following the manufacturer’s
instruction for colorimetric detection [33-35]. For measuring NF-kB, the
PathScan Phospho-NF-kB p65 (Ser®>®) Sandwich ELISA kit was used
following manufacturer’s protocol (Cell Signaling Technology, Boston,
MA) [29]. For all ELISA assays, absorbance at 450 nM was measured
using a microplate reader (Model 680; Bio-Rad Laboratories, CA, USA).
Scatchard plot analysis of known concentrations of the specific cytokine,
purified recombinant AB;_42 or p65 protein was used to calculate the
concentration of the select analyte in the tissue homogenates.

2.8. Real time polymerase chain reaction

Total cellular RNA isolated from the frozen cerebral cortical tissue
harvested from each mouse at the end of the treatment using Qiagen kit
(Invitrogen, Carlsbad, CA) was reverse transcribed using iScript cDNA
kit (Biorad, CA) [27,29]. Equal amount of cDNA was used for amplifi-
cation of p-actin, IL-16, IL-12, CD14, TLR-4 and CD4 by quantitative real
time PCR using SYBR green/ROX gqPCR master mix (SA Biosciences,
Frederick, MD) on the ABI Prism 7000 sequence detection system
(Applied Biosystem, Foster City, CA). The primers (gene accession
number) used were: f-actin (NM_007393): F-5TCATGAAGTGT-
GACGTTGACAT CCGTA3’; R-5’CCTAGAAGCATTT GCGCTGCAC-
GATGG3’(286bp); IL1p (NM_008361) F-5’AGCTGATGGCCCTA
AACAGA3’; R-5’GGTCGGAGATTCGTAGCTGG3’  (89bp); CD14
(NM_009841) F-5’GAGCTAGACGA GGAAAGTTGT3’; R-5’ACCGT
AAGCCGCTTTAAG GACAGA3’ (206bp); IL-12 (NM_001303244)
F-5’GGAAGCACGGCAGCAGAATAZ3’; R-5’AACTTGAGGGAGAAGTA
GGAATGG3’ (179bp), TLR4 (NM_021297) F-5’CAGTCG GTCAG-
CAAACGCCTTCTTC; R-5’TGTAACTGGTGGCAGCGCA3’ (216bp) and
TLR2 (NM_011905) F-5’CAAACTGGAG ACTCTGGAAG3’; R-5'GT
CAACCAGGATTTGAGC CA3’(103bp). The gene specific threshold cycle
(Ct) was corrected by subtracting the Ct for the housekeeping gene
B-actin. The magnitude of change in each gene was determined by the
2"2ACt method. Measurement of each sample was performed in dupli-
cates and the experiments were repeated at least two times [29,36].

2.9. Statistical analysis

Differences in the evaluated parameters between treatment groups
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were analyzed by one-way analysis of variance and Tukey’s post-hoc
analysis. p values < 0.05 and < 0.01 were considered significant.

3. Results
3.1. CNS delivery of GA

Computational design of interface peptide mimics followed by
functional evaluation represents an efficient method in the drug dis-
covery. GA are rationally designed mimics of the p65 binding motif of
GILZ that exhibit near native docking with the p65 transactivation
domain [24,27]. An often-mentioned criticism of peptides as drugs is
rapid clearance and poor penetration [37]. Hence, we first determined
the potential of CNS delivery of GA. We tracked the fluorescein labeled
GA (0.2 mg/kg) administered intraperitoneally in different regions of
the brain of 5xFAD mice for upto 24 h. Image analysis showed that the
GA was observed in close proximity with NeuN positive neurons in
different regions of the hippocampus, and cortex (Fig. 1 and Supple-
mentary Figure 1) suggesting that the compound crossed the blood brain
barrier to reach the brain parenchyma.

In addition, the stability of GA was assessed in mouse serum, human
serum and brain homogenates by HPLC (Supplementary file 1). GA ex-
hibits a relatively pure single peak following 4 h incubation in human
serum (Supplementary Figure 2A). Further, the ratio of percent response
at each time point to time 0 suggests that nearly 70% of GA remains
stable at 24 h in human serum and that 25% of GA was stable after 2 h of
incubation in cyan brain homogenate (Supplementary Figure 2 B,C).

