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Abstract
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS), characterized by demyeli-
nation, gliosis, and neurodegeneration. While the currently available disease-modifying therapies effectively suppress the 
immune attack on the CNS, there are no therapies to date that directly mitigate neurodegeneration. Glucagon-like peptide-1 
(GLP-1) is a small peptide hormone that maintains glucose homeostasis. A novel GLP-1 receptor (GLP-1R) agonist, NLY01, 
was recently shown to have neuroprotective effects in the animal models of Parkinson’s disease and is now in a phase 2 clinical 
trial. In this study, we investigated the therapeutic potential of NLY01 in a mouse model of MS, experimental autoimmune 
encephalomyelitis (EAE). Our data show that NLY01 delays the onset and attenuates the severity of EAE in a prevention 
paradigm, when given before disease onset. NLY01 inhibits the activation of immune cells in the spleen and reduces their 
trafficking into the CNS. In addition, we show that NLY01 suppresses the production of chemokines that are involved in 
leukocyte recruitment to the site of inflammation. The anti-inflammatory effect of NLY01 at the early stage of EAE may block 
the expression of the genes associated with neurotoxic astrocytes in the optic nerves, thereby preventing retinal ganglion cell 
(RGC) loss in the progressive stage of EAE. In the therapeutic paradigm, NLY01 significantly decreases the clinical score 
and second attack in a model of relapsing–remitting EAE. GLP-1R agonists may have dual efficacy in MS by suppressing 
peripheral and CNS inflammation, thereby limiting neuronal loss.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of 
the central nervous system (CNS) characterized by demyeli-
nation, gliosis, and neurodegeneration. It most often presents 
initially with a relapsing–remitting course, where the relaps-
ing phases are defined by inflammatory attacks of peripheral 
immune cells directed against the myelin sheaths wrapped 
around neurons [1]. The progressive stage of MS usually 
evolves from the relapsing–remitting stage and involves 
worsening disability at the later stage. In the last few dec-
ades, several disease-modifying therapies have emerged that 
suppress new relapses and slow down the disease progression 
in people with MS [1, 2]. These therapies have broad immu-
nomodulatory effects, mainly targeting lymphocyte activa-
tion and trafficking to the CNS. However, their therapeutic 
potential is mainly limited to the inflammatory phase of MS, 
while their benefits in the progressive phase of the disease 
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are limited [3]. Neurodegeneration is the hallmark of progres-
sive MS, characterized by continuous neurological deteriora-
tion and permanent disability. Several studies have recently 
demonstrated that the degenerative mechanisms underlying 
the progression of MS are distinct from the inflammatory 
mechanisms that cause the relapsing–remitting course. One 
of the potential mechanisms involved in the progression 
of MS is the chronic inflammation of glial cells, including 
microglia and astrocytes that contribute to neurodegeneration 
[4–6]. Activated microglia release C1q, TNFα, and IL-1α, 
polarizing astrocytes away from their supportive and neuro-
protective phenotype towards an inflammatory profile that 
promotes neurodegeneration [4]. Therefore, targeting the 
immunopathological mechanisms that are involved in the 
chronic activation of glia could be a potential treatment to 
promote neuroprotection.

Glucagon-like peptide-1 (GLP-1) is a small peptide hor-
mone that is mainly secreted from L cells in the intestine and 
increases insulin secretion following food intake. GLP-1 has 
a very short half-life (about 2 min) and acts through bind-
ing to its receptor (GLP-1R), which is expressed in pancre-
atic islets, gastrointestinal tract, heart, CNS, and lymphoid 
organs (thymus, bone marrow, lymph node, and spleen) 
[4, 7−9]. Several long-acting GLP-1R agonists have been 
developed that are currently approved for the treatment of 
type-2 diabetes including exenatide (exendin-4), liraglutide, 
lixisenatide, and dulaglutide [10]. Interestingly, GLP-1 is 
also an active neuropeptide, produced in the nucleus of the 
solitary tract in the hindbrain, where it acts as a key regula-
tor of many autonomic and neuroendocrine functions [11]. 
Extensive studies have demonstrated that activation of the 
GLP-1R signaling axis leads to protection against neuroin-
flammation, oxidative stress, and neurotoxicity [12]. GLP-1 
has recently gained significant attention as a novel drug can-
didate for the treatment of neurodegenerative diseases, due 
to its anti-inflammatory and neuroprotective actions [13–15]. 
We have recently developed a novel long-acting GLP-1R 
agonist, NLY01, which is a PEGylated form of exendin-4 
[16]. NLY01 has an impressive half-life of 38 h in mice and 
12.5 days when administered subcutaneously in humans. 
Recent studies show that NLY01 penetrates the blood–brain 
barrier, ameliorates clinical symptoms, and protects neuro-
degeneration in mouse models of Parkinson’s disease (PD) 
[17] and Alzheimer’s disease (AD) [18]. It has been shown 
that NLY01 inhibits inflammatory microglial activity and 
blocks the conversion of astrocytes towards the neurotoxic 
phenotype that causes neuronal death [17, 18]. Given the 
pathological role of peripheral immune cells and inflamma-
tory glia in MS, we hypothesized that NLY01 may suppress 
neuroinflammation and prevent neurodegeneration in MS. 
In this study, we investigated the neuroprotective and anti-
inflammatory effects of NLY01 in experimental autoimmune 
encephalomyelitis (EAE), a mouse model of MS.

