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The majority of patients with ischemic stroke are ineligible 
to receive the only approved drug treatment, recombinant 

tissue-type plasminogen activator, because it must be adminis-
tered within 4.5 hours of stroke onset,1 and so new therapies that 
can be commenced beyond this window are desperately needed. 
Although a plethora of compounds that target single receptors or 

pathways have shown promise in preclinical models, none have 
been effective in clinical stroke trials.2 Given the complex nature 
of postischemic brain injury and its systemic consequences,2,3 
cell-based approaches could achieve greater efficacy than single 
pharmacological therapies through targeting of multiple mecha-
nisms.4 Indeed, although a range of cell types can rescue injured 

Background and Purpose—Human amnion epithelial cells (hAECs) are nonimmunogenic, nontumorigenic, anti-
inflammatory cells normally discarded with placental tissue. We reasoned that their profile of biological features, wide 
availability, and the lack of ethical barriers to their use could make these cells useful as a therapy in ischemic stroke.

Methods—We tested the efficacy of acute (1.5 hours) or delayed (1–3 days) poststroke intravenous injection of hAECs in 4 
established animal models of cerebral ischemia. Animals included young (7–14 weeks) and aged mice (20–22 months) 
of both sexes, as well as adult marmosets of either sex.

Results—We found that hAECs administered 1.5 hours after stroke in mice migrated to the ischemic brain via a CXC 
chemokine receptor type 4-dependent mechanism and reduced brain inflammation, infarct development, and functional 
deficits. Furthermore, if hAECs administration was delayed until 1 or 3 days poststroke, long-term functional recovery 
was still augmented in young and aged mice of both sexes. We also showed proof-of-principle evidence in marmosets that 
acute intravenous injection of hAECs prevented infarct development from day 1 to day 10 after stroke.

Conclusions—Systemic poststroke administration of hAECs elicits marked neuroprotection and facilitates mechanisms of 
repair and recovery.

Visual Overview—An online visual overview is available for this article.   (Stroke. 2018;49:700-709. DOI: 10.1161/
STROKEAHA.117.019136.)
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brain and improve recovery in models of stroke,4 limited cell 
supplies, invasive extraction procedures, immunologic rejection, 
tumorigenesis, and ethical and logistical problems will likely 
prevent the use of most as viable routine treatment options.5

Human amnion epithelial cells (hAECs) have received almost 
no attention as a potential stroke therapy but offer many advan-
tages. These placenta-derived cells possess pluripotent differ-
entiation ability, immunomodulatory properties, are in ready 
supply (placentae are usually discarded after birth), are harvested 
noninvasively, and have virtually no ethical barriers to their use.6 
Likely reflecting their role in maintaining maternal immune 
tolerance of the fetus during pregnancy, hAECs are immuno-
logically inert and have a low risk of rejection on transplantation. 
Also, hAECs do not express telomerase and therefore do not gen-
erate tumors on transplantation.5,7 Furthermore, compared with 
other amnion-derived stem cell types (ie, amnion mesenchymal 
cells), hAECs can be isolated in vast abundance (hundreds of 
millions compared with tens of thousands), circumventing the 
need for ex vivo expansion of cells. Moreover, from a clinical 
translation perspective, hAECs represent a significantly lower 
cost than amnion mesenchymal cells because therapeutic doses 
can be obtained within hours of placenta collection, as opposed 
to weeks of culture expansion. Indeed, hAECs can promote 
neuroprotection during the acute phase of neuronal injury and 
facilitate neuroregeneration in models of central nervous sys-
tem disorders.8,9 We are currently evaluating hAECs in a phase I 
Clinical Trial for bronchopulmonary dysplasia (Australian New 
Zealand Clinical Trials Registry: ACTRN12614000174684).

Here, we show that intravenous delivery of hAECs can 
reduce ischemic brain damage and promote functional recov-
ery when administered as late as 3 days after ischemic stroke 
in immunocompetent mice. We demonstrate that hAECs medi-
ate their protective and proreparative effects via modulating 
immune cells that coordinate the inflammatory response to 
cerebral ischemia. These actions seem to be independent of 
both age and sex because hAECs are beneficial in young male 
and aged female mice. Finally, we show proof-of-principle evi-
dence that poststroke treatment with hAECs can limit infarct 
development in a nonhuman primate model of ischemic stroke.

