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Introduction as other mononuclear phagocytes exhibit significant phenotypic and func-
tional heterogeneity and plasticity, an inflammatory microenvironment
often leads to M1-type polarization of microglia, with the production of

neurotoxic factors (e.g., eicosanoids, proinflammatory cytokines, com-

The results of numerous studies indicate that in multiple sclerosis
(MS) mononuclear phagocytes of the brain (microglia), as well as of

peripheral organs and blood (monocytes, macrophages, dendritic cells) are
akey pathogenetic element of initiation and maintenance of inflammation
in the CNS (Goodin, 2014). It is known that mononuclear phagocytes are
involved in various pathological processes at almost all stages of the dis-
ease. Thus, along with the activation of microglia cells, the most important
mechanism for initiating and maintaining inflammation in the CNS is the
infiltration of peripheral monocytes into brain tissue with their subsequent
transformation into activated macrophages and dendritic cells. Peripheral
monocytes are also involved in the formation of the pro-inflammatory
context on both sides of the blood-brain barrier (BBB), of antigen presen-
tation, activation and differentiation of lymphocytes, promote the penetra-
tion of activated lymphocytes through the BBB and have a wide spectrum
of regulatory function (Goodin, 2014; Baufeld et al., 2018; Mammana
etal,, 2018). Activation of microglia can have both positive and harmful
effects on the course of inflammation in the brain. Microglia cells as well

plement components, proteinases (MMP), glutamate, NO, ROS), which
leads to cell damage and neuronal death. In other conditions microglia can
exhibit M2 phenotype properties and play an anti-inflammatory role by
secreting neurotrophic growth factors and anti-inflammatory cytokines.
Neurological damage itself can contribute to excessive activation of mi-
croglia, synthesis of uncontrolled amounts of TNF-a, superoxidanions and
NO, resulting in the formation of a “vicious circle”, which further en-
hances neurotoxicity and leads to chronic neuroinflammation (Italiani &
Boraschi, 2014; Lan et al., 2018).

Antigen-presenting cells (APC) are known to play a key role in the
activation of autoreactive myelin-specific T lymphocytes in the periphery
(Lester & Li, 2014; Xie et al., 2015). To activate T cells, two main types of
signals from APC are required: 1) presentation of the antigen connected to
MHC on the APC surface to T cell receptor (TCR) and 2) interaction
between cosignal molecules on the T cell surface and their corresponding
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ligands on APC. According to their functions, cosignal molecules can be
divided into costimulatory molecules that stimulate TCR reactions
(CD28 - CDS80/CD86 [B7-1/B7-2], CD154 [CD40L] - CD40, CD278 -
CD275), and coinhibitory molecules that inhibit T cell activation (CD152
[CTLA4] - CD80/CD86, PD-1 - PD-L1/PD-L2) (Wiesemann et al.,
2008). In experimental autoimmune encephalomyelitis (EAE), an animal
model for MS, changes in positive and negative costimulatory signals
have been shown to play a key role in disease onset and activity (Francis-
coetal., 2010).

Recent studies have shown that binding to PD-1 (programmed cell
death 1) its ligands PD-L1 or PD-L2 mediate the inhibition of T cell res-
ponses. In patients with MS, PD-1 gene polymorphism was associated
with progressive course of disease, and IFN-f3 therapy caused activation of
PD-L1 expression on APC. Schreiner (2004) showed that PD-L1 blocka-
de on human monocytes and dendritic cells led to increased T cell prolife-
ration and secretion of Th1 cytokines in vitro. In the EAE model, it was
shown that PD-1, PD-L1 and PD-L.2 were expressed on brain infiltrating
cells, and PD-1 blockade increased the severity of EAE (Francisco et al.,
2010). Changes in the functional state of mononuclear phagocytes in MS
and understanding their role in disease pathogenesis could be investigated
by study of the effects of exogenous and endogenous agents on these cells
in vitro. It can be performed by stimulating mononuclear phagocytes with
E: coli lipopolysaccharide, which is a toll-like receptor 4 (TLR4) agonist,
and a single-stranded RNA preparation as a TLR7/8 agonist. Stimulation
of monocytes through toll-like receptors (TLR) leads to changes in func-
tional status and metabolic orientation; this is manifested through cytokine
synthesis, expression of costimulatory molecules and changes in arginine
metabolism, which are necessary for homeostasis maintaining (Herzmann
etal., 2017).

