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Abstract

Regulatory T-cells (T,.g) may exert a neuroprotective effect on ischemic stroke by inhibiting both inflammation and
effector T-cell activation. Transplantation of human bone marrow-derived stem cells (BMSCs) in ischemic stroke affords
neuroprotection that results in part from the cells’ anti-inflammatory property. However, the relationship between T,
and BMSCs in treatment of ischemic stroke has not been fully elucidated. Here, we tested the hypothesis that T,z within
the BMSCs represent active mediators of immunomodulation and neuroprotection in experimental stroke. Primary rat
neuronal cells were subjected to an oxygen-glucose deprivation and reperfusion (OGD/R) condition. The cells were re-
perfused and co-cultured with T, and/or BMSCs. We detected a minority population of T,z within BMSCs with both
immunocytochemistry (ICC) and flow cytometry identifying cells expressing phenotypic markers of CD4, CD25, and
FoxP3 protein. BMSCs with the native population of T, conferred maximal neuroprotection compared to the treat-
ment conditions containing 0%, 10%, and 100% relative ratio T..g. Increasing the T.., population resulted in increased ILé
secretion and decreased FGF-3 secretion by BMSCs. This study shows that a minority population of T, exists within
the therapeutic BMSC population, which serves as robust mediators of the immunomodulatory and neuroprotective

effect provided by BMSC transplantation.
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Introduction

Stroke is the second leading cause of death worldwide
and the third major cause of disability in adults, and
ischemic stroke accounts for between 70 and 80% of all
strokes.! Ischemic stroke is an occlusion of an artery
supplying a specific area of the brain leading to acute
loss of blood flow and oxygen to that area, resulting
in cell death. The timeline following infarction is
characterized by a phased response of cell death,
inflammation, and injury resolution.>® Disruption of
the neurovascular unit (NVU) has been implicated as
a pivotal stroke pathology, with the vulnerable cells in
the infarct and peri-infarct zone as key component of
NVU that undergo apoptosis and necrosis, releasing
non-cell autonomous “help me” signals into the paren-
chyma.* Excitatory neurotransmitters are released and

depolarize cells in the peri-infarct region, which triggers
cellular cascades that eventually leads to further cell
death via apoptosis among other degenerative signaling
pathways.* New treatments aim to rescue the cells in
the peri-infarct region.>®

Rescue of the peri-infarct region has been closely
linked to the process of inflammatory cascades and
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homeostasis. The brain’s innate immune system, con-
sisting primarily of microglia, is immediately activated
following ischemic injury. Subsequently, the systemic
adaptive immune system, consisting of T-lymphocytes,
homes to the infarcted region to induce apoptosis of
damaged cells. This initial immune response evolved
to dispose of cellular debris and attack invading patho-
gens, but prolonged over-activation is known to be det-
rimental to neurons in the peri-infarct region.” Bone
marrow cells have been shown to migrate to the peri-
infarct area in response to ischemic stroke, providing a
neuroprotective effect.® Similarly, exogenous delivery of
bone marrow-derived stem cells (BMSCs) has been
shown to confer neuroprotection against stroke.”!!
BMSCs have been demonstrated to act both locally
and systemically to attenuate deleterious immune
responses, providing a significant degree of neuropro-
tection.!''* Careful attenuation of the immune
response after stroke affords neuroprotective effects
with stem cells playing an active role as potent mediator
of immunomodulation, which is one of the principle
mechanisms by which they exert a neuroprotective
effect. However, it is not yet fully understood how
stem cell treatments modulate the immune system,
and the effect is likely multifactorial in nature.

BMSCs are a well-characterized cell population con-
sisting of adherent mononuclear cells extracted from the
bone marrow.'> While consisting primarily of stem cells,
it is possible that the harvested and isolated BMSC popu-
lation contains more mature cell types that act to prevent
deleterious inflammation. In vivo, bone marrow stem
cells normally mature into either a myeloid or lymphoid
precursor, from which all peripheral blood cells are
derived. Cells of the adaptive immune system have
recently been identified as important initiators and regu-
lators of the immune system post ischemic stroke.>!¢ %!

