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BJINAHUE PACTBOPUMbIX PAKTOPOB
MAKPO®DAIroB M2-oEHOTUNA HA AUDDEPEHLUPOBKY
KNETOK JINMHUUN SH-SYSY

Pamyynkun VI.M,, lllesena E.f., Yepunix E.P.

DIbHY « Hayuno-uccaedosamenvckuii uHCmumym (yHO0ameHmanbHol U KAUHUYECKOU UMMYHOA02UU,
2. Hosocubupck, Poccus

Pesiome. M3BecTHO, UTO Makpodaru urparoT BaxKHYIO POJib B 3aIyCKe U PEryJIsSILiMU MPOLIECCOB Hellpope-
reHepaluu. Makpodaru XxapakTepru3yrTcsl BEIpasKeHHOM TMJIaCTUIHOCTBIO, YTO MPOSIBIISIETCS B UX CIIOCO0-
HOCTHU MU3MCHSTH CBOIl (DEHOTHUIT B 3aBUCHUMOCTHA OT CUTHAJIOB MUKPOOKPYXKEHUS. B yCI0BHUSIX ITaTOIOIUMN
OJJHUM U3 MHAYKTOPOB (hOpMHUPOBAHUS TPOTUBOBOCHANIUTEIbHOIO M2-(peHoTura Makpodaros sIBJISIETCS
B3aUMOJIEICTBUE C alTONTOTUYECKUMU KJIeTKaMu (3 deponntos). Panee Hamu 661 pa3paboTaH OpUTHHAIb-
HEBII1 TIPOTOKOJ TeHepanuu M2-TTomo0HBIX MaKpodaros, IOJISIPU30BaHHBIX B pe3yibTare 3¢ depolnTosa B
YCIOBUSIX IETIPUBALIMM ChIBOPOTKU. Lleabio HACTOSIIEeTo MCcCIenOoBaHMUS sIBUJIACh OIleHKa HelpopereHepa-
TUBHOTO MOTeHLMana Takux Makpogaros (M2 (LS), Low Serum). UcciaenoBanu BaussHUE KOHAULIMOHHBIX
cpen M2 (LS) Ha nipouecc nuddepeHunpoBKu kjeTok JuHuu SH-SYSY B cpaBHEHUU ¢ peTUHOEBOI KMUC-
notoii (RA). B kauecTBe MOpdoaornyecknx KputeprueB auddepeHIIMPOBKY OLIEHUBAIN OTHOCUTEIFHOE CO-
nepxaHue auddepeHIIMPOBaHHBIX KIETOK, T.€. KJIEeTOK C IJMHONM HEWPUTOB, MPEBBIIIAIONICH JUIMHY Teaa
KJIETKHU, a TaKKe CPEAHION0 JJIMHY HeUpUToB Ha 3-u, 7-¢ U 13-e cyTku. Hapsimy ¢ 9TUM olleHMBajd COOTHO-
HIeHue HePOHOTIOAOOHBIX (IN-TUIT) U SMUTETNATHLHO-TTOTOOHBIX (S-TUTT) KIETOK B Kynbrypax. Kierku SH-
SYS5Y xapaktepru30BaIiCh HU3KUM YPOBHEM CITOHTAHHOM In(hhEepeHIIMPOBKM KaK B CTAHIAPTHBIX YCIOBUSIX
(10% FBS), tak u nipu aenpuBaunu cbiBopoTku (1% FBS). [1pu 06paboTKe peTUHOEBOIM KUCIOTOM KIETKU
SH-SYS5Y npekpaimanu aeauTbes U MOJABEPraauch HeilpoHalbHOU AuddepeHunposke. KyasruBupoBaHue
kietok SH-SY5Y B mpucyrcrBumn kKoHaunumoHHoi cpenbl (KC)-M2 (LS) (30% v/v) Takxke IIPUBOIMIO K
3HAYMMOMY BO3PaCTaHUIO OTHOCUTEJIBHOIO coaepKaHus nuddepeHIIMPOBaHHBIX KJIETOK, CPEAHEN IIMHBI
HEUPUTOITOIOOHBIX OTPOCTKOB, a TAKXKEe M3MEHEHMIO OajlaHca KJIETOK S- 1 N-THUITa B CTOPOHY BbIPaXKEHHO-
To IIpeobIamaHms mocjaeaHuX. [1pyu 3ToM BEIpaKeHHOCTh MOP(MOIIOTHISCKUX ITPU3HAKOB I hepeHIINPOB-
KM Ha paHHMX 3Tanax nuddepeHIInpoBKH (3-1 CyT.) ObLIa JOCTOBEPHO CHIDKEHA M0 CPaBHEHMIO C YpPOBHEM
RA-uHIyuMpoBaHHBIX U3BMEHEHU 1 JOCTUTAIA YPOBHSI MO3UTUBHOIO KOHTPOJISI TOJIBKO Ha 00Jiee MO3IHUX
cragusx (k 13-m cyt.) (p < 0,05). B omtnuune ot petruHoeBolt kuciiotel, KC-M?2 (LS) unaynupoBaiu Heilpo-
HanbHYyI0 TuddepeHInpoBKY KiieToK SH-SYSY 6e3 nomaBneHus ux npoiaudepatuBHoi aktuBHocTu. [1o-
JIydeHHbIe TaHHbIE MOTYT CBUIETEJILCTBOBATh O HelipopereHepaTuBHOM noTeHiaize M2 (LS) makpodaros
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in vifro, KOTOPBII OTIOCPEAYeTCS Yepe3 pacTBOpPUMBIEe (haKTOPBI U MPOSBIsieTCS B ycuieHUn auddepeHnm-
poBku kietok SH-SYSY.