The pathogenic role of L-arginine metabolites in MS is the subject of
active research, concentration of some of them in cerebrospinal fluid and
plasma are used as biomarkers of disease activity (Adiele & Adiele,
2019). Elevated levels of NO in the cerebrospinal fluid correlate with
axonal damage, clinical disorders, radiological markers, as well as with the
rate of disability (Okada et al., 2017). Exacerbation of MS is accompanied
by decrease in arginase activity and increase in the concentration of nitric
oxide in plasma and cerebrospinal fluid in patients with isolated syndrome
and relapsing-remitting MS (Ljubisavljevic et al., 2012). The direction of
L-arginine metabolism is an important characteristic of mononuclear
phagocytes, which reflects their fnctional and phenotypic features (Rath
et al., 2014; Sica et al., 2015). The NO-forming pathway of arginine is
connected mainly with inducible NO-synthase (iNOS), which forms nitric
oxide (NO) and L-citrulline. The arginase pathway is realized with type I
and II isoforms of arginase which produce L-omithine and urea. NF-kB-
mediated mechanisms play a central role in the regulation of L-arginine
metabolism. Stimulation of TLR, in particular TLR4, can cause activation
of the NF-kB pathway, which leads to an increase in the first expression of
the iINOS gene, and secondly — the production of proinflammatory cyto-
kines (IL-1B, TNF-o, etc.), which are also inducers of iNOS. An example
of the mechanism of negative regulation of NF-kB pathway activity is the
accumulation of nitric oxide, which leads to a decrease in iINOS gene
expression. The study of NO-synthase and arginase pathways of L-argini-
ne metabolism of mononuclear phagocytes in MS and EAE (Weissert,
2016; Lubina-Dabrowska et al., 2017) showed that stimulation of mono-
nuclear phagocytes by inducers of proinflammatory (lipopolysaccharide
and IFN-y) or anti-inflammatory (IL-4) response, leads to pronounced
changes in gene expression and activity of iINOS or arginases, and, accor-
dingly, the production of significant amounts of oxy nitrogen or L-omi-
thine (Rath et al., 2014). Due to this, the determination of NO production
and arginase activity has become the “gold standard” in the study of func-
tional polarization of tissue macrophages and peripheral blood monocytes
of mice (Reiner, 2009). However, significant differences in the biology
and reactions of mononuclear phagocytes of mice of different lines, other
animals, and humans leave open the question of the possibility of using
these methods to determine the functional and phenotypic features of pe-
ripheral blood monocytes in patients, and in general the suitability of ani-
mals for modeling activation of mononuclear human phagocytes (Murray
et al., 2014; Thomas & Mattila, 2014). In addition, existing data on the
activity of iNOS and arginases of mononuclear phagocytes in different

types of MS indicate a wide range of reactions by these cells in response to
the action of certain activators, and require further study (Christophi et al.,
2009; Bogdan, 2015).

The aim of the investigation was to study the functional and metabo-
lic features of intact and stimulated mononuclear phagocytes in patients
with different clinical forms of MS.

Materials and methods

Immunological studies were conducted in the Laboratory of Clinical
Immunology and Allergology of the State Institution “Mechnikov Insti-
tute of Microbiology and Immunology of the National Academy of Med-
ical Sciences of Ukraine”.

We examined 98 patients with a verified diagnosis of “multiple scle-
rosis” established in the Department of Neuroinfections and Multiple
Sclerosis of the State Institution “Institute of Neurology, Psychiatry and
Addiction of the National Academy of Medical Sciences of Ukraine”. All
participants gave their voluntary written consent to take part in the study.

All patients were divided into two groups depending on clinical cour-
se of the disease: 1) a group of patients with relapsing-remitting MS
(RRMS), n = 66 (13 men and 53 women), the mean age of patients was
33.2 £ 9.3 years; included patients with a disease duration of at least 12
months who had at least one exacerbation or one paramagnetic contrast
center on MRI 12 months prior to randomization; 2) a group of patients
with progressive MS (PMS), n = 32 (9 men and 23 women), the mean
age was 41.3 & 10.2 years. In PMS, remission after the onset is absent, due
to formation of the stage of progression and occurred either through the
stabilization stage after the onset, or immediately after the onset. For six
months before the collection of biological material, patients had not received
any therapy with the drugs that could modify the course of the disease.

The control group included 27 healthy individuals (9 men and 18
women) with a mean age of 30.1 + 8.2 years. Criteria for inclusion in the
control group were the absence of acute infections for at least 1 month
before taking biological material, the absence of chronic inflammatory,
allergic and autoimmune diseases.

Isolation of peripheral blood mononuclear cells was performed by the
method of Repnik et al. (2003), adapted to small blood volumes. Separa-
tion was performed using a double gradient of Percoll (Sigma, USA).
To prepare 100 mL of Percoll iso-osmotic solution, 41.5 mL of Percoll
with p = 1.131 glem’ was dissolved in 48.5 mL of distilled water, 10 mL
of 1.5 M NaCl solution was added and mixed thoroughly. To prepare
100 mL of Percoll hyperosmotic solution, 48.5 mL of Percoll with p =
1.131 g/em® was dissolved in 41.5 mL of distilled water, 10 mL of 1.6 M
NaCl solution was added and also mixed thoroughly.