Specifically, a small subset of T-lymphocytes, the
regulatory T-cells (T,ss), are potent initiators of anti-
inflammatory effects.lé’22 It is known that T, are
reduced in number and functional capacity in
post-stroke homeostasis.”® Introduction of Thees Into
post-stroke brain has been shown confer neuroprotec-
tion by stabilizing the blood—brain barrier and promot-
ing anti-inflammatory signaling processes.'”** 2® There
exist also data providing compelling evidence that
FoxP3, a critical transcription factor responsible for
Threg maturation,>”*° s expressed in mesenchymal
stem cells.?® Tiees found within BMSCs would be
of significant importance in understanding the anti-
inflammatory effect of therapeutic BMSC transplant-
ation in stroke.

In the present study, we investigated BMSCs for the
presence T.,s and found a distinct subpopulation
of CD4"/CD25%/FoxP3™ T,ees. We found that the neu-
roprotective effect of T, and BMSCs in co-culture

varied in a ratio-dependent manner. We found that
T,ees Were capable of minimizing stem cell production
of IL-6, a pro-inflammatory cytokine®> and that
increasing the concentration of T,e inhibits BMSC
secretion of FGF-f, a cytokine related to BMSC pro-
liferation and differentiation.**** We showed the ratio
of Tiees found natively in BMSCs is optimally adapted
to provide the maximum neuroprotective benefit of
stem cell treatment after ischemic stroke.

Materials and methods
Animal experiments

All experiments involving animals were conducted
under the supervision and approval of our university’s
Institutional Animal Care and Use Committee
(TIACUC). All experimental procedures were consistent
with the NIH Guide for The Care and Use of
Laboratory Animals, the United States Animal
Welfare Act, the Public Health Service Policy on
Humane Care and Use of Laboratory Animals, and
our university’s IACUC Principles and Procedures.
The experiments were reported in compliance with the
Animal Research: Reporting in Vivo Experiments
guidelines for how to report animal experiments.

Cell culture

Primary rat neuronal cells (PRNCs) were cultured
in vitro as described previously.*> A total of 80,000
E18 Primary rat neural cells (PRNCs) (BrainBits,
Springfield, IL, USA) were suspended in 400 pL
neural medium (NbActive 4, BrainBits) containing
2mM L-glutamine and 2% B27 and grown in poly-
I-lysine-coated 96-well plates at 37°C. E18 primary rat
neural cells consisted of neurons and glial cells, which
included astrocytes, microglia, and oligodendrocytes, in
concentrations resembling in vivo conditions. After the
cells reached confluence, they were subjected to an
oxygen-glucose deprivation and reperfusion (OGD/R)
condition (5% CO,, 95% N,) for 90 min. The cells were
re-perfused and co-cultured with T, and/or BMSCs,
at concentrations of either 800, 8000, or 80,000 cells per
well, for three more days. The co-culture was created
by directly inoculating the culture medium with the
appropriate number of BMSCs and/or T,cgs.

ICC

After cell culture was completed, cells were fixed for
30min in 4% paraformaldehyde, permeabilized with a
0.1% tween solution, and incubated with fluorescent
antibodies with affinity for CD4, CD25, and FoxP3 at
the manufacturer’s recommended dilutions. Cells in
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suspension were concentrated by centrifugation and
mounted on glass slides for imaging. Measurement of
cell viability was performed using Hoechst nuclear
stain (33342, ThermoFisher, Waltham, MA, USA).35
Viable cell counts were calculated in 10 randomly
selected areas (1 mm?, n=10) to quantify cell viability.
Stained cells were digitally captured under microscope
(20x). Ten pictures (approximately 100 cells/picture)
for each condition were acquired and five pictures were
randomly selected and cells were counted for each
individual treatment condition. Confocal microscopy
was used to image certain subgroups at higher magnifi-
cation (20x, 80x, and 180x).