Methods
Data supporting the findings of this study are available from the cor-
responding author on reasonable request.

Study Design
Here, we have tested the efficacy of systemically delivered hAECs 
in established animal models of ischemic stroke. These studies were 
performed in support of several STAIRs10 and STEPs11 recommen-
dations (Stroke Treatment Academic Industry Roundtable [STAIR]; 
Stem Cell Therapy as an Emerging Paradigm in Stroke [STEPS]) and 
used models of transient and permanent cerebral ischemia, young and 
aged animals of both sexes, and nonhuman primates. We assessed 
different time points at which hAECs could be delivered after stroke. 
See Figure I in the online-only Data Supplement for experimental 
timelines outlining the models of stroke used in this study.

Animals
Studies were approved by Monash University and University of Otago 
Animal Ethics Committees. A total of 326 male C57Bl6 mice (7–14 
weeks old), 68 female C57Bl6 mice (20–22 months old), and 6 timed 

pregnant female C57Bl6 mice were used. We also studied 6 New World 
marmoset monkeys (Callithrix jacchus; 3–5 years; 2 females, 4 males).

Experimental Models
Most mice were subjected to either sham surgery or filament-induced 
right middle cerebral artery occlusion (MCAO) for 30 minutes, and 
the filament was then retracted to allow reperfusion (transient MCAO). 
Some cohorts were subjected to 60 minutes of MCAO to confirm effi-
cacy of hAECs after a stronger ischemic insult and reperfusion. Groups 
were only compared with others subjected to the same period of MCAO. 
Alternatively, the filament was not retracted to induce permanent 
MCAO. Other mice were subjected to sham surgery or focal stroke of 
the left primary motor cortex induced by photothrombosis. In marmo-
sets, stroke was produced in the left primary visual cortex by targeted 
intracortical injections of endothelin-1 proximal to the calcarine artery 
to cause transient arterial occlusion. Detailed descriptions, and a discus-
sion of the comparative features of the mouse and marmoset models of 
cortical stroke, are in the online-only Data Supplement.

Administration of hAECs
hAECs were isolated from term placentae donated by healthy vol-
unteers who underwent elective Cesarean section delivery.6 In some 
mice, saline (vehicle) or 1×106 hAECs was injected into the tail vein 
either 1.5 or 72 hours after induction of MCAO. In others, hAECs 
were injected at 1 and/or 14 days after photothrombotic stroke. In 
marmosets, saline or hAECs (5×106) was injected into a saphenous 
vein 1.5 hours after initiation of ischemia.

Poststroke Assessment of Injury
Timelines for all cohorts (Figure I in the online-only Data Supplement) 
and detailed descriptions of methods for assessment of injury are in 
the online-only Data Supplement.

Statistical Analysis
Data are presented as scatter plots combined with mean±SEM, with 
the exception of neurological deficit scores (scatter plot with median). 
Analyses were performed using GraphPad Prism (San Diego, CA; 
v6.0). Between-group comparisons were made using 1-way ANOVA 
or Student unpaired t test. If differences were detected by ANOVA, 
individual groups were compared by Newman–Keuls or Tukey mul-
tiple comparison test. Neurological deficit scores were compared 
using a Mann–Whitney or Kruskal–Wallis test followed by Dunn test. 
Survival was analyzed using a log-rank test. Two independent variables 
were compared using a 2-way ANOVA, followed by either Bonferroni 
or Tukey test. Statistical significance was accepted if P<0.05.

Results
Characterization of hAECs
Primary hAEC isolates were gated positive for epithelial cell 
marker epithelial cell adhesion molecule (EpCAM) and negative 
for mesenchymal stromal markers CD90 and CD105 (Figure IIA 
in the online-only Data Supplement). EpCAM+CD90−CD105− 
cells were further gated for stem cell and stromal markers. 
Primary hAECs were >95% negative for CD146, STRO-1, 
and CD44 and >90% positive for SSEA-4, CD29, and CD73 
(Figure IIB in the online-only Data Supplement).

