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Human Cerebrospinal Fluid Regulates
Proliferation and Migration of Stem Cells
Through Insulin-Like Growth Factor-1
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Mesenchymal stem cells (MSCs) and neural progenitor cells (NPCs) have been regarded for their clinical
therapeutic potential for central nervous system (CNS) pathologies. Their potential utility is a result of their
intrinsic ability to repair damaged tissues, deliver therapeutic proteins, and migrate to sites of pathology within
the brain. However, it remains unclear whether the CNS promotes any changes in these potential therapeutic cells,
which would be critical to understand before clinical application. A major component of the CNS is cerebrospinal
fluid (CSF). Therefore, the aim of this study was to evaluate the influence that human CSF has on the function of
human adipose-derived MSCs (hAMSCs) and human fetal-derived NPCs (hfNPCs) in regard to cell proliferation,
survival, and migration. This study demonstrated that human noncancerous CSF promoted proliferation and
inhibited apoptosis of hAMSCs and hfNPCs. Preculturing these stem cells in human CSF also increased their
migratory speed and distance traveled. Furthermore, insulin-like growth factor-1 (IGF-1) in human CSF enhanced
the migration capacity and increased the expression of C-X-C chemokine receptor type 4 (CXCR4) in both stem
cell types. These current findings highlight a simple and natural way in which human CSF can enhance the
proliferation, migration, and viability of human exogenous primary hAMSCs and hfNPCs. This study may provide

insight into improving the clinical efficacy of stem cells for the treatment of CNS pathologies.

Introduction

S TEM CELLS HAVE BEEN REGARDED for their therapeutic
potential for the treatment of a wide variety of diseases,
especially neurological diseases [1,2]. This notion can be
attributed to their intrinsic ability, unlike their more mature
cell types, to migrate to sites of pathology including stroke,
brain trauma, neoplasms, and neurodegenerative diseases,
among others [3—6]. Previous studies have demonstrated that
mesenchymal stem cells (MSCs) and neural progenitor cells
(NPCs) could help repair damaged tissue and deliver specific
therapeutic proteins in the central nervous system (CNS) [7—
11]. However, whether the CNS affects the function of these
cells has not been fully explored.

Cerebrospinal fluid (CSF) is an important component of
the CNS that has a multitude of functions including pro-
viding shock absorption for the brain, removing metabolic
byproducts from the parenchyma, and distributing proteins.

It has also been shown to be critical in guiding migration and
neuronal development [12]. Moreover, it contains large
quantities of proteins and trophic factors including insulin-
like growth factors (IGFs), bone morphogenetic proteins
(BMPs), transforming growth factor-f (TGF-f), and wing-
less-type MMTYV integration site family members (Wnts),
which are known to affect the function of stem cells [12—14].
Recent experiments showed that human CSF and its contents
influence the differentiation and proliferation of NPCs [15-
17], but the effects of CSF on the viability and mobility of
exogenous MSCs and NPCs have yet to be explored. Since
stem cell therapy is being investigated for a variety of neu-
rological disorders, it is critical to understand the impact that
the CSF can have on exogenous stem cell populations.
Previous studies have demonstrated that the insulin-like
growth factor-1 (IGF-1) secreted by neural cells and circu-
lated by the CSF plays a significant role in development,
survival, and plasticity of the CNS [12,18,19]. In addition,
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IGF-1 is known to be one of the most potent growth factors
in promoting migration of MSCs when compared with other
growth factors in vitro [20]. We hypothesized that human
CSF can stimulate the migration capacity of both MSCs and
NPCs, and promote proliferation and viability. Moreover,
this effect is partly attributable to IGF-1 in CSF. This is the
first study assessing the potential effects of human non-
cancerous CSF on the function of human exogenous adi-
pose-derived MSCs and NPCs. The aim of our study was to
demonstrate a proof-of-principle that CSF has an effect on
hAMSCs and hfNPCs in regard to cell proliferation, sur-
vival, and migration speed and distance. Our main goal was
to demonstrate that CSF has different effects on these cells.
This is especially important because, if these cells are to be
used to treat a variety of neurological pathologies including
stroke, brain tumors, and degenerative diseases, under-
standing the effects of CSF on these cells is critical.