Flow cytometry

Cells were manually dissociated into a single-cell suspen-
sion and then fixed for 30 min in 4% paraformaldehyde.
The cells were divided into separate tubes for all single
antibody controls and immunoglobulin isotype control.
Fixed cells were incubated with fluorescent antibodies
specific to cell surface markers CD4 and CD25. Then,
cells were permeabilized and incubated with fluorescent
antibody to FoxP3. Finally, the labeled cell suspension
was analyzed using an analytical flow cytometer (BD
Biosciences, San Jose, CA). The flow cytometer output
was gated by a blinded researcher to appropriately
exclude cellular debris and contaminants by using for-
ward scatter and side scatter parameters. Target fluores-
cence thresholds were set to exclude the isotype control
group, so to quantify only the specific fluorescence.

Tieq isolation and depletion

Tiees Were harvested from spleens from healthy, wild-

using a previously described magnetic sorting tech-
nique.” Splenic tissue was manually dissociated and
anti-CD4 and CD25 antibodies were used to label Tyegs.
The bound antibodies were then conjugated with mag-
netic microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). Magnetically labeled cells were isolated by
passing the cell suspension through a column containing
magnetic metal substrate. First, non-CD4" cells were
depleted using a depletion column. Then, CD25" positive
cells were sorted from the CD4'-enriched solution,
resulting in a CD4"/CD25" cell population of Tiegs.
Tieos Were isolated on the same day as the start of cell
culture to avoid any freeze—thaw cycles and associated
damage (Figure 1). Native T, were depleted from
BMSCs using the same magnetic bead approach.
However, instead of using the purified T, population
in our experimental culture, we used the cell population
that remained after T, isolation, which consisted of
T,eo-depleted BMSCs.

Measurement of extracellular cytokines: IL-6, FGF-f

After OGD/R, culture medium was centrifuged at
3000g for 15min and supernatant was collected and
frozen at —80°C. The supernatant was later processed
and analyzed using ELISA Kkits specific to interleukin-6
(IL-6) (ThermoFisher Scientific, Waltham, MA, USA)
or fibroblast growth factor-beta (FGF-B) (Abcam,
Cambridge, MA, USA) with absorbance measured at
450nm on a Synergy HT plate reader (Bio-Tex Inc.,
Houston, TX, USA).

Statistics

Randomization and blinding of investigators were

type, male adult (three months old) C57BL/6 mice strictly followed throughout the experimental
Isolate Spleen se':‘:;ar;eEL';e"s Label CD4 */CD25 * Cells n::,f:i::c Culture T, Cells
3 LR
— .@&ba \ . = ';@b
Ye_© @'9" — g
C ] @@@ "?:@. \
®® P
@ [} =
O9 O50
® @ e
®®%g

Figure I. T, magnetic cell isolation procedure. Whole spleens were isolated from mice and manually dissociated into a single-cell
solution to remove extracellular matrix (ECM). The solution was passed through a strainer and then incubated with magnetic bead
conjugated antibodies. Labeled cells were then passed through a magnetic field with metal beads. Non-CD4 ™ cells were depleted from
the solution and CD4"/CD25" cells were sorted from the remaining solution to yield CD4*/CD25" Tregs:

ECM: extracellular matrix.



Neal et al.

1753

procedures. A two-sample t-test was used to compare
two independent groups. For categorical independent
variables with more than one dependent continuous
variable, a one-way ANOVA test was used to deter-
mine significance. A p-value less than 0.05 was con-
sidered significant. All statistical tests were conducted
using GraphPad Prism 7 (GraphPad, San Diego, CA,
USA). The sample size (eight replicates) was based on
our previous study” allowing rigorous testing of cul-
tured cells for recognizing a 25% statistically significant
difference between treatments and controls. All data
were initially analyzed for normal distribution, which
revealed normally distributed data points, but we
excluded a few data points that were two standard devi-
ations away from the mean all in the final analyses.