Materials and Methods

Mice

C57BL/6 J and SJL/J mice were purchased from The Jackson 
Laboratory. The animals were housed in the pathogen-free ani-
mal facility at the Johns Hopkins University School of Medi-
cine. The mice were kept in 12 h/12 h light/dark cycles and 
fed with standard food and water. All experimental protocols 
were performed in accordance with the National Institutes of 
Health guidelines for the use of experimental animals and were 
approved by the Johns Hopkins Institutional Animal Care and 
Use Committee.

EAE Induction

Chronic EAE was induced in 9-week-old C57BL/6 J mice with 
myelin oligodendrocyte glycoprotein  (MOG35–55) immuniza-
tion as previously described [5]. Briefly, mice were immunized 
on day 0 subcutaneously at two sites over the lateral abdomen 
with an emulsion of MOG (200 μg) in complete Freund’s adju-
vant (CFA) containing 400 μg of Mycobacterium tuberculo-
sis H37RA (Difco Laboratories). Pertussis toxin (250 ng; List 
Biological Labs, Campbell, CA, USA) was intraperitoneally 
injected on days 0 and 2. To induce relapsing–remitting EAE, 
female SJL/J mice (8-week-old) were immunized subcutane-
ously with 100 µg of  PLP139-151 peptide with CFA contain-
ing 200 µg Mycobacterium tuberculosis. All immunized mice 
were weighed and scored daily using the established standard 
scoring scale from 1 to 5 as follows: 0, no signs of disease; 1, 
loss of tail tonicity; 2, loss of tail tonicity and mild paralysis 
of hind limbs; 3, paralysis of hind limbs; 4, hind limb paralysis 
and mild paralysis of forelimbs; and 5, complete paralysis or 
death [19]. Mice were sacrificed at post-immunization days 
(PID) 6, 11, or 42, corresponding to the early or late phase 
of EAE.

NLY01 Treatment

NLY01 was obtained from Neuraly Inc. (Gaithersburg, MD). 
Mice were treated subcutaneously with NLY01 (10 mg/kg) or 
the vehicle (phosphate-buffered saline, PBS) twice weekly. In 
the prevention paradigm, we started the treatment NLY01 or 
vehicle at the time of EAE immunization or at PID 8. In the 
treatment paradigm, mice were treated with NLY01 or vehicle 
individually once a clinical score of 1 was reached.

Flow Cytometric Analysis of Peripheral Immune Cells

Mice were euthanized with isoflurane, and spleens were col-
lected in a FACS buffer containing PBS buffer containing 
2% fetal bovine serum (FBS) and 2 mM EDTA. Single-cell 
suspensions were generated by passing the spleen through 
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a 70-μm nylon sieve and red blood cells (RBC) were lysed 
using RBC lysis buffer (BioLegend). Cells were incubated 
with anti-mouse CD16/32 antibody (Fc Block, BioLegend) 
for 15 min prior to staining with fixable live–dead stain for 
20 min at room temperature. The cells were then stained 
with antibodies against surface markers (30 min at room 
temperature). All the antibodies were purchased from Bio-
Legend. Flow cytometry was performed on a MACSQuant 
10 (Miltenyi Biotec) or a 3-laser Cytek® Aurora spectral 
flow cytometer. The data were analyzed using the FlowJo 
10.6.0 software.

Flow Cytometric Analysis of CNS‑Infiltrating 
Mononuclear Cells

Mice were euthanized with isoflurane and then perfused 
transcardially with cold HBSS without cations. Spinal cords 
were flushed from the column with hydrostatic pressure. 
Tissue was mechanically dissociated by passing through a 
70-μm nylon sieve and then enzymatically digested with col-
lagenase IV (0.5 mg/ml, Worthington) and DNAse I (100 
U/ml, Worthington) for 30 min at 37 °C with mixing after 
15 min. After washing the enzymes out, cells were separated 
from myelin debris using debris removal solution (Milte-
nyi Biotec) and the cellular pellet was collected. The cells 
were stained with viability dye and antibodies against sur-
face markers and run on a MACSQuant 10 flow cytometer 
(Miltenyi Biotec). The data were analyzed with the FlowJo 
software.

Flat Mount Retina and Retinal Ganglion Cell 
Counting

Mice were anesthetized with isoflurane gas and perfused 
transcardially with 30 ml PBS. After perfusion, the eyes 
were removed from the eye socket using curved forceps and 
immediately placed into 4% paraformaldehyde (PFA) for 
4 h and then transferred to 30% sucrose in PBS until the 
tissue sank. Whole retinas were dissected from the eyes and 
then processed for retinal ganglion cell (RGC) staining as 
described previously [5]. Briefly, retinas were permeabilized 
with PBS containing 3% Triton X-100 and blocked with PBS 
containing 5% normal goat serum and 1% Triton X-100 for 
1.5 h at room temperature with shaking. Sections were incu-
bated with anti-Brn3a antibody (Synaptic Systems #411 003, 
1:1000) for 72 h at 4 °C with shaking. After washing with 
PBS, the sections were then incubated with a secondary anti-
body, Alexa Fluor 488 (Invitrogen #A11001, 1:1000) for 1 h 
at room temperature followed by nucleus staining with Hoe-
chst. The sections were mounted using the Aqua-Poly/Mount 
reagent (Polysciences, Warrington, PA, USA). The whole-
mount retinas were imaged using a Zeiss Axio Observer 
Z1 epifluorescence microscope, and images were saved in 

TIF format. In each retina section, 12 regions (central, mid-
dle, and peripheral; 4 locations each) were selected and the 
number of RGCs was determined using a semi-automated 
MATLAB algorithm previously developed by our group [5].

