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Abstract: Vitamin Dj transporter (DBP) is a multifunctional protein. Site-specific deglycosylation
results in its conversion to group-specific component protein-derived macrophage activating factor
(GecMAF), which is capable of activating macrophages. It has been shown that depending on precur-
sor conversion conditions, the resulting GeMAF activates mouse peritoneal macrophages towards
synthesis of either pro- (IL-13, TNF-«—M!1 phenotype) or anti-inflammatory (TGF-, IL-10—M2
phenotype) cytokines. The condition for the transition of the direction of the inflammatory response
of macrophages when exposed to GEMAF is the initial glycosylated state of the population of DBP
molecules and the associated effective deglycosylation of DBP by (-galactosidase. In vivo experi-
ments with GcMAF exhibiting anti-inflammatory properties on models of induced arthritis in mice
and cystitis in rats indicate a significant anti-inflammatory effect of the macrophage activator. The fea-
sibility of unidirectional induction of anti-inflammatory properties of macrophages allows creation of
combined therapeutic platforms where M2 macrophages are among the key therapeutic components.

Keywords: DBP; sialic acid/galactose residue deglycosylation; GcMAF; CLEC10A; M1/M2
macrophages; IL-13; TNF-«; TGF-§3; IL-10; induced cystitis; induced arthritis

1. Introduction

Macrophage activation is a process involving two components: the macrophage-
activating factor per se and its target (in this case, macrophages of different localization:
peritoneal macrophages, Kupffer cells, alveolar macrophages, and microglia).

GcMAF is one of specific macrophage-activating factors belonging to the group of
plasma a-globulins [1]. Literature analysis reveals a clear trend, with a major focus placed
on characterization of different properties of GEMAF precursor (vitamin D3-binding pro-
tein, DBP) and MAF, and primarily on the analysis of the protein component that is
responsible for the activation event [2-4].

In the analyzed studies, assessment of phagocytic activity of macrophages and effi-
ciency of NO synthesis are considered a major and commonly used indicator of macrophage
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activation [5-8]. Numerous studies demonstrate that macrophage activation is associ-
ated with the presence of a monosaccharide composite within a vitamin D3;-binding
protein molecule.

In 1983, Viau et al. [9] were first to show that vitamin D3 transporter involves a
trisaccharide composed of galactose, sialic acid, and GalNAc moiety covalently bound to
Thr residue of the protein via an O-glycosidic bond. They also described a trisaccharide
variant carrying two sialic acid residues.

The intense research into the precursor as a macrophage-activating factor was started
with studies conducted by the team led by N. Yamamoto, who demonstrated that inflamed T
and B cells are involved in conversion of DBP to a macrophage-activating factor and that the
event of trisaccharide deglycosylation by membrane-bound enzymes, 3—galactosidase re-
siding on B cells and sialidase residing on T cells, is the pivotal event in conversion [7,10-13].
The main problem researchers faced in further studies was “what should be considered a
macrophage-activating factor GCMAF”.

The human Gc system comprises over 120 alleles in the human population; three of
these alleles (Gc2, Gcl1F, and GclS) are dominant [14,15] and can exist in both homo- and
heterozygous states. The Gc protein contains three major sugar residues. Studies have
demonstrated that different allelic forms of the protein undergo glycosylation in different
ways. Thus, Nagasawa et al. [8] conducted systematic evaluation of glycosylation of the
macrophage-activating factor and its precursor. They found that Gc1F can carry a branched
trisaccharide: GalNAc, galactose and a sialic acid residue, where GalNAc is attached to
Thr418 and Thr420 residues of the core protein via an O—glycosidic bond [16]. In Gc1S, the
sialic acid residue is substituted with a mannose residue. It was shown that Gc2 carries a
GalNAc: galactose disaccharide associated with Thr418 via a GalNAc moiety; however,
most of the protein in this allelic form is nonglycosylated [16]. Further studies have comple-
mented this systematization. It was shown that GcS1 can also carry the GalNAc—galactose
disaccharide [17], and the detected differences in the type of saccharide residues (galactose
vs. mannose) could mean that posttranslational glycosylation is nonstoichiometric [17].

An alternative structure of glycosylation sites consisting of linearly connected saccha-
rides (the sialic acid—galactose-GalNAc residue) was proposed for GelF and Gc1S [8,18,19].
Uto et al. suggested that the residue sequence for GclF could also be galactose—sialic
acid-GalNAc-Thr and that the phagocytic activity of peritoneal macrophages (PMs) is
activated by a protein hydrolyzed by both 3—galactosidase and sialidase [6]. In another
study, it was demonstrated by ESI-MS that the trisaccharide bound to a precursor molecule
by O-glycosidic bond and consisting of a sialic acid residue, galactose and a GalNAc
moiety is detected for both Gc1F and GclS forms and is composed of linearly arranged
saccharides [20,21]. Galactose—GalNAc-Thr, rather than the GalNAc monosaccharide as
previously suggested by other researchers, is the main O-glycan in GcMAF obtained from
the Gc1F allele product [8]. No mannose residues in any form were detected in this work.
An important finding was that 3—galactosidase used in different studies is characterized
by different abilities to affect (hydrolyze) the galactose residue. Meanwhile, actual galac-
tose elimination by a specific enzyme derived from bovine testes does not functionally
convert DBP to GeMAE. Borges and Rehder [22] suggested that the enzyme isolated from
E. coli, which is employed in most studies, does not eliminate galactose from the precur-
sor but may convert DBP by inverting lactose to allolactose or otherwise modifying the
monosaccharide [22].

Furthermore, based on the ESI-MS analysis of glycosylation degree of plasma DBP in
patients with several cancer types, Rehder et al. hypothesized that GalNAc monosaccharide
is bound to Thr420, the site where the trisaccharide is primarily located, which is consistent
with numerous findings reported by other researchers [23]. They also believe that there
exists an allelic form of Gcl that can be glycosylated by a disaccharide at 418Thr position
and that this very derivative is the actual GeMAF [23].

In their recent study, Kanie et al. [24] conducted MS and EMRS analyses and revealed
that the analyzed protein contains two glycosylation sites carrying the same saccharide
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residues. It is known that pH variation can alter the isomeric structure of saccharide
residues linked by an O-glycosidic bond, carrying proline in the Thr418-Pro419-Thr420
sequence. It was hypothesized that the glycopeptide carrying GalNAc at Thr420 and
Thr418 positions may also exist as cis- and trans-isomers associated with Pro419. These
findings indicate that the structure of the Gc protein trisaccharide is a linear sequence of
saccharide residues (sialic acid—galactosidase and GalNAc). This structure can be linked to
Thr420 or Thr418 via an O-glycosidic bond, but only to one of these residues within the
same molecule [24].

Apparently, it cannot be clearly inferred from the data obtained by analyzing isolated
purified variants of the protein, which form of the molecule actually GeMAF is, since differ-
ent cognate representatives of the GcMAF candidate are analyzed by different approaches
and in different cases. Therefore, there arise different, often conflicting, ideas about the
nature of protein’s properties, making the experimental search utterly confusing.