Results
Tegs were identified in BMSCs
CD4"/CD25"/FoxP3" triple-positive  cells  were

imaged using a scanning laser confocal microscope
(Figure 2(a)). Teos Were sparsely detected, but clearly
visualized as triple-positive cells with morphology

consistent with a lymphoid lineage (Figure 2(a)).
Next, the presence of triple-positive T,z was quantified
with flow cytometry. CD4 and CD?25, surface markers
for T,ces, were expressed in a small subpopulation of
BMSCs (1.88% and 3.81%, respectively) (Figure 2(b)).
FoxP3 was positively expressed in 63.2% of BMSCs.
CD4%/CD25% cells made up 0.44% of the total cell
population, and FoxP3 expression was identified in
95.5% of CD4"/CD25" cells. Therefore, CD4"/
CD25%/FoxP3™ triple-positive Thegs constituted 0.42%
of the total cell population (Figure 2(c)).

Native population of T, is neuroprotective

We showed that OGD/R significantly (p <0.0001)
reduced the number of surviving neurons to 56.6% of
the control. Treatment with BMSCs protected the
ischemic neurons, and significantly increased survival
from 56.6% to 103.7% of the control (p <0.0001).
Removal of the native population of T, from
BMSCs relatively decreased the neuroprotective effect
of treatment compared to BMSCs with native Tieg, but
there was no statistically significant difference between
these two BMSC groups (p=0.0659) (Figure 3(a)).
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Figure 2. A subpopulation of cells expressing protein markers characteristic of T, is identified in BMSCs. (a) Fluorescent antibody
labeling with CD4 (red), CD25 (magenta), and FoxP3 (green) shows specificity in a subpopulation of cells, demonstrating the presence
of T,.cgs as a distinct subpopulation in BMSCs. (b) CD4 and CD25 were expressed in a small subpopulation of BMSCs (1.46% and 3.39%,
respectively). (c) FoxP3 fluorescence in the stained sample (green) shows bimodal distribution and a relatively large delta compared to
the unstained control (black). Bimodal distribution suggests that there is a FoxP3™* and a FoxP3-subpopulation in BMSCs. The bimodal
FoxP3 histogram was analyzed to quantify the possible FoxP3™ subpopulation of BMSCs. The bimodal histogram was separated into a
right-shifted FoxP3™ population (63.2%) and left-shifted FoxP3-population (36.8%).
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Figure 3. The native population of T, in BMSCs relatively increases neuroprotection and reduces IL-6 production. (a) The vertical
axis displays the viable neuron (MAP2™") cell count normalized to the control group (black) as a percentage. OGD/R condition results
in significant decrease in cell viability (black vs. white bar). BMSCs depleted of T, confer neuroprotection after OGD/R and BMSC
treatment with native population of T, increases cell viability. (b) IL-6 secretion, a pro-inflammatory cytokine, by BMSCs was
measured via ELISA. IL-6 secretion was significantly increased by depleting BMSC cell transplant of T.g.

OGD: oxygen-glucose deprivation; IL-6: interleukin-6.

When BMSCs were supplemented with exogenous Tiegs
isolated from mouse spleens, the neuroprotective effect
was attenuated. At a 1:10 ratio of T, to BMSCs,
neuron survival was significantly reduced compared to
the native BMSC population (p <0.05). At a 1:1 ratio
of Tiees to BMSCs, the neuroprotective effect was also
significantly reduced compared to the native cell popu-
lation (p < 0.05) (Figure 4(a)). Interestingly, T s alone
without BMSCs exerted significant neuroprotection
(p <0.05) (Figure 4(a)).

BMSC cytokine secretion is altered by Tegs

BMSC IL-6 and FGF-B secretion was measured by
ELISA and the results from each experimental group
were compared to each other, measuring relative
changes in cytokine secretion as a function of an
increasing T, concentration. IL-6 concentration in
the cell culture supernatant was significantly decreased
in the treatment group with native T,., population as
compared to the T,-depleted BMSCs (p<0.05)
(Figure 3(b)). BMSCs with 1:10 ratio of supplemental
Tees showed significant increase in IL-6 secretion rela-
tive to the native T, treatment group (p < 0.05). When
the T, population reached a 1:1 ratio of Tye to
BMSCs, the IL-6 concentration was significantly
lower than the native BMSC group (p <0.05), and
had the lowest observed IL6 concentration of all
groups (p < 0.05) (Figure 4(c)).