Knrouesvie cnosa: makpogaeu, M2 gpenomun, knemxu SH-SYSY, oughgpepenyuposxa, pemunoesas kucaoma, netipopecenepayus

EFFECT OF M2 MACROPHAGE-DERIVED

SOLUBLE FACTORS ON DIFFERENTIATION OF SH-SY5Y
CELLS

Rashchupkin I.M,, Shevela E.Ya., Chernykh E.R.

Research Institute of Fundamental and Clinical Immunology, Novosibirsk, Russian Federation

Abstract. Macrophages play a key role in triggering and regulation of neuroregeneration. The characteristic
feature of macrophages is pronounced plasticity, which manifests itself in the ability of macrophages to change
their functional phenotype depending on the micromilieu. Apoptotic cell clearance (efferocytosis) is an
important inducer of a macrophage polarization to M2 phenotype under pathological settings. Previously, we
have developed an original protocol for the generation of M2-like macrophages, polarized by efferocytosis under
serum-deprived conditions (M2 (LS), Low Serum). The present study was aimed to assess a neuroregenerative
potential of M2 (LS) macrophages. We studied their effect on the differentiation of SH-SYS5Y cells in comparison
with retinoic acid (RA). As the morphological criteria of differentiation we have assessed the relative content
of differentiated cells, i.e., cells with a neurite length exceeding the cell body length, and the average neurite
length on days 3, 7, and 13. The ratio of neuron-like (N-type) and epithelial-like (S-type) cells in cultures
was also assessed. SH-SYSY cells were characterized by a low level of spontaneous differentiation, both under
standard conditions (10% FBS) and serum deprivation (1% FBS). Upon RA treatment, SH-SY5Y cells stopped
proliferating and underwent neuronal differentiation. Cultivation of SH-SYS5Y cells in the presence of M2 (LS)
conditioned medium also led to a significant increase in the relative content of differentiated cells, the average
length of neurite-like processes, as well as a change in the balance of S- and N-type cells towards a pronounced
predominance of the latter. The morphological features of differentiation were significantly less pronounced at
early stage (day 3) of differentiation as compared with the RA-induced changes and reached the level of positive
control only at later stages (day 13) (p < 0.05). In contrast to retinoic acid, M2 (LS) conditioned medium
induced neuronal differentiation of SH-SYS5Y cells without suppressing their proliferative activity. The data
obtained may indicate a high neuroregenerative potential of M2 macrophages in vitro, which is realized through
soluble factors and manifests itself in promoting SH-SYS5Y differentiation.