The available experimental data suggest that the macrophage-activating factor is
a protein molecule carrying either a fully deglycosylated GalNAc moiety or a GalNAc-
galactose disaccharide (a modified sugar residue). Both sugar residue variants can be
formed by simultaneous enzymatic treatment of either allelic form of the precursor. This
means that multiple variants of molecules can exist simultaneously and that it is impossible
to isolate a single variant of glycosylated molecule. If we add the following aspects—
(1) the population-level multiplicity of protein alleles; (2) the fact that they can form
heterozygotes; (3) the lack of information about whether these alleles can also be converted
to the macrophage-activating factor; and (4) differences in activities of the enzymes used
by different research teams—then identifying a single type of molecule characterized by a
particular glycosylation variant, which actually is GeMAF, will always be an uncertainty
that cannot be avoided.

The central objective of this study was to search for conditions that allow targeted
conversion of vitamin D3 binding protein precursor (DBP) to GEMAF exhibiting marked
anti-inflammatory characteristics, which will enable programmed induction of the M2
phenotype of macrophage-enforcing innate immunity. Furthermore, using the GEMAF
preparation exhibiting anti-inflammatory properties, we assessed its anti-inflammatory
effects in the mouse model of induced arthritis and the rat model of interstitial cystitis
(IC). Utilization of these experimental models of diseases that are common in humans
allow one to assess the breadth of the therapeutic potential of GEMAF exhibiting anti-
inflammatory properties.

2. Materials and Methods
2.1. Experimental Design

Macrophages are functionally plastic immune surveillance cells having multiple func-
tions [25]. The available studies, starting with the earliest ones, focused exclusively on
their phagocytic activity and induction of NO synthesis, which are based on the inter-
action between GcMAF and the macrophage Fc receptor. Nonetheless, it is known that
macrophages can have a number of other functions depending on their functional status,
primarily eliciting the pro- and anti-inflammatory response. At its simplest, those are
the three major phenotypes of M1, M0, and M2 macrophages. We found a single paper
discussing that macrophages are multifunctional cells and that their different properties
can be activated [26].

In our recent studies, by assessing the efficiency of mRNA expression by two inflam-
matory mediators TNF-« and IL-1f3, as well as two major anti-inflammatory cytokines
TGF-f and IL-10, we have demonstrated that GeMAF modulates the pro/anti-inflammatory
activity of PMs [27-29]. Synthesis of the analyzed cytokines was found to be dependent on
interaction between GEMAF and CLEC10A, the specific carbohydrate-binding macrophage
receptor. Binding between a deglycosylated DBP molecule (GcMAF) and three derivatives
of the C-type lectin receptor CLEC10A residing on the plasma membrane of phagocytes
was shown to be responsible for a specific direction of immune response in PMs. Supple-



Curr. Issues Mol. Biol. 2024, 46

10937

mentary Figure S1 shows graphical representation of the structural (core) elements used
to visualize the interaction between different glycosylated forms of DBP/GcMAF and the
CLEC10A complex receptor.

It turned out that during the GeMAF/CLEC10A interaction, synthesis of specific
cytokines is induced if a complex aggregate is formed as a result of double bonding between
a ligand (GcMAF) and a 29 kDa CLEC10A derivative as well as one of the two CLEC10A
derivatives (the 63 kDa or 65 kDa one) carrying Ca?* molecules, which is internalized into
the cytoplasm as a component of acidified endosomes [28]. The details of this process can
be characterized as follows. GcMAF forms a complex with a 29 kDa anchor derivative
CLEC10A on PMs via the core molecular backbone. GEMAF associated with the 29 kDa
derivative further contacts one of the two high-molecular-weight derivatives of 63 kDa
or 65 kDa CLEC10A via the GalNAc glycosidic residue. If a second binding between the
complex receptor and GalNAc occurs for the 63 kDa high-molecular-weight derivative
on PMs, it is accompanied by eliciting of anti-inflammatory responses (TGF- and IL-
10 mRNA synthesis), and we denote such GeMAF as anti-GcMAF. If a second binding
between the complex receptor and GalNAc occurs for the 65 kDa high-molecular-weight
derivative on PMs, it is accompanied by eliciting proinflammatory responses (TNF-« and
IL-13 mRNA synthesis), and such GcMAF is denoted as pro-GcMAE. If a second binding
of the ligand to the 63/65 kDa CLEC10A derivatives does not take place (e.g., in the
absence of Ca?* ions), cytokine mRNA synthesis either does not occur or cytokine mRNA
is synthesized chaotically, without any clear pattern (Supplementary Figure S2A-D) [28].
Moreover, synthesis of mRNA of cytokines under analysis is not induced if the ligand
binds to the 63 kDa and 65 kDa derivatives on PMs, while not interacting with the 29 kDa
derivative (e.g., GalNAc as a monopreparation) [28].

In our studies, we use pooled plasma collected from donors; it is a new composition
for each series of experiments. DBP contained in donor plasma consists of molecules
characterized by different glycosylation degrees (possibly at different sites on the molecule,
at Tre418 or Tre420 position).

Based on the available data pool, there can be the following variants of glycosylation
site: GalNAc, GalNAc + galactose, GalNAc + sialic acid, and GalNAc + galactose + sialic
acid (in any form, either branched or sequentially arranged) (Supplementary Figure S2(Al)).
The number of variants of molecules with different glycosylation degrees varies from
patient to patient. The frequencies of different glycosylation variants also vary [7,30].

A question has arisen: how can consistent results be achieved under the aforemen-
tioned multifactorial uncertainty (namely, GCMAF preparation with desired characteristics
that would guide the direction of synthesis of mRNA of either pro— (TNF-« and IL-1f3) or
anti-inflammatory (TGF-p and IL-10) cytokines)?

In this connection, when searching for the modes of producing GcMAF exhibiting
either pro- or anti-inflammatory characteristics in the present study, we chose the approach
involving exhaustive search of variants based on the final result (emergence of pro- or
anti-inflammatory characteristics resulting from selective deglycosylation) without detailed
analysis of molecular transformations of the analyzed protein (a mixture of cognate pro-
teins): the “black box principle”. A system represented as a “black box” is considered to
have some kind of “input” for data entry and “output” for displaying the results of the
events that have occurred; it is unknown what processes occur during operation of the
system. It is assumed that the state of outputs functionally depends on the state of inputs.

Let the entire set of possible candidates for functioning as GcMAF be viewed as a
“black box”. By varying the conditions of DBP conversion (deglycosylation), we can find the
mode where the final result is predictable and consistent, namely, mRNA synthesis of ex-
clusively pro-inflammatory or exclusively anti-inflammatory cytokines, without analyzing
the event within the uncertainty field. This very approach was used in the present study.

Nevertheless, by knowing many molecular characteristics of GCMAF obtained in our
studies and taken from the literature, we attempted to illustrate the potential mechanistic
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schemes of interactions between different forms of DBP/GcMAF and CLEC10A leading to
synthesis of mRNA of analyzed cytokines inside the “black box”.

The null hypothesis states that an equal number of molecules with all glycosylation
variants are present in plasma: GalNAc, GalNAc + galactose, GalNAc + sialic acid, GalNAc
+ galactose + sialic acid (e.g., three molecules visualized in the figures for each variant, and
a total of 12 schematic molecules (Supplementary Figure S2(A1)).