FGF-B concentration varied inversely with the T,
concentration in the treatment groups. The two treat-
ment groups with supplemental T, both showed a sig-
nificant reduction in FGF-p concentration as compared
to the native BMSC group (p < 0.05) (Figure 4(b)). We

measured the basal levels of FGF-$ and IL-6 produced
by BMSCs without the influence of OGD, Tiee, Or
neuronal cells. IL-6 was found in the cell culture super-
natant at a concentration of 502+ 12.2pg/mL, and
FGF-B was not detected.

Discussion

We found that BMSCs contain a minority population
of Ty, a cell population that modulates the thera-
peutic benefit of BMSCs following ischemic stroke.
We positively identified T,eos in BMSCs, and observed
a neuroprotective effect that was dependent on T,
concentration. Increasing or decreasing the T, popu-
lation ratio decreased the neuroprotective effect of
BMSC treatment. We found that the ideal ratio of
Trees to BMSCs was the ratio found natively in
BMSCs. As a proof-of-concept in demonstrating the
active role of these immune cells within the BMSC
population in affording immunoregulatory and neuro-
protective function, T, alone were observed to exert
therapeutic effects against experimental stroke, which
support accumulating evidence of the robust beneficial
effects of adoptive Ty transfer in stroke.****** These
results warrant tandem investigations of BMSCs which
represent a heterogenous stem cell population, as
opposed to pure T, isolation, as equally effective
donor cells for transplantation therapy in stroke.

We also found that cytokine secretion related to
BMSC immunomodulation, differentiation, and sur-
vival was dependent on the proportion of T
Our ELISA assay was specific to assess BMSCs, in
that all cytokines measured were those representing
the BMSC secretome that was modulated by increasing
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Figure 4. Increasing the ratios of T..g in BMSC treatment after OGD/R decreases neuroprotection capacity of T, (2) Treatment
with BMSCs and the native ratio of T, confers significant neuroprotection after OGD/R. Supplemental T, in ratios of 1:10 and I:1
Tegs: BMSCs show significant reduction in neuroprotection relative the native 1:100 ratio. (b) FGF-B, a cytokine secreted by BMSCs
promoting proliferation and differentiation, was measured by ELISA. Increasing the ratio of T, correlates to a dose-dependent
decrease in FGF-f secretion. (c) BMSC IL-6 secretion was measured by ELISA. IL-6 production was significantly increased in the 1:10
Treg ratio treatment group, while it was significantly decreased in the I:1 ratio treatment group.

OGD: oxygen-glucose deprivation; IL-6: interleukin-6: FGF-f: fibroblast growth factor-beta.

concentrations of T,es. FGF-B promotes beneficial dif-
ferentiation and survival of BMSCs and was produced
at lower levels with increasing numbers of T,u in co-
culture. IL-6 is a cytokine implicated for its role in
promoting inflammation, which is generally regarded
as an impediment to neuroprotection. However,
equally compelling evidence suggests that IL-6 is crucial
for promoting angiogenesis after stroke.***” We found
that varying numbers of T, significantly altered IL-6
production, possibly reflecting the altered homeostatic
equilibrium of competing anti-inflammation and angio-
genesis effects of IL-6. These findings together showed
that while the T, population is a small fraction of
therapeutic BMSC transplants, they exerted a powerful
effect on stem cell function and consequently their abil-
ity to provide neuroprotection. Prior studies have
demonstrated the importance of T, and BMSCs as
independent effectors of neuroprotection post-
stroke®>?° and that Teos are decreased after stroke®?
(Figure 5). We showed that T, in conjunction with
BMSC transplants are a double-edged sword; Tyegs

