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Abstract
The human amnion has been used for decades in wound healing, particularly burns. Amnion epithelial cells (AECs) have been
the focus of extensive research based on their possible pluripotent differentiation ability. A novel, cultured cell population derived
from AECs, termed human amnion–derived multipotent progenitor (AMP) cells, secrete numerous cytokines and growth factors
that enhance tissue regeneration and reduce inflammation. This AMP cell secretome, termed ST266, is a unique biological
solution that accumulates in eyes and optic nerves following intranasal delivery, resulting in selective suppression of optic
neuritis in the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis, but not myelitis at the adminis-
tered dose. We tested the hypothesis that systemic AMP cell administration could suppress both optic neuritis and myelitis in
EAE. Intravenous and intraperitoneal administration of AMP cells significantly reduced ascending paralysis and attenuated
visual dysfunction in EAE mice. AMP cell treatment increased retinal ganglion cell (RGC) survival and decreased optic nerve
inflammation, with variable improvement in optic nerve demyelination and spinal cord inflammation and demyelination. Results
show systemic AMP cell administration inhibits RGC loss and visual dysfunction similar to previously demonstrated effects of
intranasally delivered ST266. Importantly, AMP cells also promote neuroprotective effects in EAE spinal cords, marked by
reduced paralysis. Protective effects of systemically administered AMP cells suggest they may serve as a potential novel
treatment for multiple sclerosis.
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Introduction

Multiple sclerosis (MS) is a progressive autoimmune nervous
system disease that is associated with chronic inflammation,
demyelination, and neurodegeneration of the central nervous
system (CNS) [1]. According to recent studies, MS affects
nearly 2.5 million people worldwide with an average age of
incidence of about 32 years, and the disease is twice as com-
mon in women as in men [2]. Plaques developed as a result of
robust inflammatory infiltration combined with demyelination
in the brain, spinal cord, and optic nerves are the unique path-
ological features of MS [3]. Optic neuritis (ON), an inflam-
matory demyelinating disease of the optic nerve, is one of the
most common symptoms of the relapsing-remitting form of
MS and for some patients, ON is the initial symptom of MS
[4]. Loss of retinal ganglion cells (RGCs), the neurons of the
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optic nerve, is increasingly recognized as a correlate of the
visual disability in MS and experimental models of MS and
ON [5, 6].

Current medications used to treat MS slow or modify the
course of the disease, make relapsing inflammatory at-
tacks less frequent, slow the progression of the disease,
and manage MS symptoms to enhance the quality of
life of patients. High doses of corticosteroids that sup-
press multiple inflammatory pathways in the body are
used to manage acute exacerbations or relapses in MS
patients [7]. However, there is limited evidence that
steroid therapy reduces tissue damage or induces a dif-
ference in the degree of clinical recovery after a relapse [8] and
there is controversy over whether steroids reduce or delay
subsequent relapses [9–11]. Corticosteroid treatment has lim-
ited effects in preventing axonal and RGC loss in MS [12, 13]
and studies with animal models ofMS show that high doses of
corticosteroids may even result in exacerbation of neuronal
apoptosis [14]. Therefore, new therapies targeting the neuro-
degenerative aspects of MS are needed.

Recent investigations have revealed stem cell–based
therapies may be effective in MS treatment [15, 16].
Isolated stem cell populations can be expanded in cul-
ture to generate large numbers of cells, and the effec-
tiveness and safety profiles make some stem cell popu-
lations potential candidates for MS treatment [17].
Amnion epithelial cells (AECs) have shown tremendous
immunosuppressive potential and protect mice from de-
veloping signs of experimental autoimmune encephalo-
myelitis (EAE), a commonly used animal model of MS
[18]. Proprietary amnion-derived multipotent progenitor
(AMP) cells are a unique subpopulation of non-
immunogenic AECs which are selected based on their
ability to attach and proliferate in serum-free culture
conditions [19]. AMP cells are well characterized and
have been shown to be immunomodulatory, facilitated
by cell-to-cell contact with target immune cells and by
secretion of anti-inflammatory molecules [19, 20].
ST266, a novel secretome derived from proprietary
GMP cultured human AMP cells, contains hundreds of
proteins and other biological factors and has shown sig-
nificant RGC neuroprotective effects in EAE following
intranasal delivery [21]. Intranasally administered ST266
selectively accumulates in the eye and optic nerve and
suppresses optic neuritis lesions in the EAE model of
MS. However, at the administered dose and dosing schedule,
there was no effect on spinal cord lesions [21]. Direct neuro-
protective effects of systemically administered AMP cells on
optic nerve and spinal cord degeneration have not been stud-
ied. In the present study, we investigated the neuroprotective
ability of systemic administration of AMP cells on clinical
disease progression and histopathology of optic neuritis and
myelitis in EAE mice.