Effects of hAECs After Transient MCAO  
in Young Male Mice
Acute hAEC Treatment Limits Functional Deficit  
and Infarct Volume
Male mice that received hAECs (106, IV) 1.5 hours after 
initiation of MCAO had less functional deficit at 24 and 72 
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hours than vehicle-treated mice. Specifically, hAEC-treated 
mice could grasp an elevated wire for approximately twice 
as long as vehicle-treated mice (Figure 1A), remove adhe-
sive stickers from their forepaws quicker (Figure 1B), and 
had a lower median neurological deficit score (Figure 1C; 
P=0.06 at 72 hours). Infarct volume was reduced by ≥50% 
in hAECs-treated mice, as evidenced by thionin staining and 
sequential within-animal magnetic resonance analysis at 24, 
48, and 72 hours (Figure 1D; Figure VIIC in the online-only 
Data Supplement)

Migration of hAECs to Brain and Spleen Is  
CXCR4 Dependent
hAECs labeled with carboxyfluorocein succinimidyl ester 
immediately before injection were detected in the ischemic 
hemisphere at 24 and 72 hours (Figure 2A and 2B) but not in 
the contralateral hemisphere (not shown) or in sham-operated 
mice (Figure 2A and 2B). hAECs were commonly localized 
to the infarct core (not shown) and spleen (Figure 2B). Few 
hAECs were in spleens of sham animals (Figure 2B), consis-
tent with homing to multiple sites of injury and inflammation 

after stroke. Treatment of mice with CXCR4 antagonist, 
AMD3100, reduced hAECs by ≈70% in the poststroke brain 
(Figure 2C) accompanied by reduced grip strength and greater 
median neurological deficit score (Figure 2C), consistent 
with CXCR4/stromal cell derived factor 1–mediated tissue 
homing. Interestingly, hAECs were ineffective at reducing 
infarct volume or functional deficits in splenectomized ani-
mals (Figure 2D), suggesting that the spleen is required for 
hAECs to elicit neuroprotection.

hAECs Limit Stroke-Induced Cerebral Apoptosis  
and Inflammation
We assessed poststroke brain expression of apoptotic mark-
ers: cleaved caspase-3, annexin V, and cleaved caspase-8. 
Immunofluorescence with the neuronal marker, NeuN, and 
cleaved caspase-3 confirmed that most apoptotic cells were 
neurons (Figure 3A). Administration of hAECs resulted in 
fewer apoptotic cells at 24 and 72 hours (Figure 3A; Figure 
IIIA and IIIB in the online-only Data Supplement), an effect 
most evident in the infarct core (Figure 3A; Figure IIIA 
in the online-only Data Supplement). Expression of the 

A D

B

C

Figure 1. Acute administration of human amnion epithelial cells (hAECs) reduces functional deficits and infarct volume after stroke. Young 
male mice were subjected to either sham surgery or 30 minute transient middle cerebral artery occlusion and injected with vehicle or 
hAECs 1.5 hours later. Functional outcome and infarct volume were assessed at 24, 48, and 72 hours postsurgery. A, Latency to fall on 
hanging grip test (n=7–19). B, Latency to remove stickers on forepaws (n=5–11). C, Neurological deficit score (n=7–19). D, From top to 
bottom, Infarct volumes measured using thionin, representative images of magnetic resonance scans delineating infarct area at 24, 48, 
and 72 hours, infarct volumes measured by magnetic resonance imaging (MRI) at 24, 48, and 72 hours compared with 72 hours thio-
nin (n=7–12). *P<0.05; **P<0.01; ***P<0.001, 1-way ANOVA and Tukey test (A and B), Kruskal–Wallis test and Dunn test (C), or Student 
unpaired t test (D). Data are mean±SEM (except neurological deficit scores presented as median).
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extrinsic apoptotic pathway mediator, cleaved caspase-8, was 
also reduced in hAEC-treated animals (Figure IIIC in the 
online-only Data Supplement). In a primary neuronal culture-
based model of stroke, hAECs exerted no direct protection of 
neurons subjected to glucose-deprivation injury (Figure IIID 
in the online-only Data Supplement).