3.2. GA treatment reduces Ap plaque burden in 5xFAD mouse brains

Inflammation in the brain of young 5xFAD mice has been correlated
with the degree of Ap burden, the hallmark of AD pathology [38,39]. To
investigate whether the GA effects Ap burden, we measured the amyloid
deposits and the soluble Ap in the brain tissues of 5XFAD mice treated
with GA. Consistent with similar studies evaluating the effects of po-
tential inhibitory agents in AD, we tested the longitudinal effects of GA
treatment [40,41]. Image analysis showed that the mean area of amyloid
plaques in the hippocampus was significantly lower in the GA treated
(13.08 £ 1.52) mice as compared with the area of plaques in vehicle
(63.71 +/—6.5) or CP-1 (37.02 +/—5.44) or CP-2 (37.11 +/-2.26)
treated mice (Fig. 2A,B). The soluble fraction of A was significantly
reduced in the cerebral cortical tissue homogenates of GA
(8.62 +/—2 pg/ml) treated mice as compared with that in the vehicle
(43.6 +/-5.7 pg/ml) or CP-1 (34.7 +/—9.4 pg/ml) or CP-2 (30.06

+/-5.2 pg/ml) treated mice (Fig. 2C).

3.3. GA treatment inhibits the NF-xB activation in the hippocampus and
suppressed inflammatory cytokines in 5xFAD mice

The 5xFAD mice have been shown to exhibit increased inflammation
as early as 2 months of age [38,42]. Hence, the potential of any
anti-inflammatory agent is likely to be beneficial when administered
early [43,44]. Since activation of NF-kB is integral for inflammation, we
investigated the effect of GA treatment on NF-kB p65 expression in
young 5xFAD mice. Immunohistochemistry and image analysis showed
that the hippocampus of the mice treated with GA (19 +/-1.1)
exhibited fewer p65 positive cells as compared to that in the hippo-
campus of the vehicle (69.3 +/—12.1) or CP-1(67 +/—7.5) or CP-2
(69.5 +/—-0.7) treated mice (Fig. 3A,B). Elevated levels of phosphory-
lated p65 protein in cortical tissues has been reported in human AD
brain and in mouse models [15,18,43,45]. To determine further the
potential of GA in suppressing activated NF-kB, we measured phos-
phorylated NF-xB p65 protein in tissue homogenates by ELISA. The
cerebral cortical tissues of 5XFAD mice treated with GA exhibited
significantly lowered activated p65 protein expression as compared with
that in the tissue homogenates of vehicle or control peptide treated mice
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(Fig. 3C).

We next examined whether the reduction in activated NF-kB p65 by
GA is reflected in suppression of inflammatory mediators. The cerebral
cortical homogenates of the mice treated with GA had significantly
lower IL-6, IFN-y and IL-1p (138.5 +/—15.5 pg/ml, 51.9 +/—9.8 pg/ml
and 1218.72 +/—-395.9 pg/ml respectively) cytokines as compared with
that in the tissue homogenates of vehicle (251.4 +/—44.6, 95.9 +/
—12.8 and 2802.3 +—562.01 pg/ml respectively) treated mice
(Fig. 4A). However, no significant difference was observed in IL-12 and
IL-17 levels in the tissue homogenates between the groups (Fig. 4B).
Assessment by quantitative PCR showed that the message for IL-1p and
IL-12 was significantly reduced in the cerebral cortical tissue of 5xFAD
mice treated with GA (2.06 +/—1.26 and 2.28 +/—0.09 respectively) as
compared with the tissue of vehicle (7.64 +/—1.4 and 5.9 +/-0.24
respectively) or CP-1 (6.15 +/—0.98) treated mice (Fig. 4C). As opposed
to the decreased IL-1p protein in the cerebral cortical tissues in GA
treated mice, the difference in the IL-1p mRNA was not significant be-
tween the GA and CP-2 peptide treated groups. Similar to the protein, no
significant difference was observed in the IL-12 transcript between the
GA and either of the CP treated groups.