Methods

Animals

Six-week-old female C57BL/6J mice obtained from The
Jackson Laboratory (Bar Harbor, ME, USA), were housed in
specific pathogen-free animal facilities and transferred to bio-
safety level 2 conditions for injection of human cells at the
University of Pennsylvania. Mice were housed in a 12 h light/
dark cycle at an ambient temperature of 22 °C and fed stan-
dard rodent chow and water ad libitum. All animal experi-
ments were approved by and conformed to Institutional
Animal Care and Use Committee at the University of
Pennsylvania guidelines. All applicable international, nation-
al, and institutional guidelines for the care and use of animals
were followed.

Induction and Scoring of EAE

EAE was induced as previously described [21, 22].
Briefly, 8-week-old female C57BL/6J mice were anes-
thetized with isoflurane and injected subcutaneously on
the upper and lower back with a total of 200 μg of
myelin oligodendrocyte glycoprotein (MOG) peptide
(MOG35–55; Genscript, Piscataway, NJ, USA) emulsified
in Complete Freund’s Adjuvant (Difco, Detroit, MI,
USA) containing 2.5 mg/ml Mycobacterium tuberculosis
(Difco). Control mice were injected with an equal volume of
phosphate buffer saline (PBS) instead of MOG and Complete
Freund’s Adjuvant. All animals received 200 ng pertussis tox-
in (List Biological, Campbell, CA, USA) in 0.1 ml PBS by
intraperitoneal injection at 0 h and 48 h after immunization.
Severity of EAE was scored using a previously published
[21, 23] 5-point scale: 0 = no disease; 0.5 = partial tail paraly-
sis; 1.0 = tail paralysis or waddling gait; 1.5 = partial tail paral-
ysis and waddling gait; 2.0 = tail paralysis and waddling gait;
2.5 = partial limb paralysis; 3.0 = paralysis of one limb; 3.5 =
paralysis of one limb and partial paralysis of another; 4.0 =
paralysis of two limbs; 4.5 = moribund state; 5.0 = death.

AMP Cell Administration

AMP cells (Noveome Biotherapeutics, Inc., Pittsburgh, PA,
USA) were transported frozen and thawed in proprietary
STM100 media (Hyclone, Logan, UT, USA). The cells were
washed once with STM100 media, centrifuged and pellets
were resuspended in DNAse–Heparin–MgCl2 vehicle solu-
tion (Worthington Biochemical Cooperation, Lakewood, NJ,
USA; Sigma-Aldrich, St. Louis, MO, USA) for a second
wash. The cells were resuspended in DNAse–Heparin–
MgCl2 vehicle solution, counted using a hemocytometer and
diluted to the desired cell number in a 200 μL injection vol-
ume. The DNAse-Heparin-MgCl2 vehicle solution is used to
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alleviate the chances of acute pulmonary embolism in mice.
AMP cell treatment groups of mice were injected by intrave-
nous (IV) or intraperitoneal (IP) administration. Untreated
EAE mice received an equal volume of vehicle solution
only. 1× dosage groups received 2 × 106 AMP cells by
IP or IV injection on day 9 after immunization (p.i.),
and 3× dosage groups received 1 × 106 AMP cells by IP
or IV injections repeatedly on three separate days: day
9, 12, and 15 p.i.

Measurement of Optokinetic Responses

Optokinetic responses (OKR) were measured using OKR ap-
paratus and visuomotor software (OptoMotry; Cerebral
Mechanics, Inc., Lethbride, AB, Canada) to estimate visual
function, as in prior studies [24, 25]. Briefly, each mouse
was placed on a circular platform in the apparatus and moni-
tored for the ability to visualize rotating sinusoidal gratings
with different special frequencies projected on a virtual sphere
displayed onto four screens to evoke OKR visual stimuli.
OKR function is determined by the highest spatial frequency
at which mice track a 100% contrast grating. Data are reported
as cyc/deg.

Quantification of Retinal Ganglion Cell Survival
and Axonal Numbers in the Retina

RGCs were immunolabeled with Brn3a antibody in flat-
mounted retinas and counted as in prior studies [21, 22].
Briefly, mice were sacrificed at day 42 p.i.; eyes were isolated,
fixed for 1 h at room temperature in 4% paraformaldehyde,
and retinas were dissected and prepared as flattened whole
mounts. Specimens were then washed 3 times with PBS and
permeabilized in 0.5% Triton X-100 in PBS by freezing for
15min at − 70 °C. Specimens were then incubated in a hu-
midified chamber overnight at 4 °C with 1:2000 rabbit anti-
Brn3a antibody (RGC marker, SYSY Synaptic Systems,
Goettingen, Germany) and 1:200 anti-mouse RT-97 antibody
(DSHB, Univ. Iowa) diluted in a blocking buffer containing
2% bovine serum albumin and 2% Triton X-100. The speci-
mens were washed three times in PBS and then incubated for
1 h at room temperature with anti-rabbit Alexa Fluor 488 and
anti-mouse Alexa Fluor 594-conjugated secondary antibodies
(Thermo Fisher Scientific, Waltham, MA, USA), each diluted
1:500 in blocking buffer. After 5 washing steps with PBS, the
retinas were mounted vitreous side up on slides in
Fluoromount-G mounting medium (Southern Biotech,
Birmingham, AL, USA). Photographs of the Brn3a-positive
RGCs were taken at × 40 magnification in 12 standard fields:
1/6, 3/6, and 5/6 of the retinal radius from the center of the
retina in each quadrant using a fluorescent microscope
(Nikon, Melville, NY, USA) and counted by a masked inves-
tigator using image analysis software (Image-Pro Plus 5.0;