Keywords: macrophages, M2 phenotype, SH-SY5Y cells, differentiation, retinoic acid, neuroregeneration

The work was carried out at the expense of the
federal budget for fundamental research on the topic
“Justification and development of new technologies
for immunomodulation, stimulation of reparative
processes and correction of behavioral and addictive
disorders based on the use of myeloid, lymphoid and
stem cells and/or their secretome products”.

Introduction

Macrophages (Ms), being an essential component
of innate immunity, play a key role in inflammation,
regeneration, and homeostasis maintenance. The main

features of Ms are pronounced plasticity and hete-
rogeneity manifested as a potential to change their
functional phenotype in response to various microen-
vironmental signals with formation of many activation
states between two opposite “extremities” — classically
activated M1 and alternatively activated M2 Ms. A
defining M 1 characteristic is proinflammatory activity,
whereas M2 exhibit anti-inflammatory properties and
play a crucial role in stimulating reparative proces-
ses and resolution of inflammation [25]. M2 pheno-
type Ms are induced by a variety of stimuli, such as
IL-4/1L-13, immunosupressive cytokines (IL-10,
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TGF-B), immune complexes, hormones and vitamins
(dexamethasone and vitamin D3). Apoptotic cell
clearance (efferocytosis) isan important inducer of M2
macrophage polarization under pathological settings.
Previously, we have developed an original protocol
for the M2-like Ms generation based on the culture
of human blood monocytes under serum-deprived
conditions, which contributes to the development of
deprivation apoptosis with the subsequent engulfment
of apoptotic cells by macrophages.

The Ms obtained in this way are characterized by
low antigen-presenting and proinflammatory acti-
vities as well as a high level of growth and neurotro-
phic factors secretion (VEGE, IGF-1, EPO, BDNE,
EGE FGF-basic) [3, 22]. The combination of
these properties allows to consider M2 (LS) as a Ms
functional phenotype with a high neuroregenerative
potential which was confirmed by pilot clinical trials
in patients with CNS pathology [4, 23]. In vitro studies
have revealed one of potential mechanisms for M2
(LS) neuroregenerative effects exerted as the capacity
to enhance proliferation and reduce apoptosis of
SH-SYS5Y neural cells [19]. At the same time, along
with increased neural stem cells proliferation, for a
successful neuroregeneration and their subsequent
differentiation and integration into existing neuronal
network were required [24]. However, an influence of
M2 (LS) on the neural cell differentiation in vitro has
not been previously studied.

The present study was aimed to assess the in-
fluence of M2-derived soluble factors on the SH-
SYS5Y neuroblastoma cells differentiation. To this
end, we assessed the effects of M2 (LS) conditioned
medium on: 1) the number of cells with neurite (s)
exceeding cell body lengths; 2) average neurite length
in SH-SYS5Y cell culture.

Materials and methods

Ms were generated from an adhesive fraction of
human peripheral blood mononuclear cells (PBMCs),
as described earlier [22]. Briefly, 3-5 x 10°/ml
PBMCs were incubated in RPMI-1640 (Biolot,
St. Petersburg, Russia) medium supplemented with
0.05 mM 2-mercaptoethanol, 2 mM sodium pyruvate
0.3 mg/ml L-glutamine, 1% nonessential amino acids,
100 pug/ml gentamycin, 2% autoplasma and 50 ng/ml
recombinant human GM-CSF (R&D Systems,
USA). After 18-24 hours, the non-adherent cells were
removed, and the adhesive cells were cultured for
7 days. The conditioned Ms medium was collected,
centrifugated, and stored at -20 °C.