3.4. GA suppresses gliosis in 5xFAD mice

Microglia are the innate immune cells of the central nervous system
that protect the brain by eliminating cell debris and pathogens [46].
Activated microglia and astrocytes that exhibit increased NF-kB p65
have been consistently observed around the accumulating Ap plaques
and the damaged neurons in AD brain tissues [5,34,47]. To investigate
whether the GA treatment modulated gliosis, we analyzed the expres-
sions of activated microglia and astrocytes in the brain tissues of GA
treated 5XFAD mice by immunohistochemistry. Fewer Ibal positive
microglia were observed in the hippocampus of GA treated mice as
compared to that in the vehicle or CP-1 or CP-2 treated mice (Fig. 5A).
Similarly, GFAP+ astrocytes were fewer in the hippocampus of GA
treated mice as compared to that in the vehicle or CP-1 or CP-2 (Fig. 6 A)
treated mice. Image analysis showed that the mean intensity of Ibal+
staining in microglia (Fig. 5B,C) and GFAP+ staining in astrocytes
(Fig. 6B,C) was significantly lower in the CAl region
(5048.1 +/—-1103.6 and 1706.7 +/—392.08 respectively) of hippo-
campus in mice treated with GA as compared with that in mice treated
with vehicle (11074.5 +/—1286.9, 4047.3 +/—696.7 respectively) or
CP-1 (15885.95 +/—1800.59, 6809.1 +/—22.9 respectively) or CP-2
(9013 +/-5008.9, 4967.95 +/—408 respectively). Similarly, the
staining intensity of Ibal + microglia and GFAP+ astrocytes was
significantly lower in the CA3 region (7441.5+/-248.4 and
1345.9 +/—143.2 respectively) of the hippocampus in GA treated mice
as compared with that of the cells in the CA3 region of vehicle treated
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Fig. 1. Entry of GA into the hippocampus of
5xFAD Tg mice. Tg 5xFAD mice (5-8 weeks
old) were injected i.p. 0.2 mg/kg of the fluo-
rescein labeled GA (green) peptide. 5xFAD mice
injected saline served as controls. Groups of
mice (n = 3 in each group) were perfused with
PBS and paraformaldehyde at specific time
points after GA administration [immediate
(0 h), 30 min, 1 h, 6 h, 24 h]. Coronal sections
of the brain stained with NeuN followed by
Alexa Flour 555 (red) and DAPI (blue) for
nuclei. Images were captured using the NIKON
Multiphoton microscope with attached DS Ri2
camera. Shown are represented images of the
hippocampus of mice in the indicated group
sacrificed at the indicated time point. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

200 pm

(18426.7 +/- 3891 and 4737 +/—254 respectively) or CP-1
(10232 +/—-3239.4 and 6704.4 +/—220.9 respectively) or CP-2
(15177.1 +/—-506.8 and 5985.6 +/—478 respectively) treated mice.

3.5. GA suppressed innate immune responses

The pattern recognition receptors TLR2 and TLR-4, in association
with the co-receptor CD14, have been implicated in Ap mediated
microglial activation and immune responses [48,49]. While engagement
of TLR-2 or TLR-4 stimulated NF-xB signaling in microglia [50-52],
inhibition of CD14, TLR-4, and TLR-2 prevented Ap-stimulated NF-xB
dependent gene transactivation [47,53-55]. In order to determine
whether the suppression of NF-kB by GA affected TLR gene transcrip-
tion, we evaluated the expressions of CD14, TLR-2 and TLR-4 transcripts
in the brain tissues of 5XxFAD mice. We observed that the amount of
CD14, TLR-2 and TLR-4 mRNA transcripts was significantly reduced in
the cerebral cortical tissues of mice treated with GA as compared with
the expression level in vehicle or control peptide treated 5xFAD mice
(Fig. 7A, B, C).

4. Discussion

Neuroinflammation constitutes the molecular mechanism linking the
pathognomonic Ap deposition and NFT formation to neurodegeneration
in AD pathogenesis [1,3]. Increased activation of NF-kB p65, the tran-
scription factor integral to the process of inflammation has been
consistently observed in the brain both in preclinical models and in
human AD [2,5]. Here, we report that the administration of GA sup-
pressed NF-kB p65 and ameliorated pathology in 5xFAD transgenic
mice.

Previously, several direct or indirect inhibitors of NF-kB have been
evaluated for the potential to reduce AP deposition and the associated
pathology [56,57]. For instance, indirect suppression of NF-kB activa-
tion by non-steroidal anti-inflammatory agents and polyphenols such as
resveratrol, and curcumin analogs have been shown to reduce Ap load in
AD models [58,59]. Direct inhibition of the NF-xB complex by the IKK
targeting synthetic compounds (AS602686) have also been to suppress
inflammation and improve memory in preclinical models of AD [57,60].