Quantification of Gene Expression by qPCR

RNA was isolated from the hindbrain and optic nerves using 
the RNeasy Plus Mini Kit and RNeasy Plus Micro Kits 
(QIAGEN), respectively, and cDNA was synthesized using 
iScript cDNA Synthesis Kit (Bio-Rad). The expression lev-
els of the target genes were quantified using iQ SYBR Green 
Supermix (Bio-Rad) and primer sequences (Integrated DNA 
Technologies, IDT) that are listed in Supplemental Table S1. 
The expression levels of target genes were normalized to the 
expression of β-actin and calculated based on the compara-
tive cycle threshold Ct method  (2−ΔΔCt).

Western Blotting

Following dissection of the brain and spinal cord, tissues 
were lysed with ice-cold RIPA lysis buffer (Sigma-Aldrich) 
with protease and phosphatase inhibitors (Boston BioProd-
ucts, Inc.). After centrifuging the tissue lysate at 14,000 g 
for 10 min at 4 °C, the protein concentration of the super-
natant was determined using the Pierce BCA Protein Assay 
Kit (Thermo Fisher Scientific). Samples were run on SDS 
polyacrylamide gels (10%) and transferred onto 0.45-µm 
nitrocellulose membranes with the Trans-Blot Turbo sys-
tem (Bio-Rad Laboratories, Hercules, USA). Blots were 
blocked with 5% bovine serum albumin (Sigma-Aldrich) in 
Tris-buffered saline (TBS, Quality Biological) solution with 
0.002% Tween 20 for 1 h at room temperature. Blots were 
then incubated in primary antibody diluted in 5% bovine 
serum albumin TBS solution with 0.002% Tween 20 over-
night at 4 °C. Blots were then incubated with LiCOR sec-
ondary antibodies for 30 min at room temperature and were 
visualized using the LiCOR Odyssey CXL imaging system 
software (Lincoln, NE, USA). For each protein of interest, 
the density value was normalized to the related density of 
the loading control to obtain the integrated density values. 
The primary antibodies were anti-GLP-1R (Thermo Fisher 
Scientific #PA5-33,591, 1:1000) and anti-β-actin (Millipore-
Sigma #A2228, 1:2000).

T Cell Activation and Differentiation In Vitro

Spleens and lymph nodes were removed from 3 naïve 
mice, and single-cell suspensions were generated by 
passing cells through a 70-μM cell strainer (BD Bio-
sciences). T cells were isolated using negative selection 
with a  CD4+ T-Cell Isolation Kit (MojoSort, BioLeg-
end) following the manufacturer’s protocol and cultured 
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in Roswell Park Memorial Institute media (RPMI) 1640 
(Gibco, Thermo Fisher Scientific) supplemented with 10%  
FBS (Gemini Bio-Products), 1% penicillin/streptomycin  
(Gibco, Thermo Fisher Scientific), and 0.5  μM 2- 
mercaptoethanol (Invitrogen). To measure proliferation via 
flow cytometry, CD4 + T cells previously labeled with cell 
proliferation dye eFluor 450 (Thermo Fisher) were cul-
tured in 96-well flat-bottom plates previously coated with 
1 µg/ml anti-CD3 in the presence of 2 μg/ml anti-CD28 
antibody (BD Biosciences) ± NLY01 (0.5, 5, 50 μM) at 
a density of 150,000 cells/well. To specifically activate 
T cells by antigen, we isolated CD4 T cells from MOG-
specific TCR transgenic mice (2D2 mice) and activated 
with MOG-pulsed splenocytes. Splenocytes were prepared 
from wild-type spleen and incubated with MOG (20 µg/
ml) and the drug (NLY01 or vehicle) for 30 min at 37 °C. 
 CD4+ T cells were then added to splenocytes (1:1 ratio) 
and incubated for 72 h at 37 °C.

To differentiate  CD4+ T cells into T helper 1 (Th1), cells 
were treated with recombinant IL-2 (PeproTech, 5 ng/ml), 
IL-12 (PeproTech, 10 ng/ml), and anti-IL-4 antibody (Bio-
Legend, 10 µg/ml) for 3 days. For polarizing into regulatory 
T cells (Treg),  CD4+ T cells were treated with recombinant 
human TGFβ (Invitrogen, 10 ng/ml) and murine IL-2 (Pep-
roTech, 10 ng/ml) for 5 days.

For flow cytometric analysis of surface markers, cells 
were stained with a viability dye (Live/Dead Aqua, Thermo 
Fisher) followed by fluorochrome-conjugated antibodies 
(BioLegend) and analyzed on a flow cytometer (MAC-
SQuant Analyzer X, Miltenyi Biotec). For intracellular 
staining of IFNγ, cells were collected and stimulated with 
cell stimulation cocktail plus protein transport inhibitors 
(Thermo Fisher Scientific) for 5 h at 37 °C. Following stimu-
lation, cells were washed and stained for the surface mark-
ers in FACS buffer for 30 min at room temperature. Cells 
were then fixed using Intracellular (IC) Fixation Buffer (BD 
Bioscience) at 4 °C for 30 min followed by permeabiliza-
tion and staining with anti-IFNγ antibody (BioLegend) for 
30 min at room temperature. After washing with permeabi-
lization buffer and FACS buffer, cells were analyzed by flow 
cytometry. For staining nuclear markers (FoxP3, Tbet, and 
Ki67), cells were incubated with FoxP3 fixation/permeabili-
zation buffer (Thermo Fisher Scientific) for 1 h at 4 °C. After 
washing with FoxP3 permeabilization buffer (Thermo Fisher 
Scientific), cells were stained with intracellular markers as 
described above. The samples were run on a MACSQuant 
flow cytometer (Miltenyi Biotec), and data were analyzed 
with the FlowJo 10 software.