Materials and Methods
Cell expansion

Following approval by the Johns Hopkins University In-
stitutional Review Board Early passaged primary (up to pas-
sage 7) human adipose-derived mesenchymal stem cells (JHH
hAMSCs 738), human fetal-derived neural progenitor cells
(JHH hfNPCs 61), and human glioblastoma (GBM) cells
(JHH GBM 276) were obtained from our patients undergoing
neurosurgical procedures, which were established as previ-
ously described [21-24]. The hAMSCs were cultured in MSC
complete media [MesenPRO RS basal media (12747-010;
Gibco) with one vial of MesenPRO RS growth supplement
(12748-018; Gibco), 1% Antibiotic/Antimycotic (15240-062;
Invitrogen), and 1% Glutamax (35050-061; Gibco)]. The
hfNPCs were cultured on laminin (L2020; Sigma)-coated flasks
at a concentration of 1pg/em® in media composed of 65%
Dulbecco’s modified Eagle’s medium (DMEM, 11965-092;
Gibco) with 32% F12 (10080148; Corning), 1% Antibiotic/
Antimycotic, 2% B27 (17504-044; Invitrogen), 20 ng/mL
human fibroblast growth factor-b (hFGF-b) (100-18B;
PeproTech), and 20 ng/mL. human epithelial growth factor
(hEGF) (AF-100-15; PeproTech). To evaluate the stem cell
features of our cell cultures, the MSCs were tested for the
expression of CD31, CD34, CD45, CD73, CD90, and CD105
via flow cytometry. NPCs were stained with Nestin, GFAP,
and Tuj-1. GBM cells were cultured in DMEM/F12 (11330-032;
Gibco) with 2% Antibiotic/Antimycotic, 2% B27, 20ng/mL
hFGF-b, and 20 ng/mL hEGF in laminin (1 pg/cmz)—coated
flasks. These cells were maintained in an incubator at 37°C
and an atmosphere of 5% CO,, 20% O,.

CSF collection

The human CSF samples were collected from noncancer
hydrocephalic patients. All patients were undergoing ven-
triculo-peritoneal shunts; CSF was obtained from their
ventricular space, and none had cancers, infections or evi-
dence of meningitis, multiple sclerosis or any other diseases
known to humans. These were mainly patients with either
obstructive or communicating hydrocephalus. Moreover,
these samples were only used if all standard parameters were
normal and had not been contaminated with blood. The
pooled CSF was centrifuged at 1,000 g at 4°C for 15 min to
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remove any cells or debris from the fluid. The sample was
then frozen on dry ice and stored at —80°C until use. The
artificial CSF was prepared as follows: H,O, NaCl (124 mM),
KCI (2.5mM), NaH,PO, (1.25 mM), CaCl,-2H,0 (2.5 mM),
MgSO, - 7H,0 (1.5 mM), and glucose (10 mM). Then, NaHCO3
was used to adjust the pH during 7.35-7.45 [25,26].

Glioblastoma (GBM) conditioned media collection

For collection of GBM media for the transwell migration
experiments, 2 X 10° GBM cells (JHH GBM 276) were
seeded in 25 mL flasks and cultured in complete media for
48 h. The conditioned media containing the soluble factors
secreted by the GBM cells was passed through a 0.45 um
filter (Corning) and stored at —80°C.

Cell treatment

To determine the effects of CSF on hAMSCs and
hfNPCs, hAMSCs were cultured in 100% MSC complete
media (Ctrl), 25% artificial CSF plus 75% MSC complete
media (A-CSF), or 25% human CSF plus 75% MSC com-
plete media (H-CSF) respectively. Meanwhile, hfNPCs were
cultured in 100% NPC complete media (Ctrl), 25% artificial
CSF plus 75% NPC complete media (A-CSF), or 25% hu-
man CSF plus 75% NPC complete media (H-CSF). These
culture media were replaced every 3 days, and the passaging
time was recorded. Analysis of proliferation, apoptosis, and
migration were subsequently performed.

MTT assay

The proliferation capacity of hAMSCs and hfNPCs were
determined using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (M2128-1G; Sigma). The cells were
seeded in 96-well plates (1,500 cells/well) and cultured in
different media for 10 days (Ctrl, A-CSF, or H-CSF). The
hAMSCs and hfNPCs were treated with 5 mg/mL MTT for
3h at 37°C. Then, 2-Propanol was used to dissolve the
formazan crystals. Absorbance of each well was read at a
wavelength of 570 nm. The cell proliferation was analyzed
every 2 days for each experimental condition.

Immunofluorescence staining

Nuclear Ki67 expression was used to detect cells in active
proliferative phases. 1x10* hAMSCs or hfNPCs, which
were cultured in different culture media, were seeded on a
24-well plate for 3 days (with glass slides precoated with
poly-1-ornithine and laminin). The cells were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for
30 min, and preincubated in PBS containing 0.1% Triton X-
100 with 10% goat serum prior to incubation with anti-Ki67
(RM-9106-s1; Thermo). Alexa 594-labeled secondary anti-
body (A11080; Gibco) was used for visualization, and DAPI
was used to counterstain cell nuclei. The number of Ki67 "/
DAPI were visualized and recorded with an inverted fluo-
rescence microscope (Axio Observer Z1; Zeiss).

Flow cytometry assay

An EdU assay was performed to evaluate cell prolifera-
tion in response to human CSF. hAMSCs and hfNPCs were
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cultured in pediatric CSF (younger than 18) or adult CSF
(older than 18) for 14 days. These cells were then incubated
with EdU reagent for 4h (Click-iT® EdU Flow Cytometry
Assay Kits; Invitrogen) and tested via flow cytometry. All
measurements were performed according to the re-
commended protocol. EdU incorporation was detected via
flow cytometry. Three replicate experiments were per-
formed for each sample.