The advantages of peptides as therapeutic agents over small mole-
cules include high target specificity, minimal potential for drug in-
teractions, no accumulation in tissues and low toxicity. Hence, despite
the perceived hurdles of rapid clearance and poor bioavailability
increasing number of peptide drugs are currently in clinical develop-
ment [37,61]. Interestingly, multiple potential peptide therapeutics
have been shown to cross the blood brain barrier and reach the brain
parenchyma. Many of these are rich in proline and include an octa-
peptide derived from presenilin, a peptide derived from the prolyl
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Fig. 2. GA treatment reduces AP plaque burden in 5xFAD
mouse brains. Groups of 6-8 weeks old Tg 5XFAD mice were
administered i.p. vehicle or GA or control peptides (CP-1 or
CP2) on alternate days for six weeks. Vehicle only treated wild
type (Wt) mice were included as control. (A) Brain tissue har-
vested at the end of the treatments were immunostained with
NBP2-25093 to detect AB. Images captured were analyzed for
Ap-positive plaques in regions of interest outlining the hippo-
campus using the Image J software. (B) Six consecutive sections
of each tissue were examined for AP staining. (C) Cerebral
cortical tissue homogenates were analyzed for A protein levels
by ELISA. Data shown are mean+ /-SEM of two experiments of
five mice per group. $=p < 0.01 and @=p < 0.05 versus
vehicle treated Wt mice; *=p < 0.01 and “=p < 0.05 versus
vehicle treated or CP-1 or CP-2 Tg 5xFAD mice.
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Fig. 3. GA treatment reduced NF-kB p65 in 5xFAD mouse brains. Groups of 6-8 weeks old Tg 5xFAD mice were administered i.p. vehicle or GA or control peptides
(CP-1 or CP2) on alternate days for six weeks. Vehicle only treated wild type (Wt) mice were included as control. (A) Brain tissue harvested at the end of the
treatments were immunostained for NF-kB p65. (B) The number of p65 positive cells (arrows) in regions of interest outlining the hippocampus were counted using the
multipoint tool in the Image J software. Six consecutive sections of each tissue were assessed. (C) Cerebral cortical tissue homogenates were analyzed for phos-
phorylated NF-xB p65 protein by ELISA. Data shown are mean+ /-SEM of two experiments of five mice per group. “=p < 0.01 and *=p < 0.05 versus vehicle treated
Wt mice, $ =p < 0.01 versus vehicle or CP-1 or CP-1 treated Tg:5xFAD mice, @ =p < 0.05 versus vehicle or CP-2 treated and % =p < 0.01 compared with CP-1
treated Tg 5xFAD mice.
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endopeptidase, a peptide ligand from the lipoprotein receptor related
protein and delta sleep inducing peptide [62-65]. The extended poly-
proline conformation of the proline or glutamine rich peptides has been
suggested to facilitate passive penetration of biological barriers [28,66].
We observed that the GA mimicking the proline rich region of GILZ
crossed the blood brain barrier to reach the CNS parenchyma.
Previously peptides derived from the proteins of the p65/p50:IKK
complex have been shown to inhibit inflammatory responses. For
example, peptides derived from the NF-kB essential modifier-binding
domain (NBD) of IxB kinase o (IKKx) or the nuclear localization se-
quences of p50 (SN50) or the p65 phosphorylation epitope or the amino
terminal residues of p65 (nt-p65) have been shown to be functional in
preventing nuclear translocation and inhibiting transactivation of in-
flammatory and cytotoxic mediators [45,60,67]. In particular, the NBD
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C aweve,  Fige 4. GA treatment inhibits cytokine re-
GT“ @ @ TgVeh  sponses in 5XFAD mice. Groups of 6-8 weeks
:ig;l old Tg 5xFAD mice were administered i.p.

sTgcp2  vehicle or GA or control peptides (CP-1 or CP2)

@@ on alternate days for six weeks. Vehicle only

7

\ treated wild type (Wt) mice were included as
control. Cerebral cortical tissue harvested at the
end of the treatments was assessed for the
indicated cytokines (A, B) and transcript (C) by
ELISA and RT-PCR respectively. Data shown are
mean+ /-SEM of two experiments of five mice
per group. @=p < 0.01 and %=p < 0.05
compared with the vehicle treated Wt group,
*=p < 0.01 versus vehicle treated Tg 5XFAD
mice, "=p < 0.05 and ~ =p < 0.05

compared with the CP-1 or CP-2 treated

Tg 5xFAD mice respectively.