Inflammatory processes contribute to cerebral infarct 
formation and resultant neuronal death.12–14 Because 
hAECs possess potent immunomodulatory properties,9,15,16 
we assessed their effect on immune cell infiltration into 
the ischemic hemisphere using immunohistochemistry 
(Figure 3B–3D) and flow cytometry (Figure IVA in the 
online-only Data Supplement). Increases in neutrophils, 
CD3+ T cells, and macrophages at 24 and 72 hours were 
blunted in mice treated with hAECs (Figure 3B–3D; Figure 
IVA in the online-only Data Supplement). Moreover, the 

proportion of 3-nitrotyrosine–positive macrophages (con-
sistent with a proinflammatory phenotype) was markedly 
reduced at 72 hours in hAECs-treated mice (Figure 3D). 
Flow cytometry confirmed these findings and revealed that 
ischemia-induced increases in B cells and CD8+ T cells 
were also blunted by hAECs (Figure IVA in the online-
only Data Supplement). Western blot analysis revealed that 
expression of the inflammasome protein, NOD-like recep-
tor family pyrin domain–containing protein 3, was reduced 
in hAECs-treated animals at 24 hours (Figure IVB in the 
online-only Data Supplement).

hAECs Modulate Poststroke Immunosuppression
We tested whether treatment with hAECs affects stroke-
induced systemic immunosuppression after early acti-
vation of the immune system. This phenomenon is an 
important cause of poststroke mortality and morbidity, the 
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Figure 2. Intravenously administered 
human amnion epithelial cells (hAECs) 
migrate to the brain in a CXCR4-dependent 
manner after stroke and elicit neuroprotec-
tion in intact but not splenectomized (SX) 
mice. A, Representative images of (B) and 
(C). B, Young male mice were subjected to 
either sham surgery or 30 minute transient 
middle cerebral artery occlusion (MCAO), 
and carboxyfluorescein succinimidyl ester 
(CFSE)–labeled hAECs were injected 1.5 
hours later. CFSE-labeled hAECs were 
counted in brain or spleen at 24 and 72 
hours (n=2–8). C, Young male mice were 
subjected to 30 minute transient MCAO 
and injected with CFSE-labeled hAECs and 
vehicle or CXCR4 antagonist, AMD3100. 
From left to right, CFSE-labeled hAECs per 
brain section, latency to fall on hanging 
grip test, and neurological deficit scores 
(n=5). D, Young male SX mice were sub-
jected to 60 minute transient MCAO and 
injected with either vehicle or hAECs at 1.5 
hours. From left to right, Infarct volume and 
latency to fall on hanging grip test assessed 
at 24 hours poststroke (n=7). Scale bar 
indicates 100 μm. *P<0.05; **P<0.01, Stu-
dent unpaired t test. Data are mean±SEM 
(except neurological deficit scores, pre-
sented as median).
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major hallmarks of which include splenocyte apoptosis, 
splenic atrophy, loss of splenic and circulating leukocytes, 
and a weakened type 1 T helper cell response.3 Indeed, 
the stroke-induced increase in apoptotic splenocytes evi-
dent by 24 hours preceded splenic atrophy at 72 hours, and 
these changes were blunted by hAECs (Figure VA and VB 
in the online-only Data Supplement). Flow cytometry con-
firmed that stroke resulted in fewer leukocytes in atrophied 
spleens and circulating blood (monocytes, neutrophils, 

B cells, CD4+, and CD8+ T cells) and that these reduc-
tions were attenuated by hAECs (Figure VC and VI in 
the online-only Data Supplement). Splenic expression 
of type 1 T helper cell (Stat4) and type 2 T helper cell 
(Stat6) transcription factors was elevated at 72 hours, an 
effect prevented by hAECs (Figure VIIA in the online-only 
Data Supplement). A similar profile was seen for the Th17 
transcription factor, Rorc (Figure VIIA in the online-only 
Data Supplement). Aerobic bacterial infection of lungs at 
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Figure 3. Acute administration of human amnion epithelial cells (hAECs) reduces cerebral apoptosis and inflammation after stroke. Young 
male mice were subjected to either sham surgery or 30 minute middle cerebral artery occlusion and injected with vehicle or hAECs 1.5 
hours later. Apoptotic and immune cells were quantified in the brain at 24 and 72 hours postsurgery. A, Representative images showing 
colocalization of neuronal marker NeuN and cleaved caspase-3, and immunohistochemical analysis of immunoreactive cleaved cas-
pase-3+ (cl. casp 3+) cells within the infarct core and peri-infarct region (n=6–9). Scale bars represent 100 μm. Immunohistochemistry was 
used to quantify: (B), myeloperoxidase (MPO)+ cells (n=3–7), (C) CD3+ cells (n=4–7), and (D), F4/80+ cells (n=3–5) and 3-nitrotyrosine (3NT)+ 
F4/80+ cells (n=5) per ischemic/right hemisphere section. *P<0.05; **P<0.01; ***P<0.001, 2-way ANOVA (A), 1-way ANOVA followed by 
Newman–Keuls test (B–D), or Student unpaired t test (D). Data are mean±SEM.
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72 hours was unaffected by hAECs (Figure VIIB in the 
online-only Data Supplement).