SH-SY5Y cells were cultured in DMEM/F12
(Biolot, St. Petersburg, Russia) medium containing

10% FBS (BioWest, France) (standard conditions) or
1% FBS (conditions of deprivation) at 37 °C in the
CO, incubator. Cells were passaged after reaching 70-
80% monolayer. Cells of passages 3-5 were used for
the experiments.

To assess cell differentiation, SH-SYS5Y cells were
cultured in 6-well plates (4 x 10° cells per well) in
DMEM/F12 medium with 1% FBS, supplemented
with retinoic acid (RA, 10 uM; positive control) or M2
(LS) conditioned medium (30% (v/v), experiment)
for 3, 7 and 13 days.

Morphometric analysis was performed using the
ImagelJ software and the NeuronGrowth plugin [6].
At least 100 cells were analyzed in different fields of
view, counting the number of neurite-bearing cells, the
length of which exceeded the length of the cell body,
and the average neurite length. Three independent
experiments were performed. Morphometric analysis
was performed at indicated time points (3, 7, and 13
days). For each cell, the length of the primary neurite,
defined as a single neurite, or the longest neurite, for
cells with more than one neurite, was measured.

Statistical analysis was performed using the
STATISTICA software version 8.0 (StatSoft. Inc.,
USA). The data are presented as median (Me) and
interquartile range (IQR, 25-75% quartiles). To reveal
a significant difference of the values compared, the
Mann—Whitney nonparametric U test was used.
A significance level was set at p < 0.05.

Results and discussion

Effect of M2 (LS) conditioned medium on the
number of differentiated SH-SY5Y cells

Undifferentiated SH-SY5Y cells tend to grow
in clumps which are clusters of rounded cells in the
center and cells with short processes / neurites along
the edges. During the differentiation, the morphology
of the culture changes: cells do not form clusters;
cell bodies stretch out, acquiring a pyramidal shape
with growing neurites; and the processes vs. cell body
elongation significantly exceeds. The predominance
of the length of the processes over the cell body is one
of the main morphological markers of differentiation.

As shown in Table 1, when SH-SY5Y cells were
cultured in standard conditions (10% FBS) the
relative number of differentiated cells (i.e., cells
with neurite length exceeding the length of the cell
body) at different stages of differentiation (3, 7,
and 13 days) did not outreach 10%, which indicates
a low level of spontaneous differentiation. Under
deprivation conditions, the number of differentiated
cells was decreased almost by 2 times (4.5-5%). In
the presence of retinoic acid (positive control), as
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TABLE 1. EFFECT OF M2 (LS) CONDITIONED MEDIUM ON MORPHOLOGICAL MARKERS OF DIFFERENTIATION IN
THE SH-SY5Y CELL CULTURES

Control Deprivation RA M2 (LS) CM
Day (10% FBS) (1% FBS) (10 uM) (30% (viv))
1 2 3 4
Relative amount of differentiated cells, %
3 9.4 45 22.7 15.1
7 59 5.0 28.4 13.3
13 5.0 1.0 16.0 36.0
Average length of neurites, um
32.1
37.5
16.8 24.9-43.3
3 1 822;:75 i 13.5-23.0 3_22_7'8'53'805 4-3: p, < 0.005
0734 2-1: p, < 0.005 . Pu = 0,002 4-2: p, < 0.005
RS 4-1: p, < 0.005
32.4
47 1*
226 18.4 335.63.3 2.5.0-44.2
7 15.4-30.9 13.1-26.1 3.2 <0005 4-3: p, < 0.005
’ ) 2-1: p, < 0.005 3_1j Py < 0'005 4-2: p,<0.005
P 4-1:p, < 0.005
49.3* 46.209* #
13 22.5 19.0 40.5-74.3 35.6-60.0
17.5-26.4 11.1-29.7 3-2: p, < 0.005 4-2: p, < 0.005
3-1: p, < 0.005 4-1: p, < 0.005

Note. The data are presented as median (Me) and interquartile range (IQR, 25-75% quartiles). *, p, < 0.005 vs day 3;
# p, <0.005 vs day 7. CM, conditioned medium.