Data Analyses

Statistical analyses were completed using GraphPad Prism 
8.3.0. Comparisons of EAE scores between groups in the 

in vivo treatment studies by performing a Mann–Whitney U 
test on the cumulative scores. Other comparisons between 
groups were performed using Student’s t test, and P-values  
< 0.05 were considered statistically significant.

Results

NLY01 Delays the Onset and Attenuates the Severity 
of EAE in a Prevention Paradigm

To evaluate whether NLY01 treatment affects the onset of 
EAE, C57BL/6 J mice were immunized with  MOG35-55/
CFA and treated with NLY01 or vehicle. In the early pre-
vention paradigm, we started NLY01 treatment at the time 
of  MOG35-55/CFA immunization (PID 0) and recorded the 
daily behavioral scores and the weight of mice for 42 days. 
The results revealed that NLY01 significantly delayed the 
onset and attenuated the severity of EAE (Fig. 1a). How-
ever, starting the treatment at the later time point (PID 8) 
resulted in a modest effect of NLY01 on the clinical scores 
of EAE, which was not significant compared to the effect of 
the vehicle (Fig. 1b).

GLP‑1R Is Expressed in the Periphery and the CNS 
During EAE

After finding that NLY01 affected disease onset and severity 
in the prevention paradigm, we next tested whether MOG 
immunization affects the expression of GLP-1R during the 
course of EAE. We first evaluated the expression of GLP-1R 
in the lymph node at the early stage of EAE when priming 
of the immune response occurs. We found no significant dif-
ference in the percentage of  CD45+GLP-1R+ cells between 
naïve and EAE mice at PID 8 using flow cytometry (Fig. 2a, 
b). We also quantified the expression of Glp-1r by qPCR 
and found no difference in the mRNA levels of Glp-1r in 
the lymph nodes of naïve and EAE mice at PID 8 (Fig. 2c). 
In the spinal cord, we evaluated the expression of GLP-1R 
at PID 8 by western blot and found no change between the 
naïve and EAE mice. However, GLP-1R expression was sig-
nificantly decreased in the spinal cord of sick mice (clini-
cal scores, 1.5–3.25; average 2.37) at the late stage of EAE 
(PID 42) (Fig. 2d). The expression of GLP-1R remained 
unchanged in the brain at the early and late stages of EAE 
compared with that of naïve mice (Fig. 2e).

NLY01 Suppresses the Activation of Immune Cells 
in the Periphery

Next, we examined whether the effect of NLY01 on the early 
stage of EAE was associated with its anti-inflammatory  
activity in the periphery. We evaluated the activation of 
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myeloid cells in the spleen of mice treated with NLY01 or the 
vehicle during the priming phase of EAE (PID 6) and found 
a significant reduction in the spleen weight and the absolute 
number of  CD45+ splenocytes in mice treated with NLY01 
compared with those of vehicle-treated mice (Fig. 3a, b). 
Among  CD45+ cells, the percentage and absolute counts of 
 CD11b+ cells, including neutrophils  (CD11b+Ly6G+ cells), 
activated myeloid cells  (CD11b+MHCII+), and dendritic 
cells  (CD11b+CD11c+), were significantly diminished by 
NLY01 treatment (Fig. 3c). At the pre-onset stage, PID 11, 
flow cytometry revealed that NLY01 significantly reduced 
the percentage of activated myeloid cells  (CD11b+MHCII+), 
mature dendritic cells  (CD11c+MHCII+), and effector T 
cells  (CD4+CD44+) in the spleen of NLY01-treated mice 
compared with that of the vehicle group (Fig. 4). We found 
no change in the percentage of  CD4+CD25+FoxP3+ Treg 
in the NLY01 group compared to that in the vehicle group 
(Fig. S1). Our in vitro findings revealed that NLY01 had 
no direct effect on the activation, proliferation, and differ-
entiation of T cells into Th1 or Treg (Fig. S2). At PID 42, 
the percentage of T cells and activated myeloid cells in the 
spleen were comparable between groups (Fig. S3a).

NLY01 Inhibits the Activation and Trafficking 
of Immune Cells into the CNS

Since we found evidence for anti-inflammatory activity of 
NLY01 in the spleen, we next investigated whether NLY01 
would suppress the infiltration and trafficking of activated 
immune cells into the CNS. In the brain, we found a lower 
percentage of infiltrating leukocytes  (CD45high) and mono-
cytes  (Clec12a+) in the NLY01-treated group compared with 
that in the vehicle group (Fig. 5a, b). While the percentage 
of activated myeloid cells  (CD11b+MHCII+) in the brain did 
not change following NLY01 treatment, we found a lower 
percentage of effector/memory T cells  (CD4+CD44+) in the 
brain of mice treated with NLY01 compared to that of mice 
treated with the vehicle (Fig. 5a, b). Similar results were 
observed in the spinal cord of NLY01-treated mice compared 
to the vehicle group at PID 11 (Fig. 5c). The percentage of 
effector/memory T cells and activated myeloid cells in the 
CNS of NLY01- or vehicle-treated mice were comparable 
at the late stage of EAE (PID 42) (Fig. S3). Since astrocyte-
derived chemokines play important roles in the recruit-
ment of immune cells into the CNS [20], we tested whether 