Delayed Treatment With hAECs 
Promotes Functional Recovery
We explored whether hAECs could impact functional recov-
ery if administration was delayed for as long as 3 days—when 
infarct volume is fully formed in the mouse transient MCAO 
model (see Figure 1D). Mice administered hAECs at 3 days 
poststroke exhibited greater grip strength (Figure VIIIA in the 
online-only Data Supplement) and faster sticker removal at 7 
to 14 days (Figure VIIIB in the online-only Data Supplement) 
and tended to have a greater 14-day survival rate than mice 
receiving saline at 3 days (Figure VIIIC in the online-only 
Data Supplement).

Effects of hAECs After Permanent 
MCAO in Young Male Mice
Acute Administration of hAECs Improves Outcome
Acute administration of hAECs modestly blunted the impact 
of cerebral ischemia with no reperfusion on several functional 
and histological indicators, resulting in faster sticker removal, 
a tendency for greater grip strength and lower neurological 
deficit, and ≈20% smaller infarcts (Figure 4A and 4B). There 
were also fewer CD3+ T cells, but not neutrophils, within the 
ischemic hemisphere of hAECs- than vehicle-treated mice 
(Figure 4C and 4D).

Effects of hAECs After Photothrombotic Stroke in  
Aged Female Mice
Delayed Treatment With hAECs Promotes 
Long-Term Functional Recovery
We then assessed the efficacy of hAECs injected at 1 and/or 
14 days poststroke to reduce motor deficit over 8 weeks in a 
cohort of aged (20–22 months) female mice subjected to pho-
tothromobosis-induced ischemia of the primary motor cortex. 
Motor function was assessed by grid-walking and cylinder 
tests every 7 days. Mice treated with hAECs at either 1 day 
only or 1+14 days exhibited reduced preference for using their 
unaffected (left) rather than affected (right) forelimb in the 
cylinder test at 8 weeks compared with vehicle-treated mice 
(Figure 5A). This equated to an ≈40% improvement in limb 
function for 8 weeks as a result of hAECs treatment at 1-day 
poststroke, whereas no recovery occurred in vehicle-treated 
mice (Figure 5A). In the grid-walking test, ≈30% spontane-
ous recovery occurred in vehicle-treated mice by 8 weeks 
(Figure 5A). Similarly, mice treated with hAECs at 1±14 
days made ≈40% fewer foot faults on their affected forepaw 
than vehicle-treated mice (Figure 5A). There was no apparent 
effect of hAECs on long-term motor function in either test if 
hAECs were administered only at 14 days (Figure 5A).

Delayed Administration of hAECs Stimulates  
Repair Mechanisms
A cohort of mice was studied to assess effects of hAECs admin-
istered 1-day poststroke on infarct development, peri-infarct 
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Figure 4. Efficacy of human amnion epithelial cells (hAECs) after permanent cerebral ischemia. Young male mice were subjected to per-
manent middle cerebral artery occlusion and injected with vehicle or hAECs at 1.5 hours. Functional outcome, infarct volumes, and brain 
immune cell numbers were assessed at 24 hours. A, From left to right, Latency to remove adhesive labels from forepaws, latency to fall in 
hanging grip test, and median neurological deficit score (n=7–12). B, Infarct volume (vehicle: n=9; hAECs: n=12). C, Immunohistochemical 
quantification of infiltrating CD3+ T cells per ischemic section (n=7/group). D, Immunohistochemical quantification of infiltrating myelo-
peroxidase (MPO)–positive neutrophils/field of view (n=7). Arrows indicate positive cells, scale bars represent 50 μm. *P<0.05, Student 
unpaired t test (A–D) except for neurological deficits scores which were compared using a Mann–Whitney test. Data are presented as 
mean±SEM except neurological deficit scores, presented as median.
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plasticity, and/or the systemic inflammatory response at 7 or 
56 days after photothrombotic stroke as potential mechanisms 
that impact long-term functional recovery. hAECs had no 
effect on infarct size at either 7 days (Figure 5B) or 56 days 
(Figure IXA in the online-only Data Supplement). We assessed 
changes in peri-infarct cortex plasticity by cell density, levels 