To isolate cells of the monocyte fraction, 1 mL of the prepared mo-
nonuclear suspension was carefully layered on 3 mL of Percoll hyperos-
motic solution and centrifuged at 580 g for 15 minutes at +20 °C. The cell
layer was carefully removed from the phase interface using a plastic Pas-
teur pipette, resuspended in RPMI-1640 medium to 12 mL and centri-
fuged at 350 g for 7 minutes at +20 °C. After removal of the supernatant,
the precipitate was resuspended in 1 mL of RPMI-1640 medium, trans-
ferred to a new tube, RPMI-1640 medium was added, bringing the vo-
lume to 12 mL and centrifuged at 350 g for 7 minutes at +20 °C. After
centrifugation the supematant was removed, and the pellet was resus-
pended in 3 mL of complete RPMI medium (10% fetal calf serum, 90%
RPMI-1640 medium supplemented with 0.2 mM L-glutamine, 0,5 mM
HEPES pH and 0.1% gentamicin). The resulting suspension was adjusted
to 5-10° cells/mL and divided by 0.1 mL. The number of monocytes in
the suspension, determined with anti-CD14 PE-labeled monoclonal anti-
bodies (EXBIO Praha, Czech Republic), was 75% or more. Cell viability
after trypan blue staining was at least 98%. The relative content of CDS0,
CD86 and PD-L1 positive peripheral blood monocytes was determined
with FITC-labeled monoclonal antibodies against CD80, PE-Cy7-labeled
monoclonal antibodies against CD86 and APC labeled monoclonal anti-
bodies against PD-L1 produced by EXBIO Praha (Czech Republic).

Cells of the monocyte fraction were cultured in four parallel series
(the scheme of the study is shown in Figure 1): a) with the addition of
E. coli lipopolysaccharide (“Sigma-Aldrich”, USA) at concentration
1 pg/mL as a stimulator of TLR4, b) with the addition of a complex of

Regul. Mech. Biosyst., 2020, 11(4)

495



resistant to nucleases guanine and uracil-enriched phosphothioate-modi-
fied riboxioligonucleotide and cationic lipid ssSRNA40/LyoVec (Invivo-
gen, USA) at concentration 1 pg/mL as a stimulator of TLR7/8, ¢) with
the addition of IL4 as an anti-inflammatory factor (‘‘Sigma-Aldrich”,
USA) at concentration of 10 units/mL, d) control samples, cultured with-
out an inducer. The monocytes’ suspension was cultured in 96-well plates

at concentration 10° cells/mL in a final volume of 0.2 mL for 24 hours at
37 °C in an atmosphere of 5% CO..

After incubation, the suspension was centrifuged at 350 g for 7 mi-
nutes at +20 °C, the precipitate was used to determine the expression of
cosignal molecules and arginase activity (series a, b, d), and the superna-
tant — to determine the concentration of nitrites (seties a, b, ¢, d).

‘ Isolation of monocytes ‘

Determination of the relative number of CD86, CD80 and PD-L1
positive monocytes

Cultivation of the monocyte fraction cells

\

Series a: Series b:

with

lipopolysaccharide E.
coli (TLR4 stimulator)

with ssSRNA40/ LyoVec
(TLR7/8 stimulator)

Series c: Series d:

with IL4 (anti-
inflammatory factor)

without adding an
inductor

determination of nitrite concentration
(series a, b, ¢, d)

determination of expression of cosignal molecules
(series a, b, d)

| determination of arginase activity (series a, b, d) ‘

Fig. 1. The scheme of the research

Arginase activity in cell lysates was determined by the method of
Classen et al. After removing the supernatant from the wells of the plate,
the pellets with cultured cells were carefully washed with 0.2 pL of phos-
phate buffered saline (NaCl — 8 g/L; KCl - 0.2 g/L; Na,HPO, x 2H,0O —
0.76 g/L; KH,PO, — 0.2 g/L), after careful removal of the washing solu-
tion 0.1 mL of a 0.1% aqueous solution of Triton X-100 (Sigma-Aldrich,
USA) was added to the wells and left for 15 minutes on a shaker for cell
lysis. Then 0.1 mL of 50 mM Tris-HCl buffer (pH = 7.5; Sigma-Aldrich,
USA) and 0.01 mL of 100 mM MnCl, solution were added. 0.1 mL of
lysate from the wells was transferred to “‘safelock” tubes and incubated for
7 minutes at 56 °C for activation of arginase. Then, 0.1 mL of a 0.5 M
arginine solution (pH = 9.7; Sigma-Aldrich, USA) was added to each tube
and incubated at t = +37 °C for 120 minutes (series without adding an
inductor, with the addition of LPS and ssRNA40/LyoVec) and 60 mi-
nutes (series with the addition of IL4). The reaction was stopped by ad-
ding 0.8 mL of stop reagent (H;PO,4, H,SO, and distilled water in a ratio
of 1: 3: 7) to test tubes, and 0.9 mL to test tubes with 0.1 mL of standard
solutions containing 0, 7.5, 15.0, 30.0, 45.0 and 60.0 pg of urea. To each
tube was added 40 pL of 6% alcoholic solution of a-isonitrosopropio-
phenone and vortexed for 5 seconds, then sequentially incubated for
30 minutes at t=-+95 °C and for 30 minutes at t =+4 °C. After incubation,
the urea content in the samples was determined on Stat-Fax 303 plus
(USA) with a filter installed at 545 nm.