Fig. 1  NLY01 delays the onset 
and attenuates the severity of 
EAE in an early prevention 
paradigm. C57BL/6 mice were 
immunized with  MOG35–55/CFA 
emulsion and pertussis toxin to 
induce EAE. (a) The behavioral 
plot and cumulative scores of the 
mice treated with NLY01 or vehi-
cle twice weekly starting at the 
day of EAE immunization (PID 
0) and continued for 42 days. The 
behavior scores are presented as 
mean ± SEM of three independ-
ent experiments (vehicle, n = 26; 
NLY01, n = 25); ****P ≤ 0.0001 
by Mann–Whitney U test. (b) 
The behavioral plot and cumula-
tive scores of the mice treated 
with NLY01 or vehicle twice 
weekly starting at day 8 (PID 8) 
and continued for 42 days. The 
behavior scores are presented as 
mean ± SEM. Each dot represents 
one mouse
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NLY01 treatment reduced astrogliosis and the expression of 
chemokines associated with recruiting leukocytes in the brain 
of EAE mice. We found that the expression of reactive astro-
cyte markers Lcn2 and Gfap was significantly downregulated 
in the hindbrain of EAE mice by NLY01 treatment (Fig. 5c). 
Moreover, we found a significant reduction in the expres-
sion of Ccl8 and Cxcl1 chemokines in the hindbrain of mice 
treated with NLY01 while the expression of Cxcl10 remained 
unchanged (Fig. 5c). We found, however, no significant dif-
ference in the expression of genes associated with the neu-
rotoxic astrocyte profile and activated monocyte/microglia 
in the hindbrain of mice treated with NLY01 compared with 
that of the vehicle group at PID 11 (Fig. S4).

NLY01 Attenuates RGC Loss at the Late Stage of EAE

We have recently found the neurotoxic astrocyte profile in 
the optic nerve of EAE mice, which was associated with a 
significant RGC loss in the late stage of EAE [5]. Previous 
studies showed that NLY01 blocks microglial activation 
and the formation of neurotoxic astrocytes in PD and AD 

experimental models [17, 18]. Accordingly, we examined 
whether NLY01 may prevent RGC loss associated with the 
neurodegenerative stage of EAE. We found that NLY01 
significantly reduced RGC loss in the retina of EAE mice, 
compared with the vehicle. The neuroprotective effect of 
NLY01 was more prominent in the central and peripheral 
regions of the retina (Fig. 6a, b). We next investigated 
whether NLY01 affects the expression of genes associated 
with the neurotoxic astrocytes at the onset of EAE. We 
quantified the mRNA levels of inflammatory mediators 

Fig. 3  NLY01 reduces the activation of immune cells in the spleen at 
the very early stage of EAE. EAE mice were treated with NLY01 or 
vehicle twice weekly starting at the time of immunization. The mice 
were euthanized on day 6 after immunization (PID 6). (a) Represent-
ative image of spleen from EAE mice treated with NLY01 or vehicle 
and euthanized after 6 days. (b) The spleen weight and the absolute 
counts of live cells and  CD45+ cells in the treatment groups at PID 6. 
(c) Representative flow cytometric analysis of  CD11b+ myeloid cells 
in the spleen of EAE mice treated with NLY01 or vehicle at PID 6. 
All the data are presented as mean ± SEM. Each dot represents one 
mouse. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001, determined by Stu-
dent’s t test

◂

Fig. 2  GLP-1R is expressed in the periphery and the CNS of EAE 
mice. (a) Representative flow cytometry plots demonstrating the per-
centage of  CD45+GLP1R+ cells in the lymph node at PID 8. (b) The 
percentage of  CD45+GLP-1R+ cells in the lymph nodes quantified by 
flow cytometry. (c) The mRNA levels of Glp1r in the lymph nodes 
of naïve and EAE mice quantified by qPCR. (d) The protein levels 

of GLP-1R in the spinal cord and (e) the brain of EAE mice at PID 
8 and PID 42 compared with those of naïve mice. The intensity of 
GLP-1R band was normalized to the level of β-actin and presented as 
mean ± SEM. Each dot represents one mouse; *P ≤ 0.05 by Student’s 
t test
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and neurotoxic astrocyte genes in the optic nerves from 
NLY01- or vehicle-treated mice at PID 11. We found that 
a number of genes associated with neurotoxic astrocytes, 
including C3, Ligp1, PSMB8, H2-T23, and H2-D1, were 
significantly downregulated in optic nerve samples from 
the NLY01 group compared to those from the vehicle 
group (Fig. 6c). The expression of Tnfα was markedly 
decreased in the optic nerves of NLY01-treated mice com-
pared to that of the vehicle group (Fig. 6c).

NLY01 Ameliorates the Severity of Relapsing–
Remitting EAE in a Therapeutic Paradigm

To determine whether NLY01 would reduce the severity of 
clinical scores after the induction of EAE, we investigated 
NLY01 efficacy in a therapeutic paradigm, in which mice 

were treated with NLY01 after EAE onset. We studied the 
therapeutic effect of NLY01 in two EAE models: chronic 
progressive EAE in C57BL/6 mice and relapsing–remitting  
EAE in SJL mice. We immunized C57BL/6 mice with 
 MOG35–55/CFA emulsion and pertussis toxin and started 

Fig. 5  NLY01 reduces the activation and trafficking of immune cells 
into the CNS. EAE mice were treated with NLY01 or vehicle twice 
a week starting at the time of immunization. The mice were eutha-
nized 11 days after immunization (PID 11). (a) Representative flow 
cytometric plots and the percentage of infiltrating immune cells into 
the brain of EAE mice treated with NLY01 or vehicle. (b) The per-
centage of infiltrating myeloid cells and activated T cells in the spinal 
cord of EAE mice treated with NLY01 or vehicle. (c) The expres-
sion of reactive astrocyte markers and chemokines in the hindbrain of 
EAE mice treated with NLY01 or vehicle. All the data are presented 
as mean ± SEM. Each dot represents one mouse. *P ≤ 0.05, deter-
mined by Student’s t test