To search for regularities of the emergence of pro- or anti-inflammatory properties
in the resulting GEMAF preparation, we visualized the initial pattern of compositions of
the molecules with different variants of hinged sugar moieties that are present in pooled
plasma collected from several donors based on the available data.

As mentioned above, the common GcMAF variant (the deglycosylated form with
terminal GalNAc), which induces phagocytic activity and NO synthesis, is formed via
complete detachment of galactose and sialic acid, while the terminal GalNAc moiety is
preserved. We have previously shown that non-converted DBP from different donors can
induce murine PMs towards low-level pro-inflammatory cytokine synthesis and induce
phagocytic activity [28]. It implies that a certain insignificant portion of the mixture of DBP
molecules was completely deglycosylated (galactose and sialic acid residues were detached).
It also means that the glycosylated variants of the molecules were much more abundant
compared to the completely deglycosylated variants of protein molecules. Therefore, we
presented this variant of protein ratio in a visual format as a single visual molecule of
the deglycosylated form carrying terminal GalNAc and ten molecules of the glycosylated
protein variant (Supplementary Figure S2(A1)).

We also present the GalNAc + galactose variant as only one visual molecule
(Supplementary Figure S2(A2)). The experimental data reported in the Results section argue
in favor of this variant. It was shown in the experiment that in the presence of an excessive
amount of 3—galactosidase, the GcMAF preparation does not exhibit proinflammatory prop-
erties, meaning that the number of GalNAc + galactose molecules, which would provide the
terminal GalNAc and impart proinflammatory characteristics during enzymatic treatment,
in the initial substrate is insignificant and loses competitive binding to the receptor to
another type of molecules. It is also consistent with the results of our studies demonstrating
that DBP from different donors without using a conversion procedure can induce murine
PMs toward synthesis of anti-inflammatory cytokines (Supplementary Figure S2E) [28].

In this scenario, in the selected visualization format (one GalNAc molecule, one
GalNAc + galactose molecule, three GalNAc + sialic acid molecules, and three GalNAc
+ galactose + sialic acid molecules), different types of DBP molecules having different
glycosylation patterns will bind either to the affine modalities to form double complexes
or separately to the GalNAc epitope, bypassing binding to the 29 kDa anchor derivative,
which depends on the number of protein molecules. Chaotic mRNA synthesis of analyzed
cytokines will be observed, proceeding differently in different cases depending on the
glycosylation pattern and the number of molecules with different patterns (Supplementary
Figure S2A-C). An excessive amount of activated GcMAF causes competition between
the “anchor” 29 kDa CLEC10A derivative and the high-molecular-weight 63/65 kDa
CLEC10A derivatives. We assume that mRNA synthesis of the analyzed cytokines by PMs
is completely inhibited if the “anchor” 29 kDa + 63/65 kDa complex cannot be formed
(Supplementary Figure S2D). The engagement between GcMAF and the 29 kDa derivative
is apparently labile, and the macrophage-activating factors persistently undergo association
and dissociation. Supplementary Figure S2E shows the summarized experimental results
of analyzing mRNA synthesis by PMs activated by different DBP variants harvested from
four different donors [28], which illustrates the proposed mechanistic scheme for the ratio
between DBP variants in plasma.

In Section 3.1. of this study, we attempted to use the approach described above to find
a mode of DBP conversion that would predictably and consistently produce a GcMAF form
exhibiting exclusively anti-inflammatory characteristics. We chose an approach involving
enzymatic treatment of DBP in a solution under the conditions when glycosylation sites
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were naturally available for the enzyme. The logically consistent visualized schemes
mechanistically depicting the different variants of GeMAF glycosylation and variants of
their interaction with CLEC10A eliciting the pro-/anti-inflammatory are presented.

In Section 3.2 of the study, using the GcMAF preparation exhibiting anti-inflammatory
properties, we assessed its anti-inflammatory effects in the mouse model of induced arthritis
and the rat model of interstitial cystitis.

2.2. Experimental Animals

All the experiments involving animals were conducted in strict compliance with the
principles of humanity in accordance with the European Community Council Directives
(86/609/EEC) and approved by the Animal Care and Use Committee of the Institute of
Cytology and Genetics SB RAS (Novosibirsk, Russia). Before and during the experiment,
the animals were housed under standard vivarium conditions and fed a balanced diet.

Male 2- to 6-month-old C57BL/6 mice (weight, 18-24 g) were used to assess the effect
of DBP and GcMAF on activation of peritoneal macrophages. The animals were kept in
groups of 6-10 mice per cage with ad libitum access to food and water. Mice were sacrificed
by cervical dislocation.

Experiments on induction of adjuvant arthritis were conducted using 51 white outbred
ICR mice (11 males and 40 females; body weight, 20-25 g) and 58 male C57BL/6 mice
(body weight, 22-24 g).

Cystitis was induced in 32 sexually mature male Wistar rats (initial body weight,
250-300 g).

2.3. GcMAF Preparation

Vitamin D3-binding protein (DBP) was isolated from pooled human plasma collected
from five donors by affinity chromatography on a 25-OH-D3 /Sepharose® column [27]. The
next stage, namely, conversion of DBP to GcMAF, was carried out using two methods:
either in solution or by a rapid method directly on a chromatographic column (“directly on
resin”) [28].

B-galactosidase (Sigma, St. Louis, MO, USA) and sialidase (Sigma, St. Louis, MO,
USA) enzymes were added to DBP both simultaneously and individually to produce
GcMAF in the solution. Thus, in order to produce GeMAF using both enzymes, equal
doses (0.01 U/ug Gce) of 8-galactosidase (Sigma, St. Louis, MO, USA) and sialidase (Sigma,
St. Louis, MO, USA) were added to the solution. In individual experiments, DBP was
treated with different doses of $3-galactosidase alone (per ng Ge): 0.5U, 0.1 U, 0.02 U, and
0.04 U. For GeMAF production using sialidase alone, DBP treatment was performed in
the solution containing only sialidase (Sigma, St. Louis, MO, USA) at a dose of 0.01 U/png
Gc. The samples were incubated at 37 °C on a rocking shaker for 2 h. The reaction was
terminated using ice, and the samples were refrigerated.

2.4. Ex Vivo Activation of PMs with DBP, GeMAF and Pure Enzymes

PMs were isolated from intact C57BL/6 mice and precipitated by centrifugation at
400x g for 7 min. The cells were resuspended in RPMI—1640; concentration was counted
in a Goryaev’s chamber. PMs (1 x 10° cells/well) were cultured in RPMI—1640 medium
(BioloT, St. Petersburg, Russia) supplemented with 10% FBS (HyClone, Logan, UT, USA)
and 40 pg/mL gentamicin in 24-well plates for 12 h. Next, the medium was replaced
with RPMI—-1640 in the absence (control) or presence of DBP or GcMAF. The macrophage-
activating factors were added to each well at a dose of 1 ng.