of microtubule-associated protein-2 (marker of neuronal den-
drites), reactive astrogliosis (glial fibrillary acidic protein lev-
els), and glutamic acid decarboxylase 67 (marker of inhibitory 
interneurons; Figure 5B; Figures IXB and X in the online-
only Data Supplement). Administration of hAECs at 1 day 
resulted in a greater cell density and microtubule-associated 
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Figure 5. Administration of human amnion epithelial cells (hAECs) improves long-term outcome after stroke in aged female mice and 
marmosets. A, Mice were administered vehicle or hAECs at 1 or 14 days after sham surgery, or photothrombotic stroke and functional 
outcome were assessed for 56 days from left to right, Cylinder test assessing forepaw asymmetry, grid-walking test assessing forepaw 
and hindpaw deficits (n=7–8). ***P<0.001 (stroke vs sham), +P<0.05 (stroke+1 day hAECs vs stroke+vehicle), ^P<0.05 (stroke+1 and 
14 days hAECs vs stroke+vehicle), ^^P<0.01 (stroke+1 and 14 days hAECs vs stroke+vehicle), 2-way ANOVA followed by Tukey’ test. 
B, Mice were administered vehicle or hAECs 1 day postphotothrombosis and infarct volume and histological markers of peri-infarct 
plasticity were assessed at 7 days from top to bottom, left to right: Infarct volume at 7 days (n=6), immunohistochemical analysis 
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vehicle- and hAECs-treated animals (n=6), representative images are shown above. Yellow boxes in the representative vehicle image 
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were subjected to endothelin-1–induced ischemia and injected with saline- or hAECs at 1.5 hours. Magnetic resonance (MR) imaging 
assessed infarct volumes at day 1 and day 10. From left to right, Representative MR scans delineating infarct area, mean infarct volume, 
and change in infarct volume from day 1 to day 10 in saline- and hAECs-treated marmosets (n=3; 2 males and 1 female/group). No sta-
tistical comparisons were made. All data are presented as mean±SEM.
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protein-2 immunoreactivity in both regions 1 and 2 at 7 days 
compared with vehicle-treated controls (Figure 5B). Reactive 
gliosis, as measured by glial fibrillary acidic protein expres-
sion, was increased in region 1 and tended to be decreased in 
region 2 at 7 days in animals that received hAECs compared 
with vehicle (Figure 5B). At 56 days, hAECs-treated animals 
had more reactive astrocytes within the glial scar despite a 
similar glial scar area in vehicle controls (Figure IXB in the 
online-only Data Supplement), and hAECs prevented the 
stroke-induced decrease in inhibitory interneurons (Figure 
X in the online-only Data Supplement). When assessing 
effects on the systemic immune response, we observed that 
hAECs reduced the expansion of myeloid cell compartments 
in bone marrow, spleen, and lymph nodes at 7 days (Figure 
XIA in the online-only Data Supplement) and prevented the 
reduction of circulating B cells and expansion of B cells in 
spleen and lymph nodes (Figure XIB in the online-only Data 
Supplement). hAECs also prevented the stroke-induced 
decrease in circulating T cells, without affecting T cell num-
bers in spleen or lymph nodes (Figure XIC in the online-only 
Data Supplement).

Effects of hAECs After Endothelin-1–Induced  
Stroke in Marmosets
hAECs Treatment Inhibits Infarct Expansion
We performed proof-of-concept studies in 6 marmosets 
injected intravenously with either saline or hAECs (5×106) 
1.5 hours after initiation of cortical ischemia by injections of 
endothelin-1. Magnetic resonance analysis revealed infarct 
volume to be ≈70% and ≈125% larger on day 1 and day 10, 
respectively, in saline- versus hAECs-treated marmosets 
(Figure 5C). It was noteworthy that infarct volume expanded 
by >40% from day 1 to day 10 in saline-treated marmosets, 
whereas infarct expansion was largely arrested in hAECs-
treated animals (Figure 5C).