The concentration of nitrites in the supernatants was determined by
the method of Gris (Reiner, 2009). 0.1 mL of culture supernatants was
transferred to the wells of a 96-well plate, mixed with 0.1 mL of Gris
reagent (1% sulfonamide, 0.1% 1-naphthylenediamine in 2.5% phospho-
ric acid solution) and incubated for 30 min at t = +20 °C in darkness.
Absorption was read on Stat-Fax 303 plus (USA) with a 545 nm filter
installed and the nitrite concentrations were calculated according to a
standard calibration curve. The results obtained were presented in
pmol NO/10° cells.

Statistical processing of the obtained data was performed using Statis-
tica 11.0 (StatSoft, Inc.) and Xlstat 19.6 (Addinsoft). The normality of the
data distribution in the groups was checked using the W-Shapiro-Wilk
test. The significance of the differences in the studied samples was deter-
mined with z-test with Holm-Bonferroni correction to exclude the fami-
lywise error rate (Microsoft R Open, https:/mran.microsoft.com/iro).
The critical value to assess the significance across these findings was 0.05.

Results

Patients with PMS had a more severe course of the disease with rapid
progression of clinical symptoms and the formation of persistent neuro-
logical deficit, increased score on the expanded disability status scale
(EDSS), which was 5.5 + 1.0 points, and no remission. Patients with
RRMS showed a more benign clinical course with different degrees of
severity and rate of formation of clinical symptoms, which alternated with
remissions of varying duration. According to the EDSS scale, the disabili-
ty rate of these patients was 3.0 + 1.4 points.

It is known that the state of activity of peripheral blood monocytes
can directly affect the course of the disease. The relative number of mono-
cytes expressing CD86 and CD80 (Fig. 2) in patients with RRMS did not
have significant differences relative to the control group. In patients with
PMS, the relative number of CD86+ cells on intact peripheral blood mo-
nocytes (Fig. 2) was significantly higher than in healthy individuals
(87.9+ 5.4% vs. 744 £ 6.4%, P < 0.05) while, in contrast, expression of
PD-L1 molecules was significantly reduced (35.9 +3.8% vs. 52.1+6.1%,
P < 0.05). In the group of patients with RRMS, the figures were quite
different, the rate of expression of PD-L1 molecules of intact peripheral
blood monocytes was increased (62.2 + 5.6% vs. 52.1 £ 6.1% in the con-
trol, P < 0.05), while expression of CD86+ showed a slight tendency to
increase and did not differ significantly from figures of PMS and control
groups. It should also be noted that the expression of PD-L1 was signifi-
cantly different when compared between groups of patients (P < 0.05).
The relative number of CD80+ cells was quite similar in all groups; it was
5.4+ 1.8% in the PMS group, somewhat less in RRMS patients and 5.6 =
1.3% in the control group (P >0.05).

In the next part of the study, the dependence of the expression level of
cosignal molecules on the characteristics of stimulus was investigated,
which revealed differences in the reserve capacity of the monocytes from
peripheral blood in patients with different clinical courses. The classic
targets for TLR4 stimulation of mononuclear phagocytes are LPS. There-
fore, incubation with LPS was used to study and analyze the expression of
cosignant molecules of these cells.

Stimulation of TLR4 and TLR7/8 by culturing monocytes for
24 hours in the presence of lipopolysaccharide E. coli and ssRNA40/Lyo
Vec at a concentration of 1 pg/mL produced a pronounced and stable
activation of the cells (Fig. 3, 4).
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Fig. 2. The relative number of CD86, CD80 and PD-L1-positive
peripheral blood monocytes in patients with relapsing-remitting multiple
sclerosis (RRMS, n = 66), progressive multiple sclerosis (PMS, n=32)
and healthy individuals (control, n =27, %, x + SD): * —P <0.05
when compared with the control group; *— P < 0.05 when
compared between groups of patients
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Fig. 3. The relative number of CD86 and CD80 positive peripheral blood
monocytes in patients with relapsing-remitting multiple sclerosis (RRMS,
n=66) and progressive multiple sclerosis (PMS, n = 32) without
stimulant and upon LPS stimulation (TLR4 agonists) compared
with healthy individuals (control, n=27, %, x + SD):

* — P <0.05 when compared with the control group;
#_P<0.05 when compared between groups of patients

The level of CD86 expression on monocytes in the RRMS group
when stimulated with TLR4 agonists increased from 69.9 + 8.3% to
82.6+ 9.5% and the expression level of CD80 increased by 32.4% from
baseline — and amounted to 39.5 = 6.3%, but it was at the level of control
group. Incubation of monocytes with LPS led to an increase in the expres-
sion of CD86 on monocytes in the group of PMS (89.5 +7.6% vs. 74.8 +
7.3% in the control, P < 0.05). The expression level of CD80 molecules in
the PMS group increased 5 times from baseline and amounted to 27.1%.
It is important to note that the relative number of CD80 positive mono-
cytes was significantly lower than in the RRMS group (Fig. 3).