For testing the effect of pure enzymes on macrophage activation, a solution of enzymes
in PBS at a dose corresponding to 1 ng DBP was added to each well (10 mU p—galactosidase
and sialidase per well). After activation, all the samples were incubated under absolutely
identical conditions, and the effect observed was caused solely by MAF. The cells were
incubated in an atmosphere of CO, (Memmert, USA LLC, Eagle, WI, USA) at 37 °C for
3 h. After 3 h, the cells were washed to remove the MAF. The activated and control PMs
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were lysed with TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) to obtain
total RNA. Real-time PCR results were normalized to the level of mRNA isolated from PMs
treated only with non-supplemented RPMI—1640.

2.5. Obtaining cDNA

Total RNA was isolated from peritoneal macrophages using TRIzol Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s instructions.
The amount of RNA was measured on a Qubit 4 fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA). Reverse transcription PCR was carried out on a poly-A mRNA tem-
plate using a T100 Thermal Cycler amplifier (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and an MMLV RT kit (Evrogen, Moscow, Russia) according to the manufacturer’s protocol.

2.6. Real-Time PCR

PCR analysis and the sequences of primers used in this study were reported in our
previous publication [28]. Real-time PCR was carried out in 96-well plates using BioMaster
HS-qPCR SYBR (2 x) reaction mix (BIOLABMIX LLC, Novosibirsk, Russia) according to
the manufacturer’s protocol on a QuantStudio5 PCR system (Thermo Fisher Scientific,
Waltham, MA, USA). Real-time qPCR analysis of each sample was performed in three
replicates. The relative expression level was determined using the 2~ method. Intact
nontreated PMs were used as the control group; the expression level of the target gene in
them was assumed to be equal to 1. The GAPDH gene was used as reference. The cycling
parameters for the TNF-«, IL-13, TGF-3, and IL-10 genes were as follows: 95 °C for 10 min,
40 cycles of 95 °C for 30 s, 59 °C for 30 s, 72 °C for 30 s, with a final melting step involving
slow heating from 6 to 95 °C.

2.7. Assessment of the Effect of Anti-GcMAF Preparation on the Development of Experimentally
Induced Adjuvant Arthritis in Mice

Experimental adjuvant arthritis was induced by injecting 0.05 mL of Freund’s complete
adjuvant (FCA, Sigma, St. Louis, MO, USA) into the sole of the right hind paw in mice;
normal saline was injected into the other hind paw (control) [31].

Anti-GcMAF preparation was administered five times at doses ranging from
0.02 ng/mouse to 1.0 pg/mouse on Days 1, 2, (4 or 5), 7, and 9 after arthritis induction.
In the experiments using ICR and C57BL/6 mice, anti-GcMAF was administered subcu-
taneously and intraperitoneally, respectively. Steroidal anti-inflammatory glucocorticoid,
dexamethasone (JSC Dalkhimpharm, Khabarovsk, Russia), was chosen as a comparator
drug and administered intraperitoneally at a dose of 200 pg/mouse at the same time points
as anti-GcMAF. The dose and the dosing schedule of dexamethasone in the preliminary
experiment were chosen in accordance with the reported literature data [32]. Control
animals received injections of the same saline volume in a similar manner at the same time
points as for GEMAFE.

The development of inflammation was tested according to difference in thicknesses of
experimental and control paws, which were measured using an MCO—25 mm micrometer
(JSC “ITO-Tulamash”, Tula, Russia). On the day when the preparation had been admin-
istered, it was injected after measuring paw thickness. Follow-up duration in different
experiments ranged from 8 to 14 days.

2.8. Assessment of the Effect of Anti-GcMAF on Metabolic Activity of Macrophages in Mice

The effect of anti-GcMAF on functional activity of macrophages was assessed using
the spectrophotometric nitroblue tetrazolium test [33]. The test was performed according
to changes in the level of redox metabolism of cells associated with production of oxygen
metabolites (free radicals, hydrogen peroxide, superoxide anions, and singlet oxygen),
either spontaneously (I) or via phagocytosis of opsonized ram erythrocytes (II).
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2.9. Assessment of the Effect of Anti-GcMAF on Hematological Parameters in Mice

White blood cell, red blood cell, and platelet counts as well as hemoglobin and hema-
tocrit levels were measured in blood samples using a MicroCC—20 Plus VET automatic
hematology analyzer (HTI Medical Inc., Westminster, MD, USA). The WBC differential was
calculated using the standard methods on an EC BIMAM R-11 microscope (JSC “Lomo”,
St. Petersburg, Russia) [34].

2.10. Induction of Chronic Cystitis in Rats

Cystitis was induced using Endoxan (cyclophosphamide, further referred to as CP),
powder for solution for intravenous injection or infusion, 500 mg (Baxter Oncology GmbH,
Halle, Germany). For creating the model of chronic cystitis in rats, CP was administered
intraperitoneally 3 times with 3-day intervals (on Days 0, 3, and 6) at a dose of 50 mg/kg
(10 mg/0.2 mL/200 g of animal body weight).

The method of inducing hemorrhagic cystitis in rats was tested in preliminary experi-
ments involving 27 male rats. The following dosing regimen was selected in accordance
with the literature data [35-37]: CP was administered three times intraperitoneally on Days
0, 3, and 6 at doses of 25, 40, 75 mg/kg rat body weight; 1, 6, and 10 days after the third
injection of CP, rats were euthanized using carbon dioxide and dissected. The bladder
was isolated for macroscopic examination, fixed using 10% neutral formalin solution for
histological analysis, and transferred for histologic examination.

According to the results of preliminary experiments, the following dosing regimen
was chosen for the main experiment to study the effect of anti-GcMAF on the course of
chronic cystitis in rats. CP was injected intraperitoneally 3 times every third day (Days 0, 3,
and 6) at a dose of 50 mg/1 mL/kg body weight of the animal [37].

2.11. Method for Studying the Effect of Anti-GcMAF on the Course of Chronic Cystitis

Anti-GcMAF with the aforementioned characteristics was used in the experiment
(Section 3.1) Treatment with anti-GcMAF was started 24 h after the third CP injection
(Experimental Day 7). The preparation was injected intraperitoneally five times on Experi-
mental Days 7, 9, 11, 14, and 17. Preparation dose was 1 pug/animal (volume, 200 pL).

Visual examination of the animals was performed daily throughout the entire study
period. Rats” appearance, mobility, behavioral characteristics, food and water consumption,
and weight were determined.

On Days 7, 13, 19, and 23 after the first CP injection, the rats were placed into metabolic
chambers for urine collection. Urine samples collected during the first 1.5-2 h were di-
vided into two portions. In the first urine portion, we measured such parameters as
hemoglobin level, WBC count, acidity (pH), and specific gravity either qualitatively or
semi-quantitatively using Uripolian-XN urine test strips. The second portion of urine
was centrifuged on a 5810 R centrifuge (Eppendorf SE, Hamburg, Germany) for 15 min at
2500 rpm and 14 °C. The supernatant was collected; 30 uL of the remaining sample was
applied onto a glass slide, covered with a coverslip, and the preparation was analyzed
using an Axioskop 40 microscope (Carl Zeiss AG, Oberkochen, Germany) under 200 x mag-
nification. The quantities of the studied components of urine sediment were recalculated
per mL of morning urine sample. In order to determine the daily urine volume, rats were
left in the metabolic chamber for 24 h with unlimited access to water.