To determine the effect of human CSF on the viability of
hAMSCs and hfNPCs, annexin V and propidium iodide (PI)
were used to assess apoptosis. The hAMSCs and hfNPCs
were cultured in the different media for 3 days (Ctrl, A-CSF,
or H-CSF), and then flow cytometry was performed. The
stem cells were diluted to 1x 10%mL in 100 pL of binding
buffer, then incubated with 5 pL annexin V for 15 min at
room temperature, and counterstained with PI for 5 min.
Both hAMSCs and hfNPCs were subsequently tested three
times by flow cytometry. Each sample contained at least
1x10° cells. The cells then underwent detection via flow
cytometry [Becton Dickinson (BD)].

CXCR4 is a major cytokine and chemokine receptor on
the cell surface [27,28]. Here, APC-conjugated monoclonal
anti-CXCR4 (555976; BD) was used to evaluate the changes
in CXCR4 expression of hAMSCs and hfNPCs. The cells
were pretreated in different culture media (Ctrl, A-CSF, or
H-CSF) for 14 days. Then, 1Xx 10° stem cells in 100 pL of
binding buffer were incubated with 20 pL. APC-conjugated
CXCR4 or isotype-matched antibodies (555576; BD) for
45min at 4°C. Flow cytometry data were analyzed with
Flowjo 7.6.1.

Cell migration on nanopattern surface

To determine changes in the mobility of hAMSCs and
hfNPCs in response to human CSF, nano-ridges, and
grooves, constructed of transparent polyurethane acrylate,
were used to evaluate cell migration distance and speed as
established in our laboratory [29,30]. The advantage of us-
ing the nanopattern is we can analyze single cell migration
without the confounding variable of proliferation, because
we exclude any proliferating cells from our nanopattern
migration analysis [30]. These nanopattern surfaces were
precoated with poly-1-ornithine (for 30 min) and laminin
(for 2h) consecutively. 2x10* hAMSCs or hfNPCs were
pretreated with different culture media (Ctrl, A-CSF, or H-
CSF) and were seeded on nanopattern surfaces. Cell mo-
bility was monitored by time-lapse microscopy at 10 min
intervals for 16 h. Cell speed and distance were calculated
with MATLAB by a single blinded observer (50 cells in
each group).

Transwell assay

Boyden transwell chambers (3422; Corning) were used to
evaluate the migration capacity of hAMSCs and hfNPCs
toward GBM-conditioned media. To analyze the influence
of human CSF on migration, hAMSCs or hfNPCs were
precultured in the different culture media (Ctrl, A-CSF, or
H-CSF) for 1, 7, or 14 days before a transwell assay was
performed. hAMSCs or hfNPCs were added to the upper
chambers (2 X 10* cells), while 600 pL. of GBM-conditioned
media with 1% fetal bovine serum was placed in the bottom
wells. The Boyden transwell chambers were placed in an
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incubator overnight (16 h) at 37°C and 5% CO,. The cells
that failed to migrate to the bottom were removed with
cotton wool swabs. The stem cells on the bottom of the
filters were stained using a Diff-Quik staining kit. The total
number of migrated cells was counted using light micros-
copy at 100x magnification from nine random fields.

Stemness characteristics tests

To test whether both cell types retained their stemness
characteristics, the hAMSCs and hfNPCs were cultured in
H-CSF (25% CSF+75% complete media) or Ctrl (100%
complete media) for 14 days. Then, the hAMSCs were
tested for CD31, CD34, CD45, CD73, CD90, and CD105
expression via flow cytometry. Meanwhile, hfNPCs were
stained and quantified with Nestin and DAPL

ELISA of IGF-1

IGF-1 was measured in human CSF samples using Ab-
cam’s IGF-1 Human ELISA Kit (ab100545; Abcam). The
samples and standards were placed in triplicate wells and
incubated overnight at 4°C. Then, biotinylated IGF-1, HRP-
Streptavidin solution, TMB substrate reagent, and a stop
solution were added sequentially. All measurements were
performed according to the recommended protocol. Absor-
bance of these samples was read at a wavelength of 450 nm.

Neutralizing IGF-1

An IGF-1 antibody (ab9572; Abcam) was used as an in-
hibitor (1.0 pg/mL) to test whether neutralization of the
IGF-1 in CSF could affect the functional characteristics of
hAMSCs and hfNPCs. These cells were cultured in 100%
complete media (Ctrl), 100% complete media plus IGF-1
inhibitor (Ctrl + IGF-1 inhibitor), 25% human CSF plus 75%
complete media (H-CSF), or 25% human CSF plus 75%
complete media and the IGF-1 inhibitor (H-CSF+IGF-1
inhibitor). Moreover, the complete media of hAMSC and
hfNPC does not contain insulin or IGF-1. The flow cytom-
etry of apoptosis and CXCR4 expression, MTT assay, and
transwell migration assay were performed to quantify
changes in viability, proliferation, and migration capacities
of hAMSCs and hfNPCs.