prevented deleterious inflammation but also possibly
inhibited the neuroprotective role of BMSCs after
stroke if the ratio of T,., to BMSCs was increased.
We positively detected the three classic markers
for Tiees, and found somewhat unexpected results.
The FoxP3* cells we found in the BMSCs comprised
a higher percentage than we expected. CD4 and CD25,
proteins expressed in less than 4% of our BMSCs, are
proteins located in the cell membrane with extracellular
epitopes. FoxP3 is an intracellular soluble transcription
factor protein normally found in the nucleus.
Techniques for specific identification of nuclear anti-
gens were used to minimize non-specific staining, but
it is possible that we observed false-positives in our
experimental sample. However, this result is consistent
with a previous study,’' and it is possible that FoxP3 is
expressed in a significant proportion of BMSCs,
acting as an anti-inflammatory signaling mediator.
FoxP3-expressing BMSCs may have a greater
anti-inflammatory effect due to increased transcrip-
tional regulation of FGF-B and IL-10 by FoxP3.%-°
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Figure 5. A graphical depiction of cell culture is depicted showing the interaction between T,..;, BMSCs, and neural cells (astrocytes
and neurons). BMSCs are shown to be neuroprotective by promoting neuron survival (green arrows, +) and attenuating astrocyte
activation (red arrows, —). T.g are shown to potentially have a dualistic, concentration-dependent effect on BMSCs. At the native
concentration, T, relatively decrease BMSC IL-6 production, a potentially deleterious pro-inflammatory cytokine. BMSC FGF-f3

production, a cytokine related to BMSC survival, proliferation, and differentiation, is reduced in a concentration-dependent manner

with T, co-culture.
BMSC: bone marrow-derived stem cell.

The present study aimed to uncover the role of CD4%/
CD25%/FoxP3™ T,egs, and future studies will more clo-
sely examine the role of the FoxP3* BMSCs and their
possible anti-inflammatory capacity in ischemic stroke.

While not significantly detracting from our conclu-
sions, there are limitations to this study. The cell popu-
lation percentages reported here suggest that our T,
cell population was pure. While T, were enriched in
our cell population by magnetic sorting, there were
other splenocytes included in our cell culture that
were not accounted for. T,., were considered to be
the predominant cell type in the enriched splenocytes,
and the measured effects were therefore likely attribu-
ted to Tiegs. It is also possible that the cells expressing
T markers within the BMSCs were an immature cell
type not functionally equivalent to the adult T,y iso-
lated from the spleen. Future studies will investigate the
functional differences between T, obtained from
BMSCs and those obtained from spleens.

This study is a step towards understanding the inter-
action between T, and BMSC transplants after stroke
and has informed future studies. It has been shown that
numbers of circulating T-lymphocytes vary within
the post-stroke period, and implanted BMSCs are

constantly changing in composition and function as a
function of time. Modulation of the T, population
may have a variety of effects dependent on the timing
of cell transplantation after stroke. Characterizing the
dynamics of inflammation following ischemic stroke
will be critical to determining the optimal post-stroke
period to transplant stem cells and Tiees. This study
analyzed the response in the acute phase following
stroke, and future studies will establish the relationship
between T,.,s and BMSCs in the sub-acute and chronic
phases of recovery. Moreover, a better understanding
of the mechanism of T,., concentrations in BSMCs in
in vivo stroke models will likely further optimize trans-
plant functional outcomes. Notwithstanding, our study
supports the concept of the inclusion of T, in the
NVU in assessing stroke pathology and its treatment.
BMSC transplant is a powerful treatment following
ischemic stroke. Modulation of the immune system is a
key mechanism by which BMSCs confer neuroprotec-
tion. This study showed that a minority population of
Thegs exists within the therapeutic BMSC population,
and those T, are independent modulators of the
immunomodulating effect provided by BMSC trans-
plantation. The ratio of T, found naturally in
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BMSC:s correlates with the highest level of neuroprotec-
tion after ischemic stroke.
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