On Days 7, 13, 20, and 24 after the first administration of CP to animals, blood samples
were collected from the retro-orbital sinus to perform hematology and blood chemistry
tests. Rats were then euthanized by inhaling carbon dioxide, dissected, and subjected to
macroscopic examination. Rat bladders were isolated; their weight was measured on a
GX—200 analytical balance (A&D Company, Tokyo, Japan); bladder wall thickness was
determined using an MCC 25 digital micrometer (LLC NPP “CHIZ”, Chelyabinsk, Russia).
Weight indices of bladders (weight of the organ (mg) divided by animal weight (g) and
multiplied by 100) were determined. Each bladder was macroscopically analyzed to assess
the condition of blood vessels and mucosal bleeding according to the following criteria
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using the procedure described in ref. [38]: 0—no vascular damage; 1—minor damage to
blood vessels (blood vessels of the mucosa are significantly dilated and filled with blood);
2—moderate damage to blood vessels (sporadic hemorrhages); and 3—severe damage
to blood vessels (strip-like hemorrhage on the inner or outer side of the bladder wall;
hemorrhagic disease).

Bladders were fixed in 10% neutral formalin solution (BioVitrum, St. Petersburg,
Russia) for 48 h to perform histological analysis. The material was treated using the
conventional procedure: sequential dehydration in alcohols of increasing concentration,
impregnation in xylene—paraffin mixture, and paraffin embedding. Paraffin sections 4-5 um
thick were prepared on an HM—360 automated rotary microtome (Germany). Sections
were stained with hematoxylin and eosin. Light optical analysis was carried out on an Axio
Imager Z1 microscope (Carl Zeiss AG, Oberkochen, Germany) using the Axio Vision 4.8.2
software (Carl Zeiss AG, Oberkochen, Germany).

WBC, RBC, and platelet counts were determined in blood samples on a MicroCC—20
Plus VET automated hematology analyzer (HTI Medical Inc., Westminster, MD, USA).
The WBC differential was calculated using the standard methods on an EC BIMAM R—11
microscope (JSC “Lomo”, St. Petersburg, Russia) [34].

Blood chemistry test involved measuring such parameters as total protein and total
cholesterol levels, as well as the levels of albumin urea, glucose, triglycerides, potassium,
calcium, chloride, and activities of alanine and aspartate aminotransferase, alkaline phos-
phatase on a Miura 200 biochemistry analyzer (L.S.E. Ingegneria dei Sistemi Elettronici
S.rl,, Vecchiano PI, Italy). Blood chemistry tests were performed in accordance with the
instructions of the manufacturer of reagent kits, Vector-Best JSC (Koltsovo, Novosibirsk
region, Russia).

2.12. Statistical Analysis

The results of experiments to assess cytokine mRINA expression are based on multiple
repetitions (at least three replicates). Statistical analysis was performed using the Statistica
10 software (StatSoft, Tulsa, OK, USA). The graphs were designed either using Microsoft Ex-
cel 2019 (Microsoft, Redmond, Washington, DC, USA) or GraphPad Prism9.3.1 (Graph-Pad
Software, San Diego, CA, USA) software. The graphs show Means + Standard Deviations
(SDs). The validity of differences was evaluated using the Mann—-Whitney U test. The
revealed differences were considered statistically significant at p < 0.05 (Mann—Whitney
U test).

3. Results

3.1. Experimental Search for the Synthesis Mode of GcMAF Exhibiting Anti-Inflammatory
Characteristics and Synthesis of Preparative Amounts of Anti-Inflammatory GcMAF

3.1.1. Characterization of mRNA Synthesis by PMs Activated by Exposure to GeCMAF
Produced by Hydrolysis with Two Enzymes (Sialidase and 3—Galactosidase) in
the Solution

GcMAF production by hydrolyzing DBP with two enzymes, sialidase and 3—galactosi-
dase, results in manifestation of unambiguous synthesis of proinflammatory IL-13 mRNA
(Figure 1A—C). Figure 1A shows a visual schematic diagram for the variants of macrophage-
activating factor, where all the template molecules after deglycosylation carry only the
terminal free GalNAc moiety (shown in blue). Unidirectional binding is possible only for
this variant of the composition of deglycosylated molecules, and the findings obtained
can be attributed to it (Figure 1B). For a different interpretation, the results cannot be
explained (Figure 1C). If there is an excessive amount of protein molecules, some of them
are internalized into the cytoplasm within a complex aggregate, while some remain on the
surface being engaged with affine modalities (Figure 1B).
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Figure 1. A schematic diagram of the putative mechanism of interaction between pro-GcMAF pro-
duced by treatment with two enzymes (3—galactosidase and sialidase) in the solution and CLEC10A,
resulting in synthesis of mRNA of analyzed cytokines. A graphical representation of the structural
(core) elements used to visualize the interaction between various glycosylated forms of DBP/GcMAF
and the CLEC10A complex receptor is provided in Supplementary Figure S1. (A) Production of pro-
GcMAF carrying a totally open GalNAc moiety by treating all the DBP variants with 3-galactosidase
and sialidase. (B) At a sufficiently high Ca?* concentration, the epitopes of specific Ca®* -dependent
63/65 kDa high-molecular-weight derivatives of the CLEC10A receptor “open up”. When concen-
tration of pro-GecMAF ligand is insufficient, the macrophage-activating factor carrying a terminal
GalNAc moiety (shown in blue GalNAc) is bound to both the 29 kDa and 65 kDa derivatives. The
complex is internalized into the cytoplasm, and synthesis of proinflammatory cytokines (IL-1p3) is
activated (the left-hand side of the diagram). Excessive concentration of pro-GcMAF ligand results
in competition between the 29 kDa “anchor” derivative and the 65 kDa high-molecular-weight
CLEC10A derivative. It is hypothesized that if the doubly bound complex between the ligand and
the 29 kDa + 63/65 kDa “anchor” derivatives cannot be formed and internalized into the cytoplasm,
cytokine synthesis is inhibited (the right-hand side of the diagram). (C) Quantification of mRNA
expression of pro- and anti-inflammatory cytokine genes in murine peritoneal macrophages activated
by pro-GcMAF at a dose of 1 pug per 5 x 10° PMs. The mRNA expression level in PMs cultured in
RPMI—1640 medium assumed to be equal to unity (red solid line) is used as a control. The statistically
significant differences compared to the control are denoted as: *—p < 0.05, the Mann-Whitney U test.
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3.1.2. Characterization of Properties of Macrophage-Activating Factor in Different Modes
of Deglycosylation with 3—Galactosidase Monopreparation in the Solution

The following pattern was revealed upon conversion of DBP to GEMAF by 3—galactosi-
dase monopreparation, provided that the count of treated macrophages and the volume of
the incubation medium were identical in all the experiments.