Statistical analysis

The results are presented as mean * standard error of the
mean. Data within the two groups were analyzed with the
Student’s f-test. One-way ANOVA with Dunnett post hoc
analysis was used to evaluate multiple groups. Statistical
significance was defined as P <0.05.

Results

Human CSF promotes proliferation and inhibits
apoptosis of hAMSCs and hfNPCs

Since these experiments used noncancerous human CSF
including pediatric and adult (Table 1), we tested whether
these two types of CSF have a different effect on hAMSCs and
hfNPCs. EdU assays and Boyden chamber transwell assays
were performed to evaluate their effects on proliferation and
migration capacities of the stem cells. We found that hAMSCs
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TABLE 1. CLINICAL PRESENTATION OF CEREBROSPINAL
FLUID FROM NONCANCEROUS PATIENTS

Volume

Patient Age Gender used (mL) Diagnosis

1 19 F 3 Communicating hydrocephalus
2 32 M 5 Communicating hydrocephalus
3 19 M 5 Congenital hydrocephalus
4 76 M 2 Normal pressure hydrocephalus
5 16 F 5 Communicating hydrocephalus
6 3 F 3 Obstructive hydrocephalus
7 17 M 8 Congenital hydrocephalus
(Chiari I)
8 39 F 5 Congenital hydrocephalus
9 49 F 3 Congenital hydrocephalus
(Chiari II)
10 2 M 10 Congenital hydrocephalus
11 25 F 5 Communicating hydrocephalus

and hfNPCs cultured with pediatric CSF displayed no signif-
icant difference in proliferation (hAMSCs: P=0.37; hfNPCs:
P=031) and migration (hAMSCs: P=0.71; hfNPCs:
P =0.45) compared with those cultured with adult CSF (Sup-
plementary Fig. S1; Supplementary Data are available online
at www liebertpub.com/scd).

Based on these findings, the pooled CSF was used
throughout the study (Fig. 1A). First, we tested whether
human CSF could affect the proliferation and viability of
hAMSCs and hfNPCs [31-33]. H-CSF induced an increase
in the proliferation of hAMSCs when compared with cells
cultured in Ctrl media or A-CSF, as demonstrated by MTT
assays and immunostaining for Ki67 (MTT assay, days 4, 6,
8, and 10: H-CSF vs. Ctrl, P<0.05, 0.01, 0.001, and 0.001;
H-CSF vs. A-CSF, P<0.05, 0.001, 0.001, and 0.001; Ki67
assay: H-CSF vs. Ctrl, P<0.01; H-CSF vs. A-CSF, P<0.001)
(Fig. 1B, C). Moreover, hAMSCs cultured in H-CSF showed a
lower percentage of apoptosis when compared with the Ctrl
and A-CSF group, as evidenced by a lower level of annexin V
and PI staining (P <0.05) (Fig. 1D). Human CSF had a similar
effect on the proliferation of hfNPCs as it increased their pro-
liferation and decreased their apoptosis rate (MTT assay, days
6,8, and 10: H-CSF vs. Ctrl, P <0.05, 0.05 and 0.01; H-CSF vs.
A-CSF, P<0.01,0.001, and 0.001; Ki67 assay: H-CSF vs. Ctrl,
P <0.05; H-CSF vs. A-CSF, P<0.01) (Fig. 1E-G). These re-
sults indicate that human CSF can promote proliferation and
decrease the rate of apoptosis for both hAMSCs and hfNPCs.

Moreover, we tested the passaging time of hAMSCs and
hfNPCs. These cells cultured in H-CSF exhibited a shorter
passaging time when compared with Ctrl groups (Supple-
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mentary Fig. S2A, B). These findings share a commonality
with the MTT and Ki67 staining results. Furthermore, we
used different concentrations of artificial CSF and human
CSF to culture both cell types (Supplementary Fig. S3). We
found that the hAMSCs cultured in 50% human CSF had the
highest As;o value and percentage of Ki67* cells when
compared with other groups (P<0.05) (Ctrl 25%, 50%,
75%, and 100% human CSF) (Supplementary Fig. S3A, B).
The hfNPCs cultured in 25% human CSF exhibited the
highest As7y value and number of Ki67 " cells compared
with the other groups (P <0.05) (Ctrl 25%, 50%, 75%, and
100% human CSF) (Supplementary Fig. S3C, D). These
results are likely due to the wide variety of growth factors in
human CSF, and other growth factors in the commercial
complete media. With an increase in the amount and types
of growth factors in the culture media, the effect on pro-
liferation of the stem cells was more apparent.