◂

Fig. 4  NLY01 reduces the activation of immune cells in the spleen 
at the pre-onset stage of EAE. The mice were treated with NLY01 
or vehicle twice weekly at the time of immunization. The mice were 
euthanized on day 11 after immunization (PID 11). Representative 

flow cytometric analysis of  CD11b+ myeloid cells and  CD4+ T cells 
in the spleen of EAE mice treated with NLY01 or vehicle. All the 
data are presented as mean ± SEM. Each dot represents one mouse. 
*P ≤ 0.05, **P ≤ 0.01, determined by Student’s t test
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NLY01 treatment either at the onset of EAE (clinical score 
of 1) (Fig. 7). We found a modest effect of NLY01 on the 
clinical scores of chronic progressive EAE. However, we 
found a significant reduction in the severity of EAE in the 
relapsing–remitting model, in which SJL mice were immu-
nized with  PLP139-151 and treated with NLY01 or vehicle 
treatment at the peak of the disease (days 11–15). Follow-
ing NLY01 treatment, the severity of the clinical score was 
dramatically reduced in the NLY01 group while it remained 
unchanged in the vehicle group (Fig. 7).

Discussion

GLP-1R agonists are already approved for the treatment 
of type 2 diabetes. Previous studies have demonstrated the 
potential neuroprotective effects of GLP-1R agonists in neu-
rologic disorders such as AD and PD [14]. The current study 
identified the therapeutic benefit of a novel GLP-1R agonist, 
NLY01, in MS experimental models. We found that NLY01 
inhibits peripheral immune response at the early stage and 
reduces neurodegeneration at the late phase of EAE.

We first examined the efficacy of NLY01 treatment in the 
MOG-induced EAE model, in which NLY01 was adminis-
tered in an early prevention paradigm at the day of immuni-
zation. We found a significant delay in the onset and reduced 
severity of EAE in the NLY01 group compared with those 
of the vehicle group. However, no difference was detected 
in the clinical scores between NLY01 and vehicle groups 
when the treatments started later, at PID 8. This finding is 
consistent with a previous report showing that a GLP-1R 
agonist, dulaglutide, barely maintains its protective effect 
on the EAE clinical course when administrated at PID 9 
[15]. This finding highlights the beneficial effect of NLY01 
before the onset and at the early stage of EAE, when periph-
eral immune cells are activated in the periphery. A previous 

Fig. 6  NLY01 attenuates retinal ganglion cell (RGC) loss at the late 
stage of EAE. EAE mice were treated with NLY01 or vehicle twice a 
week starting at the time of immunization. The mice were euthanized 
at PID 42. (a) Retinal flat mounts were prepared from one eye per 
animal per time point. RGCs (Brn3a +) were counted using a semi-
automated quantitative algorithm in 12 specified regions in the center, 
middle, and periphery of the retina. The mean RGC count of all 
regions was calculated for each animal. (b) The number of RGCs in 
the retina dissected from EAE mice treated with NLY01 or vehicle at 
PID 42. The comparisons are presented as the average of RGC counts 
of the total 12 regions as well as in the different regions of the retina. 
The data are pooled from 2 independent experiments. Each dot rep-
resents one mouse. (c) The expression of genes associated with neu-
rotoxic astrocytes and reactive microglia in the optic nerve of EAE 
mice, quantified by qPCR. All the data are presented as mean ± SEM. 
Each dot represents one mouse. *P ≤ 0.05, **P ≤ 0.01 by Student’s t 
test

◂

Fig. 7  NLY01 in therapeu-
tic paradigm. (a) C57BL/6 
mice were immunized with 
 MOG35–55/CFA emulsion and 
pertussis toxin to induce EAE. 
Mice were treated individually 
at the onset of EAE (clinical 
score of 1). The clinical scores 
of the mice presented as line 
graph, NLY01 (n = 10) and 
vehicle (n = 9). The cumulative 
behavior scores are presented 
as mean ± SEM. Each dot 
represents one mouse. (b) 
NLY01 treatment in SJL relaps-
ing remitting EAE model. SJL 
mice were immunized with PLP 
139–151 and started NLY01 
(10 mg/kg) or vehicle treat-
ment at the peak of the disease 
(days 11–15). The cumulative 
scores were compared between 
phase 1 (P1; days 11–19) and 
phase 2 (P2; days 20–30) after 
treatment by NLY01 (n = 8) or 
vehicle (n = 7) using Wilcoxon 
matched-pairs signed rank test; 
**P ≤ 0.01

M. Gharagozloo et al.1844



study reported a similar finding in MOG-immunized mice, 
showing that the treatment with dulaglutide (0.18 mg/kg, 
twice per week) delays EAE onset [15]. Similarly, in myelin 
basic protein-immunized Lewis rats, liraglutide (0.2 mg/kg, 
twice daily) was shown to be effective in delaying EAE onset 
[21]. Our results are consistent with previous studies and 
suggest that GLP-1R agonists suppress the early inflamma-
tory pathways that initiate CNS pathology.