If an excessive amount of the enzyme is used upon conversion (0.5 U of 3—-galactosidase
per pg of DBP and 0.02 ug of GeMAF produced in the aforementioned conversion mode is
taken for activation of PMs), then mRNAs of anti-inflammatory cytokines are synthesized
(the count of treated macrophages and incubation medium volumes are identical in all
the experiments). Meanwhile, large amounts of GeMAF inhibit synthesis of both pro- and
anti-inflammatory cytokines by PMs (Figure 2A-D).
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Figure 2. A putative visual schematic diagram showing the effect of co-dependence between the
amount of 3—galactosidase enzyme used to produce anti-GcMAF from the DBP precursor in solution
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and the amount of DBP precursor per se on induction of PMs toward mRNA synthesis of the cytokines
being analyzed. A graphical representation of the structural (core) elements used to visualize the
interaction between various glycosylated forms of DBP/GcMAF and the CLEC10A complex receptor
is provided in Supplementary Figure S1. (A) A schematic diagram of anti-GcMAF production by
converting 1 ug of DBP in the mode “an excessive amount of enzyme per 1 ug of DBP”. (B,C) For
inducing PMs toward synthesis of anti-inflammatory cytokines, the amount of GEMAF produced in
the specified mode needs to be 0.02 pg for the cultivation conditions specified in the Materials and
Methods section. The green background indicates the mode that produces the anti-inflammatory
properties of GeMAF. (D) A schematic diagram of inhibition of mRNA synthesis of both pro- and anti-
inflammatory cytokines by PMs using an excessive amount of ligand with respective characteristics
(2 ng). (E) A schematic diagram of anti-GcMAF production by converting 1 pug of DBP in the mode
“insufficient amount of enzyme per ug of DBP”. (F,G) For inducing PMs toward synthesis of anti-
inflammatory cytokines, the amount of GEMAF produced in the specified mode needs to be 1.0 ug
for the cultivation conditions specified in the Materials and Methods section. The green background
indicates the mode that produces the anti-inflammatory properties of GeMAF. (H) A schematic
diagram of the interaction between the specified amount of GCMAF preparation and CLEC10A on
PMs. (I) The outcome of mRNA synthesis of analyzed cytokines by PMs for the selected conditions
upon excessive amount of the ligand having respective characteristics (2 pg). All the experiments
were conducted in the presence of 2 mM Ca?*. The results are presented based on the data obtained
in three independent experiments. The mRNA expression level in PMs cultured in RPMI—1640
medium assumed to be equal to unity (red solid line) is used as a control. The statistically significant
differences compared to the control are denoted as: *—p < 0.05, the Mann-Whitney U test.

If an insufficient amount of the enzyme is used upon conversion (0.004 U of
—galactosidase per the same amount of protein (1 pg of DBP), while >1.0 ug of Gc-
MAF produced in the specified conversion mode is taken for PM activation, mRNA of
anti-inflammatory cytokines is also synthesized (the count of treated macrophages and
incubation medium volumes are identical in all the experiments) (Figure 2E-G). The exces-
sive amount of GcMAF protein is accompanied by the multidirectional response of PMs
toward synthesis of mRNA of pro-/anti-inflammatory cytokines (Figure 2H,I).

Figure 2 shows the mechanistic visual schematic diagram of the process, where the
logic of events is as follows. When there is an excessive concentration of the enzyme per
ug of DBP, significant amount of protein having the characteristic GalNAc + sialic acid
phenotype appears in the sample, thus inducing PMs toward synthesis of anti-inflammatory
cytokines. When enzyme concentration per pg of DBP is insufficient, molecules having the
GalNAc + sialic acid phenotype appear in the sample, but their amount is insignificant and
they are competitively inhibited by an excess of unconverted molecules with non-activating
phenotypes. In this case, a large amount of total protein (preparation) subjected to treatment
under the aforementioned conditions will be needed for inducing PMs toward synthesis
of the same anti-inflammatory cytokines. The small portion of active molecules having
the GalNAc + sialic acid phenotype will be compensated for by the fact that their content
will be higher in the larger dose of the total preparation. This treatment will also induce
mRNA synthesis of anti-inflammatory cytokines by PMs. This very scenario is observed
experimentally (Figure 2C,G).

In all the experiments described above, affinity-purified DBP treated with different
variants and doses of deglycosylases in a solution was used. 3—Galactosidase was found
to be a determinant enzyme in manifestation of anti-inflammatory properties of GCMAF
produced by precursor conversion.

3.1.3. Characterization of Properties of Macrophage-Activating Factor in Different Modes
of Glycosylation with Sialidase Monopreparation in the Solution

Treatment with sialidase yields a large number of molecules in the solution; the
molecules carrying free GaINAc induce mRNA synthesis of proinflammatory cytokines,
while as mentioned above, those carrying terminal galactose are not involved in induction
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of PMs toward mRNA synthesis of analyzed cytokines (Figure 3). The pattern of cytokine
mRNA synthesis upon activation of PMs using sialidase-treated DBP coincides with that
for cytokine mRNA synthesis upon activation of PMs using DBP simultaneously treated
with sialidase and -galactosidase and involves IL-13 mRNA synthesis (Figure 3).
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Figure 3. A schematic diagram of the putative mechanism of interaction between pro-GcMAF
produced using sialidase in the solution and CLEC10A, resulting in mRNA synthesis of analyzed
cytokines by PMs. A graphical representation of the structural (core) elements used to visualize the
interaction between various glycosylated forms of DBP/GcMAF and the CLEC10A complex receptor
is provided in Supplementary Figure S1. (A) Production of pro-GcMAF carrying a GalNAc moiety
with a completely opened configuration (shown in blue GalNAc) and carrying GalNAc + galactose
(shown in green GalNAc-Gal) by treatment of composite DBP with sialidase at a dose of 0.5 U/ ug.
(B) The epitopes of specific Ca?*-dependent 63/65 kDa high-molecular-weight derivatives of the
CLECI10A receptor “open up” in the presence of Ca?* ions. At an excessive dose (1 ug), pro-GcMAF
carrying a terminal GaINAc moiety (shown in blue) can simultaneously bind to the 29 kDa and 65 kDa
derivatives and form a specific complex initiating IL-1b synthesis. Furthermore, partial competition
may arise between GcMAF molecules and the GalNAc + galactose deglycosylation variant not
activating mRNA synthesis, which are simultaneously present in the mixture under these conditions.
In this case, no mRNA synthesis will be observed. Nonetheless, both binding variants will always
be present in the mixture and always manifest themselves as mRNA synthesis of IL-1p cytokine
by peritoneal macrophages activated with a pro-GcMAF dose of 1 ug. (C) Quantification of mRNA
expression of pro- and anti-inflammatory cytokine genes in murine peritoneal macrophages activated
by pro-GcMAF at a dose of 1 pug per 5 x 10° PMs. The mRNA expression level in PMs cultured in
RPMI medium assumed to be equal to unity (red solid line) is used as a control. The statistically
significant differences compared to the control are denoted as: *—p < 0.05, the Mann-Whitney U test.