Human CSF increases the migration speed
and distance of hAMSCs and hfNPCs

Migration of hAMSCs and hfNPCs were evaluated by
plating cells on nanopatterned surfaces and recording them
using time-lapse microscopy for a period of 16 h. Cell speed
and distance traveled was determined for cells cultured in
Ctrl, A-CSF, and H-CSF for 14 days (Fig. 2A and Supple-
mentary Online Videos SVI and SV2). hAMSCs displayed
an increased migratory speed and distance migrated in H-
CSF when compared to Ctrl and A-CSF (speed: H-CSF vs.
Ctrl, P<0.05; H-CSF vs. A-CSF, P<0.01; distance: H-CSF
vs. Ctrl, P<0.01; H-CSF vs. A-CSF, P<0.01) (Fig. 2B-D).
The hfNPCs in H-CSF also displayed significant differences
in both speed and distance migrated when compared with
other groups (speed: H-CSF vs. Ctrl, P <0.05; H-CSF vs. A-
CSF, P <0.05; distance: H-CSF vs. Ctrl, P<0.05; H-CSF vs.
A-CSF, P<0.05) (Fig. 2E-G). These results indicate that
human CSF can promote the migration speed and distance
of hAMSCs and hfNPCs.

Human CSF enhances the migration capacity
of hAMSCs and hfNPCs to GBM-conditioned media

Since hAMSCs and hfNPCs have been considered for the
treatment of glioblastoma, we subsequently explored whether
human CSF could increase the migration capacities of both
stem cell types to culture media conditioned by glioblastoma
cells. The effect of pretreating hAMSCs and hfNPCs with CSF
on migration to GBM-conditioned media was subsequently
evaluated. hAMSCs and hfNPCs were pretreated with Ctrl, A-

FIG. 1.

>

Human CSF promotes the proliferation and inhibits apoptosis of hAMSCs and hfNPCs. (A) The hAMSCs and hfNPCs

were cultured in their corresponding 100% complete media (Ctrl), 25% artificial CSF plus 75% complete media (A-CSF), or 25%
human CSF plus 75% complete media (H-CSF) respectively. (B) MTT assay quantification of hAMSCs exhibited that hAMSCs
cultured in H-CSF displayed an increased rate of proliferation at the time points of 4, 6, 8, and 10 days when compared with those
cultured in the Ctrl and A-CSF conditions. (C) Representative pictures of Ki67 (red) and DAPI (blue) staining of hAMSCs. The
hAMSCs cultured in H-CSF had higher number of Ki67 ™" cells (C) and a lower percentage of apoptosis (D) when compared with
those cultured in Ctrl and A-CSF conditions. (E) Human CSF also had a positive effect on the proliferation of hfNPCs at days 6,
8, and 10 when compared with Ctrl and A-CSF groups. (F) The hfNPCs cultured in H-CSF expressed a higher number of Ki67 ™"
cells compared with the other groups. (G) The hfNPCs cultured in H-CSF also exhibited a higher survival rate compared with the
Ctrl and A-CSF groups. Scale bars=100 um (C, F). Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001. CSF,
cerebrospinal fluid; hAMSCs, human adipose-derived mesenchymal stem cells; hfNPCs, human fetal-derived neural progenitor
cells; SEM, standard error of the mean. Color images available online at www.liebertpub.com/scd
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FIG. 2. Human CSF promotes the mobility and migration of hAMSCs and hfNPCs. Nanopatterned surfaces were used to
quantify the speed and distance of the hAMSCs and hfNPCs after they were cultured in Ctrl, A-CSF, or H-CSF for 14 days. A
schematic of the nanopatterned surface, along with electron microscopy images can be seen in (A). (B-D) The hAMSCs cultured
in H-CSF displayed a higher speed and longer distance traveled when compared with those cultured in Ctrl and A-CSF conditions.
Green tracks represent the migratory paths taken by hAMSCs on the nanopatterned surface. (E-G) The hfNPCs cultured in H-
CSF had a significant difference in speed and distance compared with the other groups. Error bars represent SEM. *P <0.05,
*#P<0.01. Color images available online at www.liebertpub.com/scd

CSF, and H-CSF for 1, 7, or 14 days. Transwell migration
assays were used to assess their migratory capacity. hAMSCs
precultured with H-CSF displayed a higher number of mi-
grated cells compared with A-CSF and Ctrl groups at 14 days
(P<0.05) (Fig. 3A-D). Meanwhile, hfNPCs precultured in H-
CSF also displayed a higher number of migrated cells when
compared with Ctrl and A-CSF groups treated for 7 and 14
days (P <0.05) (Fig. 3E-H). Furthermore, we also tested the
stemness characteristics of both cell types when they were
pretreated in H-CSF for 14 days. As shown in Supplementary
Figure S4, the hAMSCs, which were cultured in H-CSF, ex-
hibited the same percentage of stemness markers (CD31,
CD34, CD45, CD73, CD90, and CD105) when compared with
the Ctrl group. Meanwhile, the hfNPCs displayed no signifi-
cant difference in the number of Nestin-positive cells between
the Ctrl and H-CSF group.