We next investigated whether the expression of GLP-1R 
changes during the course of EAE. It is shown that GLP-
1R is highly expressed in microglia and relatively less in 
neurons and astrocytes [17]. In the spinal cord, we found 
no change in the level of GLP-1R at the early stage of EAE, 
while its expression was significantly decreased in the sick 
mice at the late stage of the disease. This result is consistent 
with a previous study, demonstrating that GLP-1R expres-
sion is downregulated in the damaged spinal cord upon EAE 
challenge [22]. Unlike that in the spinal cord, the GLP-1R 
expression remained unchanged in the brain during the 
course of EAE. We found no difference in the mRNA levels 
of Glp-1r in the lymph nodes of naïve and EAE mice at PID 
8. These results suggest that the NLY01 receptor is highly 
expressed by peripheral immune cells and the CNS resident 
cells.

Since NLY01 effectively delayed the onset of EAE, 
we investigated whether its protective effect is mediated 
during the priming phase of the immune response in the 
periphery, where the immune cells are activated and begin 
to enter the CNS. We found a dramatic reduction in the 
spleen size and weight of the NLY01 treatment group com-
pared with those of the vehicle group. More specifically, 
we found a significant reduction in the absolute numbers 
of  CD45+ cells including neutrophils  (CD11b+Ly6G+), 
activated myeloid cells  (CD11b+MHCII+), and dendritic 
cells  (CD11b+CD11c+) in the spleen of the NLY01 group 
compared with those of the vehicle group. This finding sug-
gests that NLY01 suppresses the activation and expansion of 
innate immune cells in the myeloid lineage at the very early 
stage of EAE. It has been shown that immunization with 
MOG-CFA induces a significant expansion of circulating 
neutrophils and monocytes in the blood and spleen from 
preclinical time points through EAE onset [23]. This occurs 
in response to systemic upregulation of granulocyte colony-
stimulating factor (G-CSF) and CXCL1 chemokine [23]. 
Our results are consistent with reports that GLP-1 attenu-
ates neutrophil activation and decreases PMN accumulation 
in ischemic and reperfused myocardium [24]. These results 
extend the anti-inflammatory activities of GLP-1R agonists 
to the very early priming events including the activation of 
neutrophils, monocytes/macrophages, and dendritic cells, 
suggesting a broader mechanism of action.

The anti-inflammatory effect of NLY01 appears 
to be persistent in the spleen since a reduction in the 

percentage and absolute numbers of activated myeloid cells 
 (CD11b+MHCII+) was still detectable at PID 11. Addition-
ally, we observed a reduction in the percentage and absolute 
counts of effector/memory T cells  (CD4+CD44+) in the spleen 
of mice treated with NLY01 compared with those treated with 
the vehicle. We found, however, no effect of NLY01 on the 
expansion of Treg cells in the spleen of EAE mice at PID 11. 
This finding is consistent with a previous study showing that a 
GLP-1R agonist, dulaglutide, did not change the percentage of 
Treg cells in the CNS of EAE mice [15]. Moreover, we found 
no direct effect of NLY01 on T cell activation and prolifera-
tion in vitro, suggesting that the observed effects in vivo may 
be mediated indirectly through other cell types. It is shown 
that dulaglutide reduces the number of macrophages (both M1 
and M2) in the CNS [15]. These findings support the notion 
that GLP-1R agonists may prevent the activation of myeloid 
cells in the periphery at the early stage of EAE [15].

Next, we assessed whether NLY01 inhibits the infiltra-
tion of inflammatory cells into the CNS. A previous study 
showed dulaglutide treatment reduces lymphocyte infiltra-
tion into the CNS at PID 14 [15]. It was shown that the 
development of highly encephalitogenic Th1/Th17 cells in 
the CNS are significantly suppressed in dulaglutide-treated 
mice, suggesting a critical role in the modulation of T cell 
pathogenicity in the CNS [15]. We found a lower percentage 
of infiltrating leukocytes  (CD45high cells) and effector/mem-
ory T cells  (CD4+CD44+) in the CNS of NLY01-treated 
mice compared with that of vehicle-treated mice. These val-
ues are consistent with lower clinical scores in EAE mice 
receiving NLY01. We also found a decreased percentage of 
 Clec12a+ cells in EAE mice treated with NLY01 compared 
with that of mice treated with the vehicle. Clec12a is par-
ticularly important for the migration of myeloid cells into 
the CNS tissues during inflammation [25]. We then tested 
whether NLY01 would affect the level of chemokines that 
recruit immune cells into the CNS. Our qPCR data showed 
a reduced expression of Ccl8 and Cxcl1 chemokines in the 
hindbrain of EAE mice treated with NLY01 compared to 
that of the vehicle group. Taken together, NLY01 treatment 
significantly reduces the infiltration of peripheral immune 
cells into the CNS. We also found that the expression of 
an astrocytic marker, Gfap, in the hindbrain of EAE mice 
treated with NLY01 was significantly reduced, suggesting 
the inhibitory effect of NLY01 on astrogliosis. Given the 
fact that astrocytes serve as a potent source of chemokines 
in the inflamed CNS, NLY01 might suppress leukocyte 
recruitment to the CNS via inhibiting astrocyte activation 
and inflammatory function. The gene expression analysis by 
qPCR warrants further analysis at the protein level.