Media Cybernetics, Silver Spring,MD). Data shown represent
the average of the total number of RGCs counted in all 12
fields of each retina (covering a total area of 4.8 × 105 um2).
For axonal quantification in the retina, photographs of
RT-97 stained axonal fibers were taken at × 40 magni-
fication in 4 standard fields (top, bottom, left, and right)
at 1/6 of the retinal radius. The axonal fiber numbers
were counted by a masked investigator. Data shown
represent the average of the total number of axons
counted in all 4 fields of each retina.

Evaluation of Spinal Cord Inflammation
and Demyelination

Inflammation and demyelination in the spinal cord were
assessed by previously published methods [26, 27]. On day
42 p.i., mice were transcardially perfused and spinal cords
were isolated and post-fixed in 4% paraformaldehyde for
48 h. The spinal cords were then extracted, processed, and
embedded in paraffin, and 5-μm coronal sections were made.
Inflammation was assessed by staining with hematoxylin and
eosin (H&E) and examined by light microscopy. The presence
of inflammatory cell infiltrates and the relative degree of in-
flammation was scored by a masked investigator using a 0–3
point scale: 0 = no inflammation; 1 =mild inflammation (less
than 5 small foci of white matter inflammatory cell infiltration
across all sections); 2 = moderate inflammation (5–9 small
foci of inflammation, or 1–2 large areas of inflammation);
3 = severe inflammation (more than 10 small foci or more than
two large areas of inflammation). Three sections were exam-
ined from each of three spinal cord levels (cervical, thoracic,
and lumbar) for each mouse. IBA1 (a marker for microglia/
macrophages) staining was used to further evaluate the pres-
ence of inflammatory cell infiltration in the spinal cord.
Briefly, antigen retrieval was done on deparaffinized and
rehydrated spinal cord specimens by heating at 95 °C in
Vector antigen unmasking solution (Vector Labs,
Burlingame, CA, USA) for 15min. Blocking was done with
blocking reagent from Vectastain Elite Avidin/Biotin
Complex kit (ABC; Vector Labs). Sections were incubated
in 1:200 concentration of rabbit anti-IBA1 antibody
(WAKO, Richmond, VA, USA) diluted in blocking buffer
and incubated at 4 °C overnight. After three washes with
PBS, sections were incubated with goat biotinylated anti-
rabbit secondary antibody (Invitrogen, Carlsbad, CA, USA)
for 2 h at room temperature. Vectastain Elite ABC kit and
DAB (diaminobenzidine) substrate kit (Vector Labs) was used
to perform Avidin/Biotin Complex detection according to the
manufacturer’s instructions. Sections were examined by light
microscopy and photographs were taken at × 10 magnifica-
tion. To assess demyelination, spinal cord coronal sections
were deparaffinized, rehydrated, and were stained with
Luxol Fast blue (LFB) using a previously established protocol
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[26, 28]. Areas of demyelination were examined by light mi-
croscopy and quantified by a masked investigator using a 0–3
point scale: 0 = no demyelination; 1 = rare foci of demyelin-
ation; 2 = a few foci of demyelination; and 3 = large
(confluent) areas of demyelination. To confirm demyelin-
ation, additional spinal cord sections were stained with anti-
myelin basic protein (MBP) antibodies and scored by using
the same scale. Briefly, 5 μM sections were subjected to an-
tigen retrieval using boiling citrate-based antigen unmasking
solution (Vector Laboratories, Burlingame, CA, USA) after
deparaffinization and rehydration. Non-specific binding was
blocked by incubation with blocking reagent from Vectastain
Elite ABC kit (Vector Laboratories) with 0.2% Triton X-100.
The specimens were then incubated overnight at 4 °C using a
primary mouse anti-MBP antibody (Biolegend, San Diego,
CA, USA) diluted 1:500 in blocking buffer. The sections were
then washed four times in PBS, incubated with biotinylated
anti-mouse secondary antibody (Vector Laboratories) for
30 min at 37 °C, then washed with PBS four times followed
by incubation with ABC reagent (Vector Laboratories) for
another 30 min at 37 °C. The specimens were developed with
DAB (diaminobenzidine) substrate from the DAB substrate
kit (Vector Laboratories) followed by washing in running wa-
ter to stop the DAB reaction. The specimens were then
dehydrated, mounted using Refrax mounting medium and
scored by a masked investigator using the same scale as used
for LFB staining.