Curr. Issues Mol. Biol. 2024, 46

10947

3.1.4. The Effect of Pure Enzymes on mRNA Synthesis of Analyzed Cytokines by PMs

Assessment of the effect of pure enzymes on mRNA synthesis by PMs indicates that
[f—galactosidase does not affect cytokine mRNA synthesis, whereas sialidase induces PMs
toward synthesis of IL-13, TGF-f3, and IL-10 (Figure 4).
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Figure 4. Quantification of mRNA expression of the genes of pro- and anti-inflammatory cytokines
by PMs activated with pure sialidase and 3—galactosidase enzymes at doses corresponding to 15 mU
per 5 x 10° PMs. The mRNA expression level in PMs cultured in RPMI medium assumed to be equal
to unity (red solid line) is used as a control. The statistically significant differences compared to the
control are denoted as: *—p < 0.05, the Mann-Whitney U test.

3.1.5. Quantification of f—-Galactosidase Dose upon Treatment of DBP “On Resin” That Is
Required for Inducing PMs Toward mRNA Synthesis of Anti-Inflammatory Cytokines

As it follows from the experiments, for the anti-inflammatory characteristics of the
macrophage-activating factor to be manifested, precursor needs to be converted using
—galactosidase only. Figure 2 summarizes the data obtained by precursor treatment in
a solution.

In our previous study [28], the “directly on resin” treatment mode was found to be
among the factors for standardizing the procedure for producing the GcMAF preparation.

Experiments on converting the precursor “directly on resin” using different amounts
of B—galactosidase were carried out. The results indicated that only the minimal enzyme
dose of 0.0006 U/ pg Gc in the “directly on resin” mode induced PMs toward synthesis
of anti-inflammatory TGF-3, which corresponded to the mode where conversion was
performed in a solution. Other cytokines were not synthesized under these conditions
(Figure 5).
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Figure 5. Quantification of mRNA expression of the genes of pro- and anti-inflammatory cytokines
by PMs activated using four anti-GcMAF preparations produced by DBP conversion using several
B—galactosidase doses: 0.08 U, 0.015 U, 0.003 U, and 0.0006 U per pg of protein “directly on resin”
and intact DBP. The mRNA expression level in PMs cultured in RPMI—1640 medium assumed to be
equal to unity (red solid line) is used as a control. The statistically significant differences compared to
the control are denoted as: *—p < 0.05, the Mann-Whitney U test.

3.2. The Effect of Anti-Inflammatory GcMAF on Clinical Signs of the Inflammatory Response of
Arthrosis in Mice and Hemorrhagic Cystitis in Rats

3.2.1. The Effect of Anti-GecMAF on Clinical Signs of the Inflammatory Response in Mice
with Adjuvant Arthritis

A study demonstrated that administration of FCA triggered inflammatory edema in
mice (Figure 6A,B). Signs of the inflammatory response were observed 24 h after exposure
to FCA and persisted in control animals at approximately the same level for 10 days after
the induction of adjuvant arthritis.

Administration of five GcMAF doses reduced inflammation intensity. Statistically
significant changes caused by the preparation were detected on Days 2-10 after exposure
to FCA. Reduced thickness of the inflamed paw compared to the control parameter during
this period was 20-25% (the data are presented in millimeters, Figure 6A,B).

Induction of experimental arthritis was accompanied by increasing redox activity of
peritoneal macrophages. The level of NBT (nitro blue tetrazolium) reduction by murine
macrophages 24 h after exposure to FCA increased more than fivefold compared to that in
intact animals (7.1 = 0.6 vs. 35.4 £ 5.6) (the data are presented in optical units, Figure 6C,D).

In the acute phase of adjuvant arthritis development, the preparation moderately
attenuated the activity of peritoneal macrophages and significantly stimulated the redox
metabolism of peritoneal macrophages during the later period of developing symptoms of
adjuvant arthritis (Figure 6C,D).
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Figure 6. The effect of subcutaneous and intraperitoneal administration of anti-GcMAF at different
doses to mice on inflammation intensity and redox activity of peritoneal macrophages induced by
administration of FCA. The statistically significant differences compared to the control group are
denoted as: *—p < 0.05, the Mann-Whitney U test.

3.2.2. The Effect of Anti-GcMAF on Urine Parameters in Rats with Induced Cystitis

Changes in body weight of rats with hemorrhagic cystitis over time were analyzed.
The body weight of rats with chronic cystitis treated with GEMAF did not differ signifi-
cantly from that of rats in the positive control group (CP, no treatment) during any of the
observation periods.

The results of first morning urine test in rats performed using urine test strips and
microscopic examination of urine sediment proved that cystitis was induced in rats after
intraperitoneal administration of three doses of CP (each dose being equal to 50 mg/kg body
weight). One day after administration of the third dose of CP, rat urine was found to contain
white blood cells, red blood cells, integumentary epithelium, protein, and ammonium urate.
Figure 7A shows the effect of cyclophosphamide and subsequent administration of GeMAF
on the content of integumentary epithelium in rat urine sediment.
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Figure 7. The effect of anti-GcMAF on severity of pathological changes in integumentary epithelium
(A) and vascular damage of bladder mucosa (B) after administration of five doses of anti-GcMAF
and cyclophosphamide injection.  The statistically significant differences compared to the group
(CP Day 14) are denoted as: *—p < 0.05, the Mann-Whitney U test.

3.2.3. Macroscopic and Histological Examination of Bladder Samples Collected from Rats
with Induced Hemorrhagic Cystitis

Macroscopic examination of the bladder wall condition showed that administration of
three CP doses (50 mg/kg body weight) to rats caused vascular damage of the bladder wall
(hemorrhage). Figure 8B summarizes the damage severity assessed according to ref. [38].
The severity of vascular damage in positive control animals (rats that had received CP)
remained unchanged starting the first day after induction of hemorrhagic cystitis during
two weeks of the observation period. On Day 13 after experiment initiation, after the
administration of three anti-GcMAF doses (Day 7 after induction of cystitis) to rats with
induced hemorrhagic cystitis, severity of vascular damage did not differ from that for the
group of untreated animals with cystitis.
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Figure 8. Pathomorphological analysis of the bladder in rats with induced chronic cystitis. (A) The
normal structure of epithelial lining in intact animals, two independent images. (B) Control group on
Day 13: (1) small areas of epithelial dystrophy and dysplasia, epithelium having normal structure
being prevalent; (2) marked epithelial dysplasia (nuclear polymorphism); and (3) disseminated
vacuolar dystrophy of epithelial cells. (C) Control group on Day 20. (1) blood clots on the urothelial
surface (without manifestations of perifocal inflammatory infiltration of cells); (2) bright areas
(halo) around the epithelial nuclei; and (3) the area of epithelial thinning. (D) GecMAF, Day 13.
(1) small epithelial dystrophy and dysplasia areas, epithelium with normal structure being prevalent;
(2) epithelial vacuolization, extrusion of damaged epitheliocytes, nonuniform epithelial thickness.
(E) GeMAF, day 20. One can see individual small vacuolar dystrophy regions and epithelial dysplasia-
like regions with disrupted differentiation (shown with arrows).



Curr. Issues Mol. Biol. 2024, 46

10952

Statistically significant reduction in the severity of vascular damage in the bladder
wall by 49% compared to that in the positive control group at this time point and by
55% compared to the group of treated animals on Day 7 of treatment (three injections of
GcMAF) was observed after administration of five anti-GcMAF doses (on Day 14 after
induction of cystitis and the first injection of GEMAF) (Figure 7B). The resulting findings
can demonstrate that anti-GcMAF exhibits a positive effect on the course of hemorrhagic
cystitis in rats.