Discussion
We have used 4 models of ischemic stroke in immunocom-
petent animals to assess the effects of hAECs on stroke out-
comes. When injected intravenously after ischemia onset, 
hAECs migrate preferentially to the spleen and injured brain 
to limit apoptosis and inflammation and attenuate early brain 
infiltration of immune cells, progression of infarction, and sys-
temic immunodepression to ultimately ameliorate functional 
deficits. When administration of hAECs was delayed by 1 to 3 
days, long-term functional recovery could still be enhanced in 
young and aged mice of either sex, regardless of infarct size or 
whether early reperfusion had occurred. Moreover, proof-of-
principle findings suggested that hAECs are effective at limit-
ing infarct development in nonhuman primates.

Previous assessment of cell-based therapies in animal mod-
els of stroke have commonly used direct intracerebral admin-
istration of stem cells.17–19 This invasive approach is unlikely 
to be practicable clinically for several reasons. First, intra-
cerebral administration will likely require expensive imag-
ing equipment and expertise not readily available in most 
centers. Intracerebral administration may itself cause further 
brain injury,20 and such an approach does not likely target the 

systemic mechanisms that contribute to impaired outcomes 
after stroke.2,3 More recent studies have demonstrated benefi-
cial effects from intravenous administration of stem cells21–23 
although immunologic rejection, tumorigenesis, and ethical 
and logistical obstacles may limit the practicality of their use. 
By contrast, because these limitations do not seem to apply to 
hAECs,5 we explored their therapeutic utility when adminis-
tered systemically after stroke.

We found that hAECs migrated to the infarct core but not 
contralateral hemisphere or into brains of sham-operated 
animals, indicating that these cells homed to damaged areas 
of brain. As reported for other stem cell lineages,4,13 hAECs 
seem to migrate to the brain via stromal cell derived fac-
tor 1–CXCR4 signaling. We observed fewer apoptotic cells 
within the hAECs-containing infarct core; however, because 
hAECs did not directly protect neurons subjected to ischemia-
like injury in vitro, the neuroprotection achieved in vivo is 
likely to have involved the coordination of complex mecha-
nisms involving multiple cell types. We found that a substan-
tial proportion of intravenously injected hAECs migrated to 
the spleen after stroke and that hAECs had reduced efficacy in 
splenectomized animals, suggesting that the spleen is required 
for full neuroprotection by hAECs. This is analogous to the 
observation that hAECs require functional macrophages and 
T cells to exert protective and reparative effects in a murine 
model of idiopathic pulmonary fibrosis.15,24

Likely mechanisms by which hAECs elicit neuroprotection 
and functional recovery when given up to 3 days poststroke 
are via modulation of inflammatory responses during the acute 
(hours) and subacute (days) phases of cerebral ischemia.12 
hAECs reduce inflammation in other disease settings9,15 by 
inhibiting neutrophil and macrophage migration, promoting 
M2 (as opposed to M1) polarization of macrophages,16 reduc-
ing proliferation of activated T and B cells, and inducing regu-
latory T cells.15,25 We observed similar effects of hAECs in our 
stroke models, with profoundly reduced infiltration of leuko-
cytes into the injured brain after either transient or permanent 
ischemia. Of note, there was a ≈75% reduction in 3-nitrotyro-
sine–positive macrophages, reflecting M1-polarized cells that 
exacerbate inflammation and promote neuronal death.14

We examined effects of hAECs on peripheral immune func-
tion, which is thought to be augmented for up to 24 hours 
after stroke and followed by a profound immunosuppression. 
This delayed phase of systemic immune system suppression 
may render patients with stroke especially vulnerable to infec-
tions.3 In addition to modulating the initial proinflammatory 
response to stroke, hAECs therapy also blunted several fea-
tures of systemic immunosuppression by 72 hours, including 
apoptotic loss of splenocytes, splenic atrophy, and leukopenia.