Stimulation with TLR7/8 agonists of peripheral blood monocytes
from patients of RRMS and PMS groups did not lead to significant
changes in CD86 and CD80 expression relative to the control group and
when compared between groups (Fig. 4).

When stimulated with TLR4 (LPS) agonists, an increase in the ex-
pression level of the PD-L1 molecule was observed in the RRMS group
(54.5£9.0% vs. 41.2 +5.3% in the control, P <0.05). The level of PD-L1
expression in the PMS group after incubation was significantly lower
compared with the control group (25.8 + 3.8% vs. 31.3 + 6.0%) and com-
pared with the RRMS group (P < 0.05, Fig. 5a).

Incubation of monocytes in the presence of ssRNA40/LyoVec,
which is a TLR7/8 agonist, resulted in the increase in PD-L1 expression in
the patients with RRMS reliable relative to control (61.0+ 8.0% vs. 42.2 +
9.0%) and decreased expression in patients with PMS relative to control
(25.8 +3.8% vs. 32.1 +4.4%) and the RRMS group (P < 0.05, Fig. 5b).
In the second part of the work we compared the metabolic orientation of
arginine pathways in the monocytes from peripheral blood of patients with

RRMS and PMS. In the groups of patients, moderate basal activity of ar-
ginases was detected, very close to control level (P > 0.05 relative to con-
trol). The unstimulated NO production in all groups was <0.1 pmol
NO/10° cells, which indicates the predominance of the arginase pathway
of L-arginine metabolism in intact cells of the monocyte fraction of peri-
pheral blood mononuclear cells of all investigated groups.
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Fig. 4. The relative number of CD86 and CD80 positive peripheral
blood monocytes in patients with relapsing-remitting multiple sclerosis
(RRMS, n = 66) and progressive multiple sclerosis (PMS, n=32)
without stimulant and upon ssSRNA40/LyoVec stimulation (TLR7/8
agonists) compared with healthy individuals (control, n =27, %, x + SD)
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Fig. 5. Relative number of PD-L1 positive peripheral blood monocytes
in patients with relapsing-remitting multiple sclerosis (RRMS, n=66)
and progressive multiple sclerosis (PMS, n = 32) without stimulant and
upon LPS stimulation (TLR4 agonists) (a) and ssRNA40/LyoVec stimu-
lation (TLR7/8 agonists) (b) compared with healthy individuals (control,
n=27, %, x + SD): * —P < 0.05 when compared with the control group;
#_P <0.05 when compared between groups of patients

Table 1

Arginase activity of peripheral blood monocytes of patients
with relapsing-remitting multiple sclerosis (RRMS, n= 66),
progressive multiple sclerosis (PMS, n=32) and healthy
individuals (control, n =27, mU/10° cells, x + SD)

Patients group

Series RRMS PMS Control
n 66 32 27
Non-stimulated cells 264+028 250+049 237+051
LPS-stimulated cells 10.76+2.11*  651+£095*  1248+1.54
ssRNA40/LyoVec-stimulated cells  7.25+1.06  8.74+223 5.72+0.80
IL-4-stimulated cells 3.57+0.79 320+101 405+142

Notes: * — P < 0.05 when compared with the control group (according to the results
of z-test taking into account Holm-Bonferroni correction).

Cultivation for 24 hours in the presence of a TLR4 agonist led to an
increase in arginase activity — 4.1 times in the RRMS group, 2.6 times in
the PMS group and 5.3 times in the control group (P < 0.05) compared
with non-stimulated cells. Stimulation of TLR7/8 also caused an increase
in arginase activity — 2.7 times in the RRMS group, 3.5 times in the PMS
group and 2.4 times in the control (P < 0.05). Compared with the control
group, the increase in arginase activity in monocytes of patients with MS
was less pronounced with stimulation of LPS and IL4, but more pro-
nounced with stimulation of ssSRNA. Stimulation of cells with LPS and
ssSRNA40/LyoVec did not lead to a significant increase in nitric oxide pro-
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duction, the content of which in all samples remained below 1 pmol
NO/10° cells.