IL-1 IL-12

peptide and the nt-p65 have been shown to cross the blood brain barrier
and inhibit gliosis in models of AD and post-operative cognitive
dysfunction respectively [60]. Our data show that the selective sup-
pression of p65 by long-term (six weeks) treatment with GA reduced the
AB burden, gliosis and suppressed inflammation in 5xFAD mice.
Although the reduced number of p65 positive cells in the hippocampus
of mice treated with GA supports its potential to suppress inflammation
in the brain, individual CNS cell type may be variably inhibited.

In AD pathogenesis, signaling via TLR-2 and TLR-4 along with the co-
receptor CD14 in microglia and astrocytes has been shown to be critical
not only for Ap phagocytosis but also for Af or tau induced inflammatory
responses depending on the disease stage [49,52]. While reduced or lack
of CD14/TLR-2 expression inhibited intracellular signaling and phago-
cytosis of fibrillar Ap, increased TLR expression resulting from Ap
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Fig. 5. GA treatment reduces microgliosis in 5XFAD mice. Groups of 6-8 weeks old Tg 5xFAD mice were administered i.p. vehicle or GA or control peptides (CP-1 or
CP2) on alternate days for six weeks. Vehicle only treated wild type (Wt) mice were included as control. Brain tissue harvested at the end of the treatments were
immunostained with anti-mouse Ibal mAb. (A) Shown are representative images of Ibal positive microglia in CA1 and CA3 regions of the hippocampus of mice
treated as indicated. Six consecutive sections of each brain tissue were used for quantifying the Ibal staining intensity in CA1 (B) and CA3 (C) regions using Image J
software. Differences between the groups were analyzed by one-way ANOVA and Tukey’s post-hoc test. Data shown are mean staining intensity + /-SEM of two
experiments of five mice per group. *=p < 0.01 versus vehicle treated Tg 5xFAD mice and + = p < 0.01 versus CP-1 treated Tg 5xFAD mice, " =p < 0.05 versus CP2

treated Tg 5XxFAD mice and # =p < 0.01 versus vehicle treated Wt mice.
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Fig. 6. GA treatment reduces astrogliosis in 5XFAD mice. Groups of 6-8 weeks old Tg 5xFAD mice were administered i.p. vehicle or GA or control peptides (CP-1 or
CP2) on alternate days for six weeks. Vehicle only treated wild type (Wt) mice were included as control. Brain tissue harvested at the end of the treatments were
immunostained with anti-mouse GFAP mAb. (A) Shown are representative images of GFAP positive astrocytes in CA1l and CA3 regions of the hippocampus of mice
treated as indicated. Six consecutive sections of each brain tissue were used for quantifying the GFAP+ staining intensity in CA1 (B) and CA3 (C) regions using Image
J software. Differences between the groups were analyzed by one-way ANOVA and Tukey’s post-hoc test. Data shown are mean staining intensity + /-SEM of two
experiments of five mice per group. *= p < 0.01 compared with vehicle treated and control peptide treated Tg 5xFAD transgenic mice; # is p < 0.01 compared with
Wt or GA treated Tg 5XFAD mice.
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stimulation has been correlated with increased activation of NF-kB p65,
gliosis and inflammatory cytokines[49,51,52,54]. Suppression of NF-xB
and TLR-4 signaling, suppressed Ap induced inflammatory responses
[54,55]. We observed that the inhibition of NF-kB p65 by GA signifi-
cantly reduced both TLR-2 and TLR-4 mRNA in the cerebral cortical
tissues of 5XFAD mice and this reduction was reflected in the decreased
gliosis. As a potential therapeutic agent, GA differs from other NF-xB
targeting peptide agents in that it is derived from a protein extraneous to
the NF-xB or the associated inhibitory complex (graphic abstract). GA
are designed to selectively bind the transactivation domain of p65
exposed only in activated cells. Hence, treatment with GA is likely to
exhibit minimal adverse effects. In this context, we observed that the
liver and lungs of mice treated with GA did not exhibit any histologic
evidence of adverse effects (Supplementary Figure 3).

In summary, we have demonstrated that the GA enters the CNS,
blocks NF-kB p65, reduces Ap load, inhibits the activation microglia in
the hippocampus and attenuates inflammatory and innate immune re-
sponses. Although experiments with the 5xFAD mouse model have
limitations in extrapolating to human AD, our results provide evidence
that the administration of these peptides may be used either alone or in
combination with other Af or tau targeting therapies in AD and other
neurodegenerative disorders where inflammation within the CNS plays
an important role in the disease pathogenesis.
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