Evaluation of Optic Nerve Inflammation
and Demyelination

Mice were sacrificed at day 42 p.i., optic nerves were isolated,
fixed in 4% paraformaldehyde, embedded in paraffin and
5 μm longitudinal sections were cut using a microtome
(Leica Biosystems, Illinois, USA). To evaluate inflammation,
sections were stained with H&E as in prior studies [21, 22],
examined by light microscopy and scored using a 4 point
scale: 0 = no infiltration; 1 = mild cellular infiltration of the
optic nerve or optic nerve sheath (focal inflammation involv-
ing less than 25% of the length of the optic nerve as viewed by
a masked investigator); 2 = moderate infiltration (25–50% of
optic nerve area involved); 3 = severe infiltration (50–75%);
and 4 =massive infiltration (> 75%). IBA1 staining was also
used to evaluate the presence of inflammatory cell infiltration
in the optic nerve using the same scoring scale, with
staining performed as described for the spinal cord. To
detect demyelination, optic nerve sections were stained
with LFB and quantified on a 0–3-point relative scale
by a masked investigator as previously [21, 22] de-
scribed: 0 = no demyelination; 1 = scattered foci of de-
myelination; 2 = prominent foci of demyelination; and 3 =
large (confluent) areas of demyelination. The entire length of
each optic nerve section was examined.

Statistics

Evaluation of ascending paralysis by EAE scores and of visual
function by OKR thresholds over time was compared using
ANOVA of repeated measures followed by Tukey’s post hoc
comparisons between each group. RGC counts, final OKR
scores, spinal cord and optic nerve inflammation scores, and
spinal cord and optic nerve demyelination scores were com-
pared by one-wayANOVAwith Tukey’s post hoc comparisons
between treatment groups. Comparisons of eye and visual out-
comes (OKR scores, RGC counts, and optic nerve inflamma-
tion and demyelination) were performed using measurements
from the right eye only. All statistical comparisons were calcu-
lated using Graph Pad Prism (GraphPad Software, San Diego,
CA). p values less than 0.05 were considered significant.

Results

AMP Cells Reduce Ascending Paralysis Induced
by Spinal Cord EAE Disease

Severe inflammation, demyelination and axonal loss in the spi-
nal cord leading to progressive hind limb paralysis is the hall-
mark of EAE, an animal model of MS that recapitulates human
MS pathophysiology [29, 30]. Mice were immunized with
MOG peptide on day 0 to induce EAE, whereas control mice
were sham-immunized with PBS. Mice receiving treatment re-
ceived 2 × 106 AMP cells by a single IV or IP injection (AMP
×1) on day 9 p.i., or alternatively received 1 × 106 AMP cells in
three IV or IP injections (AMP ×3) given once each on days 9,
12, and 15 p.i. as diagrammed (Fig. 1a). MOG injection in
C57BL/6Jmice resulted in chronic progressive paralytic disease
with clinical signs of EAE disease developing around day 15
p.i. and progressed until mice were euthanized on day 42 p.i.
(Fig. 1b). EAEmice showed a significant increase (p < 0.001) in
the clinical score compared to control mice. EAE mice treated
with 2 × 106 AMP cells IV on day 9 p.i. showed a significant
attenuation of EAE scores (p < 0.001) as compared with vehicle
(PBS) treated EAE mice. 3× dosage of 1 × 106 AMP cells ad-
ministrated by IV on days 9, 12 and 15 p.i. also showed a
significant (p < 0.001) reduction in clinical scores. Mice that
received a single dose of 2 × 106 AMP cells IP on day 9 p.i.
also showed a significant (p < 0.001) attenuation of clinical
scores, whereas 3× IP administration of 1 × 106 AMP cells on
days 9, 12, and 15 p.i. only showed a non-significant trend
toward reduced clinical scores in EAE mice (Fig. 1b).

AMP Cells Modify Spinal Cord Demyelination

Lesions in the spinal cord characterized by inflammatory cell
infiltration and demyelination are features of EAE shown pre-
viously by us and others [26, 27, 31–33]. To evaluate
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inflammation in the spinal cord, all groups of mice were eu-
thanized on day 42 p.i., and 5 μM coronal sections of spinal
cords were stained with H&E and IBA1 (marker of microglia/
macrophages). Consistent with prior findings, inflammation
evident by increased H&E and IBA1 staining in the spinal
cord was observed in EAE mice as compared with control
mice (Fig. 2a, b). Treatment with 1× AMP cells by IV or IP
injection, and 3× AMP cells by IV injection, showed a trend
toward decreased inflammation scores but it was not signifi-
cant. To evaluate demyelination, spinal cord sections were
stained with LFB and MBP. In agreement with our prior stud-
ies, increased demyelinating lesions were observed in the spi-
nal cord of EAE mice as compared with control mice, and 1×
(p < 0.05) or 3× (p < 0.01) IV AMP cells significantly de-
creased the level of demyelination measured by LFB staining
as compared with vehicle (PBS) treated EAEmice (Fig. 2c, d),
1× administration of AMP cells by IP injection showed a non-