Discussion

The generally accepted concept assumes polarization of macrophages
into two opposite activation states: pro-inflammatory, or classically acti-
vated (M1), and anti-inflammatory, or alternatively activated (M2) ma-
crophages. Later, M2 phagocytes were divided into M2a, M2b, and M2c
phagocytes to differentiate phenotypes caused by different stimuli. At the
same time, macrophages and microglia retain their plasticity after polariza-
tion, indicating that they can adapt to changing environments (Bogie et al.,
2014). In neuroinflammatory and neurodegenerative disorders, these cells
are exposed to numerous soluble factors in the periphery and CNS, some
of these mediators play an important role in changes in their physiology.
It becomes clear that macrophages and microglia, depending on the mic-
roenvironment, could display a spectrum of activated phenotypes, rather
than discrete stable ones.

The data obtained in our work indicate that in MS patients monocytes
of peripheral blood manifest signs of pro-inflammatory as well as anti-inf-
lammatory activity depending on the clinical course of the disease. The
expression of costimulatory molecules CD80 and CD86, which are in-
volved in the realization of intercellular synapses, is an important characte-
ristic of the state of mononuclear phagocytes, namely their participation in
Iymphocytes’ activation and antigens’ presentation.

In patients with progressive disease, the relative number of CD86+
cells was significantly higher than in patients with RRMS and healthy
individuals, this corresponds to the results of Wiesemann et al. (2008),
who found that CD86 expression levels in monocytic cells were signifi-
cantly higher than ones in RRMS patients. There was also an increased
expression of CD80+ in the active areas of MS lesions, as well as on
monocytes and B cells of cerebrospinal fluid and peripheral blood. In our
study we did not find significant differences in expression of CD80+ in
monocytes in MS patients relative to indicators in the control group, as
well as when comparing groups of RRMS and PMS. It may be connected
with more severe course of the disease in Wiesemann’s investigation.

An important function in the regulation of immune homeostasis and
in the maintenance of peripheral tolerance through secondary costimulato-
1y signaling of activated lymphocytes is played by PD-1 and its ligands
(PD-L1 and PD-L.2) — transmembrane proteins that have different patterns
of expression and differ in their affinity. PD-1 and its ligands protect
against potentially pathogenic autoreactive effector T cells by simultaneo-
usly affecting two mechanisms of peripheral tolerance: stimulating the
development and function of Treg, and by directly inhibiting potentially
pathogenic autoreactive T cells in the periphery. PD-1-induced Treg cells
can also help maintain immune homeostasis by maintaining a T-cell acti-
vation threshold high enough to protect against autoimmune processes.
Expression of PD-L1 on non-hematopoietic as well as hematopoietic cells
promotes the development of Tregs and enhances the function of Tregs in
Iymphoid organs and tissues that are the target of autoimmune attack
(Francisco et al., 2010).

In our study, pro-inflammatory markers could include increased ex-
pression of CD86 and CD80, while anti-inflammatory — increased expres-
sion of PD-L1 and increased arginase activity. Low arginase activity is
associated with polarization of monocytes in M1 (Nahrendorf & Swirski,
2016; Rodriguez et al., 2017), given this decreased arginase activity in mo-
nocytes of PMS patients (Table 1) under LPS treatment may be consi-
dered as an indirect proinflammatory sign.

It is important to note that in our study, the percentage of PD-L1-
positive monocytes in the PMS group was lower than in the control group
and compared with the RRMS group, which in combination with increa-
sed level of CD86 expression can be considered as signs of monocytes
polarization trend in M1 direction in PMS patients. In RRMS patients, on
the contrary, we found increased expression of PD-L1 marker, it can be
regarded as a sign of enhanced anti-inflammmatory activity. Unfortunate-
ly, it was not confirmed by other markers as was the case in PMS patients.
In patients with PMS, three markers were found that may indicate polari-
zation of peripheral blood monocytes in the M1 direction — increased ex-
pression of CD86, decreased expression of CD80, and a decrease in argi-

nase activity under LPS loading, while an increase in NO formation was
not detected, and the arginase activity after ssSRNA40/LyoVec treatment
tended to increase. On the whole, this allows us to speak about the polariza-
tion trend towards M1. In RRMS patients polarization signs are less clear.

The presence of different forms of macrophage activation in patients
with different severity of the disease corresponds to data on the state of
cells in the brain lesion in MS patients. In early lesion microglia and mac-
rophages show dominant expression of proinflammatory markers invol-
ved in phagocytosis (CD68), antigen presentation (MHC class I and II,
CD86), and reactive oxygen species (ROS) production (eg, p22phox).
In the later stages of active lesions, cells switch to an intermediate pheno-
type and co-express proinflammatory markers with other antigens associa-
ted with M2 activation (CD206 and CD163). Patterns of microglia and
macrophage activation are qualitatively similar in new demyelinating lesi-
ons of early MS and with the slow spread of lesions of progressive MS
(O’Loughlin etal., 2018).