We assessed the potential of hAECs to modulate repair pro-
cesses and facilitate functional recovery when administered at 
delayed time points. We observed greater hanging grip strength 
and faster adhesive removal over 1 to 2 weeks compared with 
saline when hAECs were injected 3 days after stroke. Because 
the majority of clinical strokes occur in people of advanc-
ing age (ie, >65 years), it is important that preclinical stroke 
research evaluates potential therapies in aged animals and in 
both sexes. Indeed, we found that aged female mice receiving 
hAECs at 1 day after stroke exhibited a 30% to 40% greater 
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long-term motor recovery over 8 weeks compared with mice 
receiving vehicle. No benefit was seen from an additional or 
alternative injection of hAECs at 14 days. To explore potential 
mechanisms of improved recovery, we assessed changes in 
reactive astrogliosis, dendritic plasticity, and GABA signal-
ing. Treatment with hAECs resulted in greater expression of 
glial fibrillary acidic protein at the site of the lesion border but 
decreased the spread of reactive astrogliosis into neighboring 
tissue regions. Furthermore, stroke-induced decreases in peri-
infarct microtubule-associated protein-2 and glutamic acid 
decarboxylase 67 were reversed by hAECs. These changes 
in peri-infarct cortex plasticity occurred in association with a 
modulated systemic inflammatory response, whereby hAECs 
reduced the stroke-induced increase in myeloid and B cells 
within bone marrow, spleen, and lymph nodes. Our findings 
indicate that subacute (1–3 days) administration of hAECs 
can substantially modify pathological mechanisms that lead 
to long-term functional impairment after stroke, indicating 
a powerful capacity for repair and recovery by hAECs when 
given within a wide therapeutic window.

A common finding between our acute and delayed admin-
istration protocols was that hAECs were able to modify the 
poststroke immune response. It is conceivable that acute 
administration of hAECs would be necessary to sequester 
inflammation, which can directly contribute to poststroke 
brain injury. However, modulating the immune response even 
after brain injury is fully established would still likely be of 
benefit. For example, one study reported that B cells infiltrate 
the brain weeks after a stroke and lead to delayed cognitive 
impairment.26 Furthermore, hAECs can promote T regula-
tory cell expansion and M2 macrophage polarization,15,16 
which may aid in brain repair processes. Therefore, inhibiting 
delayed immune cell infiltration into the brain and promoting 
the development of reparative immune cell subsets could lead 
to a favorable long-term outcome poststroke.

Last, because there are several important physiological and 
anatomic differences between brains of lower-order species 
such as rodents and those of humans, we also wished to assess 
the effect of hAECs in a small cohort of New World marmoset 
monkeys, which share similarities to humans about brain anat-
omy.27 We found that the degree of neuroprotection achieved 
by intravenous administration of hAECs to a small number of 
marmosets after stroke was comparable or greater in magni-
tude to that observed in mice and that hAECs therapy effec-
tively prevented the infarct expansion that occurs between day 
1 and day 10 in that species.

From a translational perspective, it has been known for 
>30 years that hAECs are safe to transplant to humans.28 
Indeed, amnion cells or strips of amnion membrane have 
long been used to reduce scarring and promote healing in 
burn victims or after corneal surgery.29,30 Therefore, it is 
conceivable that hAECs could also be safely administered 
to patients with stroke. We do not currently know whether 
poststroke hAECs engraftment (migration and survival) is 
similar for mice and marmosets. It is noteworthy that we 
chose to not routinely use a cell-based control. This was 
in keeping with our original intent, which was to report on 
the impact of hAEC therapy on stroke-related brain injury, 
and as such our control for hAEC delivery was simply the 

absence of hAECs (ie, saline/vehicle). In pilot experiments, 
we did assess the effect of intravenous injection of mouse 
embryonic stem cells on stroke outcome and found them 
to be ineffective at reducing infarct volume or associated 
functional deficits (Figure XIIA–XIIC in the online-only 
Data Supplement). These data are compatible with our con-
clusion that the protective effects of poststroke injection of 
hAECs were inherent to that cell type and not because of 
administration of cellular content.

In summary, we have shown that hAECs administered sys-
temically to mice up to 3 days after ischemic stroke can reduce 
brain injury, inflammation, and both short- and long-term 
functional deficits in young adult and aged animals of both 
sexes. Our study includes proof-of-principle evidence that 
poststroke administration of hAECs leads to neuroprotection 
in nonhuman primates. Overall, these findings suggest that 
hAECs could be a viable and effective clinical stroke therapy.
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