significant trend toward decreased demyelination scores.
Demyelination scored on MBP stained spinal cord sections
confirmed similar trends and differences in EAE mice treated
with AMP cells, with the addition of the 1× IP AMP cell
treatment group showing a statistical improvement as com-
pared with vehicle-treatedmice (average demyelination scores
of 1.88 ± 0.40 (N = 8 vehicle-treated mice) versus 0.67 ±
0.33* (N = 6 1× IP AMP cell–treated mice); 0.71 ± 0.29*
(N = 7 1× IV); 1.00 ± 0.52 (N = 6 3× IP); and 0.33 ± 0.17**
(N = 9 3× IV)). Scores represent mean ± SEM, *p < 0.05 and
**p < 0.01 versus vehicle-treated mice.

AMP Cells Suppress Optic Nerve Inflammation
and Demyelination

Inflammation, demyelination, and neurodegeneration in the
optic nerve are key pathologic features implicated in EAE

Fig. 1 AMP cells suppress EAE
induced ascending paralysis. a
Experimental design is
diagrammed: A single dose (1×)
of 2 × 106 AMP cells were given
by intravenous (IV) or intraperi-
toneal (IP) injection on day 9 after
immunization (p.i.). Additional
groups of EAE mice were treated
with 3 doses (3×) of 1 × 106 AMP
cells given IP or IV on days 9, 12,
and 15 p.i. OKR was measured at
baseline (day 0) before immuni-
zation, and weekly thereafter.
EAE mice were scored daily for
signs of ascending paralysis, and
mice were euthanized on day 42
p.i. b C57BL/6 mice were immu-
nized with MOG on day 0, and
daily EAE clinical scoring was
done based on a 5 point scale. The
clinical symptoms of EAE began
by day 14 p.i. and progressed
through day 42 in vehicle
(PBS)-treated EAE mice (N = 6).
1× AMP cells given by IV ad-
ministration (N = 7), and 3× AMP
cell treatments given by IP (N =
6) or IV (N = 9) injection all
showed a significant
(***p < 0.001) attenuation of
EAE clinical scores as compared
with vehicle-treated EAE mice,
whereas 1× treatment with AMP
cells by IP injection (N = 6) did
not significantly reduce EAE
scores. Data represent
mean ± SEM
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and MS optic neuritis [34–38]. To evaluate inflammation in
the optic nerve, control, EAE, and AMP cell–treated mice

were sacrificed on day 42 p.i. 5 μM longitudinal optic nerve
sections were stained with H&E and IBA1 (Fig. 3a, b).

Fig. 2 AMP cells reduce spinal cord demyelination. a Anti-
neuroinflammatory effects of systemicAMP cell administrationwas eval-
uated by H&E staining and scoring using a 3-point scale. 1× IP (N = 6) or
IV (N = 7) injection, and 3× IV (N = 9) injection, of AMP cells showed
strong trends toward decreasing spinal cord inflammation as compared
with vehicle (PBS) treated EAE mice (N = 8), but differences were not
significant. b IBA1 immunostaining of spinal cord cross sections was
performed to detect the presence of microglia/macrophages. Similar to
levels of inflammation detected on H&E staining, representative images
show few IBA1+ cells in one control mouse spinal cord, and numerous

IBA1+ present in a vehicle-treated EAE mouse spinal cord. Varying
levels of IBA1+ cells were observed in EAE mice treated with AMP
cells. c Myelin in spinal cord sections was stained with LFB and levels
of demyelination were scored on a 3 point scale. Vehicle-treated EAE
mice have significantly more myelin loss than control (N = 6) mice
(*p,0.05), and treatment with 1× (@p < 0.05) or 3× (@@p < 0.01) AMP
cells by IV injection significantly reduced the level of spinal cord demy-
elination as compared with vehicle-treated EAE mice. d Images show
LFB staining in one representativemouse spinal cord from each treatment
group. Data represent mean ± SEM. Scale bars 4×: 100 μM, 10×: 50 μM
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Significant optic nerve inflammation developed in EAE mice
as compared with control mice. All four AMP cell treatments
(1× or 3× treatment by IP or IV injections) significantly de-
creased inflammation in the optic nerves as compared
with vehicle (PBS) treated mice as shown by IBA1
staining (Fig. 3a, b), with similar results found on
H&E staining (average inflammation scores of 1.88 ±
0.30 (N = 8 vehicle-treated mice) versus 1.17 ± 0.31
(N = 6 1× IP AMP cell–treated mice); 0.43 ± 0.20**
(N = 7 1× IV); 0.67 ± 0.33* (N = 6 3× IP); and 0.67 ±
0.24* (N = 9 3× IV)). Scores represent mean ± SEM,
*p < 0.5, and **p < 0.01 versus vehicle-treated mice.
Optic nerve demyelination, assessed by LFB staining
(Fig. 3c, d), showed a significant (p < 0.01) increase in
the demyelination score in EAE mice as compared with
control mice. Treatment with 1× AMP cells by IV
(p < 0.01) or IP (p < 0.05) injection, and 3× AMP cells
by IV injection (p < 0.05), each showed a significant
attenuation in demyelination as compared with vehicle
(PBS) treatment.