TABLE 2. EFFECT OF M2 (LS) CONDITIONED MEDIUM ON THE RATIO OF DIFFERENT CELL TYPES IN SH-SY5Y CELLS
CULTURES

Spontaneous differentiation Induced differentiation
Type of cells o 10% FBS 1% FBS p fﬁ‘M) “("320((,};?\), IS;‘;'

3 79 78 89 93
N-type 7 80 81 75 95

13 63 37 86 98

3 12.7 6.4 27 17
teng e, 7 ; ; 2 7

13 8 3 19 37

3 21 22 1 7
S-type 7 21 19 25 5

13 37 63 14 2

3 4:1 4:1 8:1 13:1
N/S-type ratio 7 4:1 4:1 3:1 19:1

13 2:1 0.6:1 6:1 49:1

Note. The data of a representative experiment. The relative content of cells was determined by analyzing at least 100 cells.
RA, retinoic acid; CM, conditioned medium.
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expected, the number of differentiated cells increased
significantly, several times higher than a spontaneous
differentiation level (p < 0.05 as compared with
standard and “deprivation” controls). In the presence
of M2 (LS) conditioned medium, the percentage
of differentiated SH-SYSY cells also increased. At
the early stages of differentiation (3 and 7 days), the
number of differentiated cells was lower compared
to the positive control. However, by the day 13, the
percentage of these cells increased sharply that was
more than 2 times higher than in RA-differentiated
cultures.

Effect of M2 (LS) conditioned medium on the
average length of neurites in SH-SY5Y cultures

The data in Table 1 demonstrated that the average
length of neurites in cells, cultivated under standard
conditions (10% FBS), was 23-25 um at all stages
of differentiation. Under serum deprivation, the
average neurite length significantly decreased down
to 17-19 pm. In RA-induced cultures, the average
neurite length was increased by 1.5-2 times and 2.2-
2.6 times compared with the standard control and
the deprivation control, respectively. The increase in
neurite length registered on the day 3 continued by the
day 7 and further remained at the level reached. Cell
cultivation in the presence of M2 (LS) conditioned
medium resulted in significantly increased average
neurite length vs. standard and deprivation controls.
This effect manifested itself on day 3 of culture and
persisted up to day 7. At the same time, at the early
stages of differentiation, the neurite length in cultures
with M2 (LS) conditioned medium was significantly
lower than that in the positive control (RA). However,
the significantly increased neurite length as high as
the level of RA-induced values was observed by the
day 13.

Effect of M2 (LS) conditioned medium on the SH-
SY5Y cell N/S-type ratio

It is known that the cultures of undifferentiated
SH-SYS5Y cells contain two morphologically distinct
cell types: S-type (adhering to the substrate, epithelial-
like cells without processes) and N-type (cells with
neurite-like processes). The relative number of each
cell type under differentiation conditions is shown
in Table 2. The relative number of N- and S-type
cells during differentiation of the SH-SYS5Y cell line
depending on the inducing stimulus is well visualized
as the N/S ratio. At the early stages of differentiation,
regardless of the serum percentage, the number of
N-type cells was 4 times higher than the number of
S-type cells. At later stages, a decrease in the number
of N-type cells and an increase in S-type cells were
observed, which led to a final difference of 2 or more
times (2:1 and 0.6:1). RA-induced differentiation

was accompanied by an increase in the proportion
of N-type cells and a decrease of S-type cells by the
days 3 and 13. At the intermediate stage (7 days), the
number of S-type cells, on the contrary, increased,
which led to a reduction in the N/S ratio from 8:1
to 3:1. The most considerable change in the balance
between these cell types was observed in cultures with
M2 (LS) conditioned medium: the overwhelming
majority of cells was of N-type cells (93, 95, 98%),
while the S-type was represented by rare single cells
(7, 5, 2%). Interestingly, the majority of N-type cells
in these cultures were presented by cells with short
processes, not exceeding the length of the cell body
(i.e. undifferentiated cells).