To test whether the observed effects of human CSF on
hAMSCs and hfNPCs migration were dose dependent, these
cells were cultured in different concentrations of human CSF
(Ctrl 25%, 50%, 75%, and 100% human CSF) for 2 days. Both
hAMSCs and hfNPCs pretreated in higher concentrations of
human CSF (100% and 75%) showed an enhanced transwell
migration capacity when compared with Ctrl groups (P < 0.05)
(Supplementary Fig. S5). Moreover, the percentage increase in

migration capacity of hAMSCs and hfNPCs were similar
(hAMSCs, number of cell migrated in 100% CSF/number of
cell migrated in Ctrl = 156%; hfNPC, number of cell migrated
in 100% CSF/number of cell migrated in Ctrl=162%). These
results demonstrate that H-CSF can enhance the migratory
capabilities of both hAMSCs and hfNPCs.

IGF-1 in human CSF affects the apoptosis
and proliferation of hAMSCs and hfNPCs

Previous studies have shown that IGF-1 is present in human
CSF, and that IGF-1 plays a pivotal role in regulating a number
of pathways important for maintaining cell viability [12,34].
We hypothesized that IGF-1 in human CSF may influence the
proliferation and viability of hAMSCs and hfNPCs. First, we
confirmed the presence of IGF-1 in our intraoperative non-
cancerous CSF samples (7.58 £0.827 ng/mL) (Fig. 4A, Sup-
plementary Table S1). Then, an IGF-1 inhibitor was added to
Ctrl or H-CSF media to assess the effects on proliferation and
viability of hAMSCs and hfNPCs (Fig. 4B).

The IGF-1 inhibitor was able to partially counteract the
proliferative response of hAMSCs to H-CSF, as evidenced
by MTT assay analysis performed at 6, 8, and 10 days upon
exposure to H-CSF (H-CSF+IGF-1 inhibitor vs. H-CSF,
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FIG. 3. Human CSF helps to enhance the migration capacity of hAMSCs and hfNPCs. The hAMSCs and hfNPCs were
precultured in Ctrl, A-CSF, or H-CSF for 1, 7, or 14 days. Next, Boyden chamber transwell assays were used to assess
changes in migration. (A) Representative pictures of Boyden chamber transwells using hAMSCs and (E) hfNPCs are
shown. (B-D) The hAMSC:s precultured in H-CSF had a significantly higher number of migrated cells when compared with
hAMSCs precultured in Ctrl and A-CSF conditions. (F-H) At days 7 and 14, H-CSF significantly increased the migration of
hfNPCs when compared with the other conditions. Scale bars=100pm (A, E). Error bars represent SEM. *P <0.05,

*#P<0.01, ***P<0.001. Color images available online at www.liebertpub.com/scd

P<0.05, 0.01, and 0.001) (Fig. 4C). A similar effect was
observed when the IGF-1 inhibitor was added to hfNPCs in
H-CSF (H-CSF+IGF-1 inhibitor vs. H-CSF, P <0.05, and
0.05) (Fig. 4D). The IGF-1 inhibitor alone did not have an
effect on cell proliferation.

Similarly, the protective effects on apoptosis, exerted by H-
CSF on hAMSCs and hfNPCs were partially blocked when
IGF-1 was inhibited. Both hAMSCs and hfNPCs in H-CSF+
IGF-1 inhibitor groups displayed an increase in the rate of
apoptosis when compared with the groups cultured without the
IGF-1 inhibitor (P <0.05) (Fig. 4E-H). However, these levels
were still lower when compared with control cells cultured
without H-CSF. This result suggests that IGF-1 in human CSF
is one of the major factors able to enhance the proliferation and
maintain the viability of hAMSCs and hfNPCs.

IGF-1 in human CSF can enhance the migration
capacity and affect the expression of CXCR4
in hAMSCs and hfNPCs

Consequently, IGF-1 inhibitor was able to partially de-
crease the transwell migration response of hAMSCs and
hfNPCs pretreated in H-CSF (P <0.05). However, hAMSCs
and hfNPCs cultured in H-CSF+IGF-1 inhibitor still dis-
played a greater migration capacity when compared with the
Ctrl groups (P<0.05) (Fig. SA-C). These results suggest
that H-CSF contains factors in addition to IGF-1 responsible
for enhancing migration.

Then, we tested the expression of CXCR4 in hAMSCs
and hfNPCs. Both hAMSCs and hfNPCs cultured in H-CSF
expressed a higher level of CXCR4 when compared with
other groups (P<0.05) (Fig. 6A-C). When the IGF-1 in-
hibitor was added to the human CSF, the expression of
CXCR4 in hAMSCs and hfNPCs displayed a statistically
significant decrease (P <0.05). These results suggest that
human CSF can promote the migration capacity of hAMSCs
and hfNPCs; and is suggestive that this may be partly due to
the presence of IGF-1. Moreover, human CSF can stimulate
the expression of CXCR4 in both stem cell types.