AMP Cells Attenuate Visual Dysfunction, RGC Loss,
and Axonal Degeneration

OKR responses were measured to evaluate visual function as
in prior studies of optic neuritis [21, 22]. EAE mice demon-
strated significant (p < 0.01), progressive decrease in OKR
scores over time across the 6-week experiment as compared
with control mice by ANOVA of repeated measures, and a
severe (p < 0.001) decrease in OKR responses by day 42 p.i.
(Fig. 4a, b). Decreasing visual function over time was signif-
icantly attenuated by 3× treatment with AMP cells by IP and
IV injection (p < 0.01) as well as 1× IV AMP cell treatment
(p < 0.05), while 1× treatment with AMP cells by IP injection
led to a strong but non-significant trend of improved OKR
responses as compared with vehicle (PBS) treated EAE mice
(Fig. 4a). By day 42 p.i., OKR scores showed that treatment
with AMP cells induced significant preservation of visual
function in all treatment groups as compared with vehicle
(PBS) treated EAE mice (Fig. 4b). To evaluate RGC loss,
retinas isolated at day 42 p.i. were immunostained with
Brn3a antibodies. RGC counts showed that EAE induced sig-
nificant RGC loss as compared with control mice, and treat-
ment with AMP cells in all four treatment groups led to a
significant preservation of RGCs as compared with vehicle
(PBS) treated EAE mice (Fig. 4c, d). To evaluate axo-
nal loss in the retina, retinas were stained with
Neurofilament RT-97 antibodies. Retinal axonal counts
showed that EAE induced significant (p < 0.001) axonal
loss as compared with control mice, and treatment with
AMP in all four treatment groups led to a significant
preservation of axons as compared with vehicle (PBS)
treated EAE mice (Fig. 4e).

Discussion

Our results demonstrate that peripheral injection of AMP cells
at varying IP and IV doses significantly attenuates the visual
dysfunction, RGC loss, and optic nerve inflammation and
demyelination that occurs during EAE optic neuritis, and sim-
ilarly suppresses spinal cord demyelination and associated
paralysis. Our prior studies with ST266, the secretome of
AMP cells, showed that when given intranasally ST266 pro-
teins accumulated at therapeutic levels in optic nerve and vit-
reous and preserved RGC function by ameliorating RGC loss,
demyelination and inflammation during experimental optic
neuritis, but had no effect on spinal cord disease at the admin-
istered dose. This may be due to suboptimal dosing or the
preferential accumulation of ST266 in ocular tissues as com-
pared with other regions. The neuroprotective effects ob-
served in the present study are consistent with the similar optic
nerve neuroprotective effects observed previously with intra-
nasal ST266. Interestingly, the present study also showed a
significant reduction in ascending paralysis from spinal cord
EAE disease, suggesting that systemically administered AMP
cells secrete similar factors as those present in ST266, either
systemically to modulate peripheral immune system re-
sponses, or locally after migration into distal portions of the
CNS to exert effects in distinct regions. Previous studies have
shown that the immunomodulatory effect of AMP cells is
dependent on cell-to-cell contact, while the cells are largely
non-immunogenic due to a lack of MHC class II antigens [19,
20]. One of the unique characteristics of AMP cells is that they
express the tissue-restricted, nonclassical HLA class I antigen
HLA-G [19, 20, 39–41]. HLA-G has been shown to have
substantial immunomodulatory functions [42–44].
Furthermore, the immunomodulatory pathway mediated by
AMP cells appears to be through their impact on the matura-
tion of monocyte-derived dendritic cells [20]. While daily
intranasal ST266 administration may serve as a potential focal
therapy for the eye and optic nerve, current results sug-
gest limited repeat doses, or even single peripheral ad-
ministration of AMP cells, has tremendous therapeutic
potential for a broad spectrum of neuroprotective activ-
ity by attenuating both optic neuritis and transverse my-
elitis, and thus warrants further investigation as a novel
therapy for MS. Treatment was initiated 9 days after
immunization, the earliest time in which optic nerve
inflammation has been found in our prior studies, with
subsequent treatments in groups receiving three doses
given on days 12 and 15, the latter being the day by
which optic nerve inflammation reaches maximal levels [25].
Thus, these represent the earliest potential clinically relevant
time points when patients may be developing eye pain or early
visual symptoms, and the positive results here suggest future
studies with treatment initiated at even later time points will be
interesting.
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The current results are consistent with prior studies showing
immunosuppressive and therapeutic effects of human amniotic
cells in EAE [45, 46]. A major advantage of the novel AMP
cells used in the current study is that they are produced and

cultured under Current Good Manufacturing Practice (cGMP)
conditions, and these cells are used to produce the otherwise
acellular ST266 secretome currently in clinical trials for treating
other disorders (clinical trials.gov.: NCT03901781,