The aim of the study was to assess an effect of
M2 (LS) Ms on the SH-SYS5Y cell differentiation.
To address it, we have compared the influence of M2
(LS) conditioned medium and retinoic acid (RA),
a well-known and widely used inducer of neuronal
differentiation.

The data obtained showed that M2 (LS) condi-
tioned medium, similar to RA, stimulates the dif-
ferentiation of SH-SYSY cells exhibited as increased
relative content of differentiated cells, the average
length of neurite-like processes, as well as a change
in the ratio between S- and N-type cells shifted to a
pronounced predominance of the latter. At the same
time, it is important to note some differences between
differentiation processes, induced by retinoic acid and
macrophages. Thus, the effect of RA is manifested
already at early stage of differentiation (day 3), leading
to a significant increase in number of differentiated
cells and average neurite length as compared to control
cultures. Effect of M2 (LS) conditioned medium is
also clearly detected at early stages of differentiation.
However, morphological features of differentiation
during this period are significantly less pronounced
compared to those in RA-induced cultures and
reaches the level of positive control only at later stages
(by the 13% day). At the same timepoint (day 13) in
RA-stimulated cultures a decrease in the relative
number of differentiated cells is recorded that may
be associated with the long-term presence of retinoic
acid as a monostimulus in the culture. Indeed, in
many protocols long-term cultivation implies the use
of an additional differentiating stimulus (for example,
BDNE IGF-1, laminin coating of plastic, etc) [1].

Some authors have described the presence of two
morphologically distinct types of undifferentiated
SH-SYS5Y cells: S-type (adhering to the substrate,
epithelial-like cells without processes) and N-type
(cells with neurite-like processes) [21]. Short-term
RA treatment (up to 5 days) induces differentiation of
N-type cells, while longer-term treatment promotes
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proliferation of S-type cells [5]. The authors have also
shown that S-type cell proliferation depends on the
serum level. These data make possible to explain our
results on a twofold increase in S-type cells in RA-
induced cultures and a higher proportion of S-type
cells in cultures added with 10% FBS.

A distinctive feature of cultures with the addition
of M2 (LS) conditioned medium is the preservation
of the proliferative activity of SH-SYSY cells, which
is confirmed by the previously obtained data and is
consistent with the data obtained by other authors.
For instance, Popova et al showed that SH-SY5Y cells
continueto proliferate duringdifferentiation[17]. High
N-type/S-type cell ratio (N:S, 13:1—49:1), observed
in the presence of M2 (LS) conditioned medium and
exceeding this index in RA-treated cultures, indicates
the predominant proliferation of N-type cells. This
provides a considerable number of undifferentiated
N-type cells capable of further differentiation. It is
reasonable to assume that the differentiation of these
certain cells provide a significant enhancement of
SH-SY5Y neural differentiation at later stages of
differentiation. Thus, soluble factors of M2 (LS)
macrophages induce both proliferation and neural
differentiation of SH-SYS5Y cells. M2 macrophages
produce cytokines and growth factors, which activate
neurogenesis, oligodendrogenesis and angiogenesis,
contributing to the appearance of new cellular
elements [2, 26]. By producing trophic and growth
factors, M2 Ms provide axonal remodeling, i.e.,
formation of new axonal collaterals by stimulating the
growth of axons, the formation of new synapses and
remyelination of axons [8, 14, 20]. We have previously
shown that M2 (LS) actively secrete a complex of
various neurotrophic, neuroprotective and angiogenic
factors, including IGF-1, VEGE erythropoietin,
etc. [3].

It is known that IGF-1, whose production by M2
(LS) macrophages exceeds the level of its production
by M1 and M2 macrophages by double-digit rates [3],
is able to induce neural differentiation of dental pulp
stem cells and stimulate differentiation of SH-SY5Y
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