We next investigated the potential therapeutic effect of 
NLY01 on neurodegeneration. Retinal degeneration and RGC 
loss are common features of many neurodegenerative dis-
orders including MS [26]. Emerging evidence reveals that 
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inflammatory microglia and astrocytes drive neuronal death 
in neurodegenerative diseases. Microglial inflammatory 
mediators such as C1q, TNFα, and IL-1α polarize astrocytes 
towards a neurotoxic phenotype that promotes neuronal death 
[4]. Neurotoxic astrocytes express a unique set of transcripts 
including the genes associated with the early complement 
cascade such as C3 [4], which leads to excess synaptic prun-
ing during neurodegeneration [6]. Previous studies show 
that NLY01 blocks microglial activation and the formation 
of neurotoxic astrocytes in PD, AD, and glaucoma experi-
mental models [17, 18, 27]. We hypothesized that NLY01 
would interfere with the glial activation cascade, blocking the 
formation of neurotoxic astrocytes and preventing the RGC 
loss in EAE. We examined the level of RGC loss in NLY01- 
or vehicle-treated mice and found that NLY01 significantly 
reduced RGC loss at the late stage of EAE (PID 42), sug-
gesting the neuroprotective effect of NLY01 following EAE 
progression. A recent study reported that several genes asso-
ciated with the neurotoxic profile were highly expressed in 
astrocytes purified from the EAE optic nerve [28]. Consistent 
with this finding, we previously showed that the expression 
of genes associated with neurotoxic astrocytes is upregulated 
in the optic nerve at peak inflammation and are associated 
with RGC loss at the late stage of EAE (PID 42) [5]. To test 
whether NLY01 would block the formation of neurotoxic 
astrocytes, we measured the expression of neurotoxic astro-
cyte–associated transcripts in the optic nerve and found that 
NLY01 significantly decreased the expression of neurotoxic 

astrocyte genes including C3, Ligp1, Psmb8, and H2-T23 in 
the optic nerve at the early stage of EAE (PID 11). The role 
of NLY01 in blocking neurotoxic astrocytes and RGC death 
has been recently shown in the mouse model of glaucoma 
[27]. Our findings support the therapeutic potential of NLY01 
in blocking neurotoxic astrocytes and preventing RGC loss 
in MS.

A recent study reported that intraperitoneal injection 
of exendin-4 (5 μg/kg, daily) into symptomatic mice (PID 
29 to 42) significantly attenuated clinical score at the late 
stage of EAE [22]. To further ascertain the potential clini-
cal relevance of NLY01 in MS, we explored its effects in 
a therapeutic paradigm using two distinct EAE models: 
MOG-induced chronic progressive EAE in C57BL/6 mice 
and PLP-induced relapsing–remitting EAE in SJL back-
ground. In MOG-immunized EAE, we found no difference 
in the clinical scores between NLY01 and vehicle groups 
when the treatments started at disease onset (clinical score 
1). In relapsing–remitting EAE in SJL mice, treatment with 
NLY01 at onset of disease resulted in a significant decrease 
in the EAE clinical score and second relapse, suggesting 
that NLY01 has therapeutic potential in ongoing relapsing 
disease.

Taken together, these results support the hypothesis that 
NLY01 is protective in vivo through multiple mechanisms of 
action. We found no direct effect of NLY01 on T cell activa-
tion and proliferation in vitro, suggesting that the observed 
anti-inflammatory effect of NLY01 on T cells in EAE is likely 

Fig. 8  The putative anti-inflammatory and neuroprotective effects of GLP-1R agonists in MS. NLY01 may have dual efficacy in MS by sup-
pressing both peripheral and CNS inflammation, thereby limiting neuronal loss
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due, in large part, to decreased activation of peripheral myeloid 
cells. It is possible that cell populations not studied here, such as 
myeloid-derived suppressor cells [29], contributed to the atten-
uation of EAE symptoms. In addition to its anti-inflammatory  
effect on peripheral immune cells, NLY01 reduces  
glial inflammation, both of which contribute to the observed 
therapeutic impact on EAE clinical score. Based on these 
observations, we suggest a dual efficacy of NLY01 in EAE: 
the suppression of both peripheral and CNS inflammation, 
thereby preventing neuronal loss (Fig. 8). At the early stage 
of the disease, NLY01 inhibits the activation and propagation 
of T cells and myeloid cells including neutrophils, dendritic 
cells, and monocyte/macrophages in the spleen and reduces 
their trafficking into the CNS. NLY01 suppresses the activa-
tion of astrocytes and the production of chemokines that are 
involved in leukocyte recruitment to the site of inflammation. 
At the late stage of the disease, NLY01 blocks the generation 
of neurotoxic astrocytes in the optic nerves, thereby preventing 
RGC loss. These findings warrant future studies focusing on 
these outcomes, along with ex vivo analyses of immune cell 
populations to provide additional mechanistic insight.

The data generated in our EAE animal model does not 
preclude the possibility that there might be unforeseen 
systemic side effects in people [30]. However, several 
PEGylated drugs are already FDA approved including 
PEGylated interferon β-1a for MS [31]. NLY01 contains a 
50-kDa PEG molecule and was found to be well-tolerated in 
phase 1 clinical trial in healthy volunteers (NCT03672604). 
NLY01 is currently in phase 2 clinical trial in individuals 
with early untreated PD (NCT04154072).

The present study highlights the therapeutic potential of 
the GLP-1R agonists for preventing both neuroinflammation 
and neurodegeneration in MS. Optic neuritis is a common 
early symptom of MS and may lead to RGC damage and 
permanent visual loss. GLP-1R agonists may have therapeu-
tic potential for optic neuritis when initiated prior to axonal 
injury to preserve neuronal function. The molecular mecha-
nisms underlying the anti-inflammatory effects of NLY01 in 
the periphery and the CNS require further exploration. Since 
GLP-1R agonists are currently used for the treatment of type 
2 diabetes, it could be rapidly translated for testing in MS.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13311- 021- 01088-5.
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