Fig. 3 AMP cells suppress optic nerve inflammation and demyelination.
a Immunomodulatory effects of systemic AMP cells in the optic nerve
was evaluated by IBA1 staining and scored using a 4 point scale. Vehicle
(PBS) treated EAE mice showed a significant (***p < 0.05) increase in
optic nerve (N = 8) inflammation as compared with control (N = 6) mouse
optic nerves. All AMP cell treatment paradigms (1× IP,N = 6; 1× IV,N =
7; 3× IP, N = 6; 3× IV, N = 9) significantly decreased inflammation in the
optic nerves as compared with vehicle-treated EAE mice (@p < 0.05;
@@p < 0.01). b Images show IBA1+ cells in one representative optic
nerve section (original magnification × 10, Scale bars: 200 μM). Few
microglia/macrophages are observed in the control mouse optic nerve,
whereas the vehicle-treated mouse optic nerve contains numerous cells
and optic nerves fromAMP cell-treated EAEmice contain only moderate

IBA1+ cell levels. c Demyelination in the optic nerve was evaluated by
LFB staining and scored using a 3 point scale. Vehicle-treated EAE mice
showed a significant (**p < 0.01) increase in optic nerve demyelination
as compared with control mouse optic nerves. AMP cell treatment with
1× IP and IV injection, and 3× IV injection, significantly decreased de-
myelination in the optic nerves as compared with vehicle-treated EAE
mice (@p < 0.05; @@p < 0.01), and 3× IP injection of AMP cells lead to a
non-significant trend in attenuation of myelin loss. d Representative im-
ages of optic nerves stained with LFB show a vehicle-treated EAEmouse
with myelin loss in the optic nerve, AMP cell–treated mouse optic nerves
with partial preservation of myelin. Original magnification × 20, Scale
bars: 200 μM. Data represent mean ± SEM of measurements from the
right eye of each mouse
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NCT03687632). Therefore, they offer a potential translational
pathway to explore their use in treating human MS patients. In
the current study design, clinical pathology was assessed at a
late time point in the EAE disease, when prior studies have
shown that optic nerve neurodegeneration has peaked [21, 25,
27], in order to assess the effects of AMP cell therapy on
demyelination and neurodegeneration; thus, the study was not
tailored to determine whether AMP cells exert effects by
modulating peripheral immune responses early in the EAE
disease, and/or by migrating into the CNS and secreting factors
locally to simulate effects of ST266. Immunohistochemical
staining of spinal cord sections with anti-human antibodies
did reveal several examples of AMP cells integrated into the
CNS of treated mice (data not shown), but cells were rare and
not found consistently, suggesting that if this mechanism is
important, AMP cells may have migrated earlier in the disease

course and may have been cleared by the time the mice were
euthanized. Nonetheless, it is helpful to consider evidence from
prior literature suggesting that both mechanisms, peripheral
immune modulation and direct CNS effects, are likely in-
volved. Overexpression of inflammatory cytokines are critical-
ly involved in the pathogenesis of EAE and MS and contribute
to active inflammatory processes. Studies show that disease
progression can be reduced by inhibiting cytokines controlling
CD4+ T cell differentiation and expression during the course of
EAE [47]. Proinflammatory cytokines also increase blood ves-
sel permeability resulting in an influx of inflammatory cells
including auto-reactive T cells andmonocytes resulting inmore
inflammation, demyelination and tissue damage [29, 48, 49].
Downregulation of pro-inflammatory cytokines and upregula-
tion of anti-inflammatory cytokines results in amelioration of
MS/EAE disease progression [50, 51]. Prior studies also

Fig. 4 AMP cells attenuate visual dysfunction and RGC loss. a Visual
function was evaluated by OKR weekly. Eyes of vehicle (PBS)-treated
EAEmice (N = 8) showed a significant (**p < 0.01) progressive decrease
in OKR scores over 6 weeks as compared with control (N = 6) mouse
eyes. 3× dosing of AMP cells either IP (N = 6, @@p < 0.01) or IV (N = 9,
@@p < 0.01), as well as 1× IV AMP cell treatment (N = 7, @p < 0.05),
significantly attenuated vision loss over 6 weeks, while 1× IP (N = 6)
AMP cell administration induced a non-significant trend in improved
OKR responses. b Final visual function measured on day 42 p.i. showed
that the significant (***p < 0.001) decrease in OKR responses in vehicle-
treated EAE mice as compared with control mice was significantly
prevented in all AMP cell treatment groups (@p < 0.05; @@p < 0.01);
@@@p < 0.001). c To evaluate RGC loss, retinas were isolated at day 42
p.i., stained with Brn3a antibodies, and counted by a masked investigator.