Discussion

The intrinsic ability of hAMCSs and hfNPCs to home to sites
of disease makes them attractive therapeutic candidates for cell-
based therapies [8,10,11,35]. However, whether the factors in
the CNS and, more specifically, the CSF affect the viability and
the mobility of these stem cells have yet to be explored. Our
study was aimed at exploring the effects of CSF on NSCs and
MSCs exogenously before they are incorporated into a patient
with a neurological disease. In this study, we show that human
CSF may be able to enhance the therapeutic potential of both
human early-passage hAMSCs and hfNPCs by promoting their
growth, decreasing their passaging time, inhibiting their apo-
ptosis, and enhancing their migration speed and distance. These
findings may suggest an effective way to enhance stem cells for
cell-based therapies in the treatment of CNS pathologies.
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FIG. 4. IGF-1 in human CSF affects the proliferation and apoptosis of hAMSCs and hfNPCs. (A) The concentration of IGF-

1 in human CSF samples was measured using an ELISA Kit (7.58 £0.827 ng/mL). (B) The IGF-1 inhibitor was added in Ctrl
and H-CSF groups to detect changes in viability and proliferation of hAMSCs and hfNPCs. (C) MTT assay quantification
showed that hAMSCs cultured in H-CSF +IGF-1 inhibitor had a higher proliferation rate than hAMSCs cultured in Ctrl and
Ctrl +IGF-1 inhibitor, but lower than the H-CSF group. (D) hfNPCs displayed a decrease in proliferation when the IGF-1
inhibitor was added to H-CSF. Flow cytometry of annexin V and PI for both hAMSCs and hfNPCs is shown in (E, G). (F, H)
Both hAMSCs and hfNPCs cultured in H-CSF +IGF-1 inhibitor exhibited an increased rate of apoptosis when compared with
those cultured in H-CSF without inhibition of IGF-1. Error bars represent SEM. *P <0.05, **P<0.01, ***P<0.001. IGF-1,
insulin-like growth factor-1; PI, propidium iodide. Color images available online at www.liebertpub.com/scd

Recent studies have highlighted the clinical therapeutic
potential of using hAMSCs and hfNPCs due to their homing
and immunosuppressive capabilities [4,36]. The benefits of
these stem cells may involve migrating to brain tumors,
repairing damaged cells, and excreting neurotrophic factors
for a wide variety of diseases in the CNS. Amariglio et al.
reported a child with ataxia telanglectasia was diagnosed
with a multifocal brain tumor after being treated with
transplanted neural stem cells [37]. However, just like the
complications of radiotherapy and chemotherapy, lots of
clinical applications have their demerits and merits. Pre-
vious studies used hAMSCs and hfNPCs as vehicles to de-
liver therapeutic agents to brain tumors without oncogenisis
occurring [8,38,39]. Moreover, these cell resources have
also been reported to attenuate brain injury after neonatal

stroke and have been used in the treatment of neurodegen-
erative diseases [11,40-42]. However, attempts to deliver
these stem cells to specific sites including the CNS, typically
face low efficiencies [4,43]. To receive a better clinical ef-
fect, previous studies have genetically manipulated these
stem cells to maximize their migratory and regenerative
capabilities [44-46]. Although genetic engineering could
enhance the function of these stem cells, the complications
of these techniques have yet to be determined, which hin-
ders their probability of clinical application [47,48].

For these stem cell therapies to be applied to treat neuro-
logical disorders, there must be an understanding of what the
CNS, namely CSF, does to these cells. CSF is a key com-
ponent of the CNS and has a multitude of functions; including
protecting the brain and spinal cord from trauma, chemical



168

A ctn

" | ?\:} ;ﬁ.’-\p

o '\‘ .‘.‘1 " .:-,’-‘—
FIG. 5. IGF-1 in human CSF en- % 1;:_ :f*“ : AP
hances the migration capacity of o, Jole R
hAMSCs and hfNPCs. The hAMSCs P SES « T
and hfNPCs were pretreated in Ctrl, S asoTeeeee
Ctrl +IGF-1 inhibitor, H-CSF, or H- ‘A ‘_1 s Y
CSF+IGF-1 inhibitor, for 14 days. g %%" ° ‘-'g’ e )|
Boyden transwell chamber assay &85 44 & 070
were conducted to measure the mi- g WS R s’ ,L{..
gration capacity. (A) Representative R
pictures of Boyden chamber trans- Ka o

well assays of hAMSCs and hfNPCs
can be seen. (B, C) The hAMSCs and
hfNPCs cultured in H-CSF+IGF-1
inhibitor displayed a decrease in
migration compared with the H-CSF
groups, but contained a greater num-
ber of migrated cells when compared
with the Ctrl and Ctrl +IGF-1 inhib-
itor groups. Scale bars =100 pm (A).
Error bars represent the SEM.
*P<0.05, #P<0.01, ***P<0.001.
Color images available online at
www.liebertpub.com/scd

stability by removing metabolic byproducts, distributing
proteins and growth factors, and guiding migration and
neuronal development [12,14]. The effect of CSF on the
clinical therapeutic potential of human exogenous MSCs and
NSPCs is not well known. In this study, we found that human
noncancerous CSF increased the proliferation, decreased ap-
optosis, and stimulated the migration speed and distance of
human exogenous hAMSCs and hfNPCs. Therefore, pre-
treating these stem cells with CSF may augment their ability
to not only home to sites of pathologies but also increase their
therapeutic effectiveness, which is currently a limitation of
stem cell therapy for neurological diseases.