Deciphering the factors that regulate the changes of macrophages and
microglia in neurological disorders is very important for understanding
pathogenic and neuroprotective pathways and developing new therapeutic
agents. New results on these factors, such as soluble mediators and inter-
cellular interactions, have provided a crucial insight into the mechanisms
govemning the spatiotemporal dependence of phagocyte physiology in
CNS pathologies. Our next task was to present various factors influencing
the functional properties of a subset of macrophages during neuroinflam-
mation and neurodegeneration.

Stimulation with TLR4 and TLR7/8 agonists revealed differences in
the reserve capacity of cells of the monocyte fraction of peripheral blood
mononuclear cells in patients with different clinical course. In particular,
TLR4-mediated activation of monocytes obtained from patients with
PMS was accompanied by significantly increased expression of CD86
(relative to control).

Increased reserve capacity for LPS- and ssRNA-induced PD-L1 ex-
pression in patients with RRMS and decreased reserve capacity in patients
with PMS, indicating depletion of producer cells due to prolonged antige-
nic stimulation. Thus, changes in the expression of cosignal molecules in
the brain and body fluids indicate the important role of these mediators in
influencing the identity of macrophages and microglia in inflammatory
conditions of the CNS.

Previously (Tupotilov & Kolyada, 2018) we showed differences in
the subpopulation composition of monocytes with respect to basal and
LPS and ssRNA40/LyoVec-induced cytokine production in vitro by cells
of the monocyte fraction of peripheral blood mononuclear cells in patients
with different clinical course of MS. Proinflammatory and regulatory cy-
tokines, including IFNy, IL-1B, TNFa, IL-10 and IL-12, are abundant in
the bloodstream and CNS of MS patients. These cytokines are well
known for their ability to stimulate the inflammatory transcription profile
in phagocytes. The addition of TLR4 and TLR7/8 agonists in the cultivati-
on of monocytes from healthy people led to a marked increase in the
production of TNF-o and IL-1p. Stimulation of IL-1f production with the
addition of ssSRNA40/LyoVec in patients with advanced MS was stronger
compared with LPS. At the same time, in patients with MS, the reserve
capacity of monocytes to stimulated production of TNF-o and IL-1f in res-
ponse to the addition of LPS and single-stranded RNA was reduced rela-
tive to control, especially in patients with recurrent MS (P < 0.05). This may
indicate changes in the subpopulation of cells producing these cytokines
on the one hand, and on the other — the “depletion” of these cells, the pre-
sence of disorders of MyD88-mediated signaling and activation of NF-kB.

In our second study (Vdovichenko et al., 2020), the serum cytokine
profile of patients with MS in different periods of disease activity allowed
us to establish a relationship between the state of the immune system, MS
progression and the degree of disability of patients on the EDSS scale.
In patients with RRMS in the acute stage, there were elevated levels of
IFN-y, IL-1p and IL-12, while in the group of patients with RRMS in the
stage of clinical and radiological remission, increased production of proin-
flammatory cytokines was accompanied by a compensatory increase in
IL-10. In patients with progressive type of MS, regardless of the stage of
progression, there was a more pronounced cytokine imbalance on the
background of reduced IL-10. This cytokine profile indicates a decrease in
the reserve capacity of the regulatory link of humoral immunity, while cli-
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nical data confirm this by high values of disability on the EDSS scale at
the stage of steady progression of the disease.

In the blood of healthy people, the physiological relationship between
subpopulations of monocytes is maintained, which may change in patho-
logical conditions (Murray, 2017). The role of individual subpopulations
in the formation and replenishment of the pool of mononuclear phagocy-
tes in the CNS is still insufficiently defined (Okabe & Medzhitov, 2016).
Many pathological conditions of different organ localization are associated
with one or another metabolic shift of macrophage mononuclear phagocy-
tes, which does not meet the physiological needs of a particular tissue (Si-
caetal., 2015). Arginine metabolism plays an important role in the regula-
tion of macrophage activation. Mononuclear phagocytes are characterized
by the ability to acquire a wide range of functional states depending on the
stimuli that cause their activation. Each of these polarization states invol-
ves the activation of metabolic responses necessary to maintain homeosta-
sis. Arginine metabolism is a central regulator of macrophage activation.
Two opposite pathways cause the metabolic conversion of arginine in
these cells. Nitric oxide synthase converts arginine to nitric oxide, the radi-
cals of which cause the cytotoxic effect of proinflammatory (M1) macro-
phages, and arginase to proline and polyamines, which play an important
role in collagen synthesis and cell proliferation, thus causing anti-inflam-
matory function of macrophages (Rodriguez et al., 2017).