The significant (***p < 0.001) RGC loss found in vehicle-treated EAE
mice as compared with control mice was significantly prevented in all
AMP cell treatment groups (@p < 0.05; @@p < 0.01); @@@p < 0.001). d
Representative images showing RGCs in one field from one retina from
each treatment group (original magnification × 20, Scale bars: 50 μM)
demonstrate the reduced RGC numbers induced by EAE and prevented
by AMP cell treatment. e To evaluate axonal loss in the retina, retinas
were isolated at day 42 p.i., stained with Neurofilament RT-97 antibodies
and axonal fibers were counted by a masked investigator. Significant
(***p < 0.001) axonal loss found in vehicle-treated EAE mice as com-
pared with control mice was significantly prevented in all AMP cell
treatment groups (@p < 0.05; @@@p < 0.001). Data represent mean ±
SEM of measurements from the right eye of each mouse
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showed that human amnion mesenchymal stem cell treatment
decreased pro-inflammatory cytokines in both the CNS and
periphery of EAE mice [52]. Amniotic epithelial cells inhibit
both innate and adaptive immune system responses by
inhibitingmigration of neutrophils andmacrophages, inhibiting
protease activity and secretion of factors which reduce T-cell
and B-cell proliferative responses to mitogens [53]. Similar
characteristics of AMP cells may also have contributed in part
to the neuroimmunomodulatory effect in our current study.
Indeed, AMP cells have been shown to inhibit CMV positive
T cells by an average of 95%, consistent with an immunomod-
ulatory mechanism [19].

Human AECs express neural progenitor cell markers and
have putative potentiality of neural stem cells [54]. Amniotic
cells express and secrete neurotropic factors which enhance
regeneration. Human amniotic membrane itself is known to
secrete multiple cytokines and growth factors, including
BDNF (brain-derived neurotropic factor) and GDNF (Glial
Cell Derived Neurotropic Factor), which play a major role in
neuro-regeneration [55]. ST266, the secretome of AMP cells,
has been shown to contain physiological levels of PDGF
(Platelet Derived Growth Factor), VEGF (Vascular
Endothelial Growth Factor), Angiogenin, TGF-β2 and
TIMP-1 (tissue inhibitor of metalloproteinases-1), which have
been implicated in promoting neuronal survival individually
or in combination [21, 55–60]. Furthermore, the neuroprotec-
tive effects of ST266 involves reduction of oxidative stress,
SIRT1-mediated enhancement of mitochondrial function, and
pAKT signaling [21]. Consistent with these prior findings of
ST266, our current results suggest that AMP cell administra-
tion by either IV or IP routes may result in the migration of the
cells to the impaired area and induce similar neuroprotective
and immunomodulatory functions by locally secreting neuro-
tropic or immunomodulatory factors. Indeed, migration, dif-
ferentiation and increased expression of growth factors and
resultant functional recovery promotion by other amniotic
stem cells were exhibited in prior studies [46]. Interestingly,
transplantation of amnion cells directly into the CNS induced
neuroprotection by increased neurotrophin release even with
no morphological integration shown in a model of Parkinson
disease [61], suggesting a local effect of secreted factors is a
likely mechanism of stem cell–mediated neuroprotection even
when such cells are hard to identify.

Together, current results show that both IP and IV admin-
istration of single or multiple doses of AMP cells can exert at
least some protective effects, although neuroprotective effects
of IP treatment were slightly less robust than that of IV treat-
ment, and we surmise this may be due to more efficient dis-
tribution of cells following IV administration. This result is
similar to studies using mesenchymal stem cells which
showed inferior therapeutic effects of IP administration that
improved with repeated IP injections [62]. Interestingly, re-
peated IP injection of AMP cells induced variable levels of

improvement in RGC/visual preservation and spinal cord
EAE disease, suggesting that a higher dose at the single day
9 time point might be more potent than lower IP doses, and
indicate that precise dosing regimens require further investi-
gation. Despite being a routine method of administration in
clinical practice, IP is less used as an administration route for
stem cells [63]; however, studies show that IV injection of
stem cells may result in cell aggregation and can produce
pulmonary emboli or infarctions [64]; thus, both delivery
methods were examined here.

Overall, potent disease suppression and improvement in
neurologic function in both optic nerve and spinal cord sug-
gest that AMP cells are a potential novel therapy for MS that
warrant continued study. The tremendous neuroprotective
properties demonstrated even with a single administration
supports AMP cells as a potential easily administered therapy
forMS and other autoimmune diseases. Importantly, scientific
studies show human AEC transplantation does not induce
tumorigenicity [65–67], suggesting that systemic administra-
tion of AMP cells is likely a safe cell therapy strategy for MS
that delivers a unique and reproducible combination of factors
to induce both anti-inflammatory and neuroprotective
benefits.
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