IGF-1 is a neurotrophic factor found in human CSF that
has been shown to play an important role in cellular me-
tabolism during embryonic and postnatal development
[18,34]. IGF-1 has also been shown to promote proliferation
and inhibit apoptosis of neuronal precursors [19,49]. As
previously published, IGF-1 can mediate its effects through
the IGF-1 receptor (IGF-1R), which possesses intrinsic ty-
rosine kinase activity and activates a number of downstream
mediators, including PI3K and RAS-ERK [50-52]. Both
pathways converge on downstream molecules, such as
FOXO proteins, which are important for cell survival
[53,54]. Maucksch et al. and Ponte et al. found that IGF-1
can stimulate the migration capacity of NPCs of adult rat
and bone marrow MSCs of human commercial cell lines
[20,55]. Additionally, IGF-1 has been shown to accelerate
cellular mobilization in heart cells via paracrine activation
of CXCR4 [56]. In this study, human primary NPCs and
MSCs were grown in the presence of IGF-1 in human
noncancerous CSF. Interestingly, we found that the IGF-1 in
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noncancerous human CSF plays an important role in the
viability and mobility of MSCs and NPCs. Moreover, non-
cancerous human CSF also may affect the expression of
CXCR4 in both cell types. When the IGF-1 inhibitor was
added to the human CSF media, both stem cell types ex-
hibited a decrease in CXCR4 expression.

In this study, we evaluated the effects of IGF-1 in human
CSF,; the effects of other trophic factors and proteins in human
CSF on hAMSCs and hfNPCs remain to be explored. Other
factors including BMPs, TGF-f, and WNTs may also have
effects on hAMSCs and hfNPCs. Buddensiek et al. proved that
human leptomeningeal CSF promotes survival, but inhibits
proliferation of adult human NPCs [17]. This conclusion
seems to partially conflict with ours. However, a part of our
findings share a commonality. In our experiments, we also
found the hfNPCs that were cultured in 100% CSF had a lower
proliferation capacity compared with the 100% NPCs com-
plete media group, while the NPCs cultured in 25% CSF+
75% NPC complete media displayed the most significant ef-
fects on proliferation. These results are probably due to the
high concentration of hEGF and hFGF in the commercial
complete media. With an increase in the amount and types of
growth factors in the culture media, the positive effects on
these stem cells were more apparent. Moreover, even though
these MSCs and NPCs were pretreated in pure H-CSF (100%
CSF), they still exhibited the greatest number of migrated
cells. Therefore, this suggests that the proliferation capacity is
not significantly influencing the migration results.

More specifically, we found that human CSF could regulate
the characteristics of hAMSCs and hfNPCs. Furthermore, our
study provides an alternative protocol for stem cell culturing;
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these findings may provide the preliminary data for studying
the effects of the human CNS microenvironment on exogenous
MSCs and NPCs and how it influences behaviors such as
proliferation and migration. Our findings are not meant to
explain what would happen to them in the nervous system, but
rather how we can pretreat them outside of the human body
to increase their therapeutic capabilities when placed back in
the body and understand the effects that CSF may have on
these cells. In addition, we performed these experiments using
noncancerous human CSF. The concentrations and presence of
trophic factors may differ by disease, therefore, the effects of
CSF from disease subtypes remain to be explored [15,16].
French-Constant and colleagues established protocols to
quantify the radial and chain migration of neural stem cells
[57]. In this study, we used nanopattern and transwell assays
to test the migration capacity in vitro. However, it is not clear
whether the nanopatterned migration resemble the observed
migration in the rostral migratory stream as radial migration.
In addition, alternative methods such activated caspase-3 can
be used in the future to confirm the apoptosis results. Our
experiments are performed using primary cell lines and are
therefore not applicable to commercial lines, which are
known to be genetically and phenotypically different than
primary cell lines. Moreover, our present investigation is a
proof of principle to see the effects of noncancerous CSF on

human primary NPCs and MSCs in vitro; and the lack of an
animal model with human CSF makes it difficult to strictly
assess the effects of human noncancerous CSF in in vivo
experiments. The limitation of this study is that this study
lacks an in-depth analysis of the effects of CSF at the mo-
lecular level, there were no in vivo experiments performed,
and the safety of this treatment modality was not explored in
this current study.

In conclusion, we show that human CSF can promote
proliferation, viability, and migration speed and distance of
human adipose-derived stem cells and human NPCs; and
this effect is in part attributable to the presence of IGF-1 in
CSF. Furthermore, our study establishes an alternative stem
cell culturing strategy and details our in vitro findings of the
effects of noncancerous human CSF on exogenous MSCs
and NPCs. In addition, this investigation provides further
evidence in an in vitro setting of the interaction between
human CSF and human stem cells that may one day be used
for personalized medicine.
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