In groups of patients with relapsing-remitting and progressive type of
multiple sclerosis, we found moderate basal activity of arginases of intact
monocytes, the level of which did not depend on the subpopulation com-
position of the cell fraction. Stimulation of monocytes by TLR4 and
TLR7/8 agonists was accompanied by an increase in arginase activity,
which was more pronounced in patients with a recurrent type of multiple
sclerosis when culturing cells of the monocyte fraction with LPS. In pa-
tients with progressive disease, the arginase activity of monocytes when
cultured with ssRNA40/LyoVec was significantly reduced relative to con-
trol and its level was also negatively correlated with the number of CD16+
cells in the fraction (r = —0.416; P < 0.05). Basal and stimulated nitric
oxide production in all groups was < 0.1 pumol NO/10° cells, indicating a
predominance of the arginase pathway of L-arginine metabolism in intact
and activated after 24 hours of cultivation in the presence of LPS or
ssRNA40/LyoVec monocyte cells in peripheral blood. Cultivation of cells
of the monocyte fraction of peripheral blood mononuclear cells in patients
with relapsing-remitting and progressive multiple sclerosis in the presence
of [L4 at a concentration of 50 U/mL also did not cause significant chan-
ges in both arginase activity and NO production. Data on the functioning
of the arginase and NO-synthase pathways of L-arginine metabolism of
intact and TLR4- and TLR7/8-activated peripheral blood monocytes in
patients with multiple sclerosis indicate a subpopulation-dependent nature
of differences in arginase activity in patients with different clinical course
of the disease.

The results of our work indicate a tendency to activate peripheral
blood monocytes in patients with multiple sclerosis with their polarization
in the M1 direction with increased arginase activation with TLR7/8 stimu-
lation and decreased — with TLR4 stimulation, especially in patients with
progressive disease.

Our data are consistent with the results of other studies (Munder et al.,
2005; Mattila et al., 2013; Rath et al., 2014; Okada et al., 2017), which
also did not confirm the ability of monocytes/macrophages to any signifi-
cant production of nitric oxide. Shin (2012) showed that NO production in
patients with MS is significantly reduced compared to mice and rats.
In the work of Rath et al. (2014) showed the presence of INOS activity in
monocytes infiltrating the active foci in the early stages of MS, while in
chronic disease, infiltrated monocytes did not have iNOS activity. Basal and
stimulated iNOS activity was detected only in CD16+ HLA-DR++ mono-
cytes, the number of which was significantly higher in patients with MS.

At the same time, in other works activity of iNOS or arginases was
observed (Babu, 2009; Mattila et al., 2013). Analyzing the causes of this
phenomenon, various authors express the opinion that in addition to meta-
bolic differences between human and rodent mononuclear phagocytes, it
is also necessary to take into account the differences in the design of the
work, the investigated pathology and features of the research methods used
(Thomas & Mattila, 2014). By analogy with mice, we can also assume the
influence of genetic factors on the results obtained in different cohorts of
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humans (Ravasi et al., 2007). There is also evidence that, in contrast to
mice and rats, in vitro stimulation of mononuclear phagocytes by LPS
instead of activating arginine metabolism induces activation of the indo-
leamine-2,3-dioxygenase pathway of tryptophan metabolism (Thoma-
Uszynski et al., 2001).

Christophi (2009) showed that, in contrast to mice, human L4 is
able to stimulate rather than inhibit nitric oxide production. In our study,
we evaluated the effect of IL4 on the direction of L-arginine metabolism
of peripheral blood monocytes in patients with relapsing-remitting and
progressive MS. Under conditions of 24-hour cultivation of monocytes
with the addition of IL4 at a concentration of up to 50 U/mL we found no
significant changes in both arginase activity and NO production.

Thus, data on arginase activity are contradictory and require further
research involving improved approaches to determining the population
composition of cells, which will clarify the features of the functional state
of monocytes of different subpopulations and their pathogenetic role in the
development and course of multiple sclerosis.

The model of TLR-dependent activation and assessment of the func-
tional state of intact and activated mononuclear cells of the monocyte frac-
tion in vitro of peripheral blood confirmed the existence of functional-
phenotypic heterogeneity of cells associated with the type of clinical cour-
se of the disease. Differences in the mechanisms of activation of peripheral
blood monocytes mediated by stimulation of TLR-like receptors of diffe-
rent types in patients with relapsing-remitting and progressive multiple
sclerosis are revealed.

Conclusions

The functional state of mononuclear phagocytes, as representatives of
innate immunity, affects the nature of the clinical course of multiple scle-
rosis. An in vitro study of TLR-mediated monocyte activation revealed an
increase in the relative number of PD-L1-positive monocytes in patients
with relapsing-remitting multiple sclerosis, while in patients with progres-
sive disease, on the contrary, a decrease in the number of cells was re-
vealed, while the relative number of CD86+ cells was significantly higher
in comparison with sick RRMS and healthy persons.

The study of the arginase pathway of metabolism revealed a signifi-
cant increase in arginase activity of monocytes upon stimulation of TLR4
and TLR7/8 in comparison with baseline, which was more pronounced in
patients with RRMS during incubation with LPS, and in patients with
PMS during incubation with ssRNA40/LyoVec.

The results show the signs of activation of the peripheral blood mo-
nocytes with the polarization trend towards M1 in patients with PMS.
In RRMS patients the changes were less definite.
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