The conducted histological examination of the bladder in rats with induced chronic
cystitis demonstrated that the most severe pathological changes after administration of
CP in the examined animals were observed on experimental Days 13 and 20 (Days 7
and 14 after cystitis symptoms had been detected) compared to the intact group; these
changes involved dysplasia, edema of the proper mucous plate, and urothelial swelling
(Figure 8A-C).

Distinct morphological differences in bladder wall condition were observed for ani-
mals treated with anti-GcMAF compared to untreated ones (Figures 7A and 8D). On Day 7,
after administration of three anti-GcMAF doses, only one out of five animals had significant
epithelial structure disruption, whereas in untreated rats with induced cystitis, it was
observed in four out of five animals.

After administration of five anti-GcMAF doses (Experimental Day 20), the epithelial
structure was nearly normal in three out of four animals (Figure 8E). An exception was
one animal from the group that had received treatment: on Experimental Day 20, strongly
marked symptoms of acute cystitis accompanied by intense diffuse leukocytic infiltration,
probably infectious, of the bladder wall were observed. During this period, marked
histopathological changes in integumentary epithelium of the mucosa were detected in
all the untreated animals with induced cystitis. The severity of the detected pathological
changes was moderate in most animals treated with anti-GcMAF and significant in the
group of untreated animals.

3.2.4. Hematological and Biochemical Examination of Blood Collected in Rats with
Hemorrhagic Cystitis

During the observation period, hemoglobin level and RBC count in the positive control
group and experimental groups were found to decrease compared to those in the intact
group. One day after induction of cystitis, we observed leukopenia that was typical of
administration of CP; the WBC count subsequently increased after Days 7 and 14. Following
the administration of five anti-GcMAF doses (experimental Day 20), the WBC count was
statistically significantly higher compared to that in intact animals (by 173%) and did not
differ from the positive control (CP). The changes in WBC count were accompanied by a
decline in the percentage of neutrophils in WBC differential. The percentage of lymphocytes
in both groups statistically significantly decreased 7-14 Days after induction of cystitis.
Once treatment had been completed, this parameter was 1.75-fold lower than that for
untreated rats with cystitis.

Rats with hemorrhagic cystitis had a statistically significant decline in blood level of
total protein in all the observation periods compared to that in the intact group. In treated
animals, blood level of total protein after administration of five anti-GcMAF doses returned
to the level of intact animals. No statistically significant difference was detected between
blood protein level in untreated animals and those treated with five anti-GcMAF doses.
Hypoalbuminemia (a decline of 20-40% compared to the intact level) was observed in both
experimental groups during all the observation periods.

Administration of CP and anti-GcMAF affected neither blood enzyme activities (ala-
nine aminotransferase, aspartate aminotransferase, and alkaline phosphatase) nor levels of
calcium and chlorine ions.

Hence, intraperitoneal administration of three 50 mg/kg doses of CP to rats reduced
hemoglobin level and RBC count. It also resulted in a reversible decline in WBC count.
Similar changes in parameters over time were observed in rats treated with anti-GcMAF.
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The disturbance of blood chemistry parameters in rats with hemorrhagic cystitis
manifested itself as a decline in blood protein level because of hypoalbuminemia. In the
group of rats treated with anti-GcMAF, total protein level was normalized, while albumin
level remained reduced.

4. Discussion
4.1. Production of GeMAF with Anti-Inflammatory Properties

Protein glycosylation is one of the fundamental processes responsible for their confor-
mational stability and functional activity. The key functions of proteins related to covalently
bound sugar residues is their involvement in activation of immune and stem cells, intercel-
lular adhesion, interaction between viral glycoproteins and target cells. Both cell surface
receptors and their ligands can be glycosylated. The directions of cellular response to inter-
action between glycosylated cell surface proteins and their ligands vary strongly: synthesis
of cytokine array by immune cells is induced, gene cascades regulating differentiation of
precursor stem cells are initiated, lytic properties of killer cells are activated. Glycosyla-
tion contributes to immune evasion by tumor cells and their survival during anoikis and
determines cell adhesion and related intertissue migration processes [39-42].

Interaction between glycosylated GEMAF and specific CLEC10A (MGL) is one of the
examples of interaction between proteins carrying the glycosylation site with a receptor
involved in activation of specific properties of a certain cell type (macrophages).

The mechanisms of inducing professional properties of macrophages are diverse and
primarily involve the receptor-mediated induction of immune and pro-/anti-inflammatory
responses of phagocytes, which consists in production of specific cytokines, chemokines and
factors by them [43]. The direction of inflammatory responses depends on the macrophage
phenotype: M2—anti- and M1—pro-inflammatory macrophages. Furthermore, there also
is the mixed M1/M2 phenotype, the MO phenotype (inactivated cells), as well as significant
functional diversity of phagocyte subtypes [25].

As mentioned in the Introduction section, the precursor of macrophage-activating
factor, DBP, carries a trisaccharide whose deglycosylation degree determines the direction
of inflammatory activation of murine PMs. In the present study, we used the macrophage-
activating factor GeMAF produced by enzymatic hydrolysis of the DBP precursor with
—galacosidase and sialidase to assess mRNA synthesis of pro-inflammatory mediators, IL-
13 and TNF-«, and the two major anti-inflammatory cytokines, TGF-{3 and IL-10, by murine
PMs. It was shown that mRNA synthesis of proinflammatory IL-1f3, and in some cases TNF-
o, is activated for almost any combination of deglycosylases, and only in some variants,
mRNAs of anti-inflammatory cytokines analyzed are synthesized either simultaneously
with these mRNAs or individually.

A lectin-type receptor (CLEC10A or MGL) is present on macrophages and dendritic
cells and is a regulatory molecule [42]. The interaction between this receptor and a specific
ligand (trisaccharide and its terminal hydrolytic derivatives) induces various intracellular
responses and processes. It is quite possible that the biological features of C-type lectin
receptor-GcMAF engagement modulate activity of PMs. Thus, receptor-ligand engage-
ment is known to alter expression of the genes encoding the key enzymes involved in
glycolysis, tricarboxylic acid cycle, and oxidative phosphorylation of phagocytes [44]. For
different macrophage subpopulations, metabolic activity is regulated in a differentiated
manner. Activity of glycolytic enzymes is high for proinflammatory M1 cells, whereas the
tricarboxylic acid cycle is active in the case of M2 macrophages [45,46]. The interaction
betweenCLEC10A and Tn antigen on a CD45 molecule of effector T cells causes their anergy
and apoptosis [47].

The CLEC10A receptor binds three calcium molecules and the ligand to form clusters
and is internalized into the intracellular compartments [42,48]. The ligand-activated C-type
lectin receptor was shown to stimulate IL-10 production and simultaneously, through
cobinding to TLRs, induce TLR-mediated TNF-« production [49,50]. This fact suggests the
dual role of macrophages in inflammatory processes.
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The multidirected inflammatory response of cells was also revealed in our study
through analysis of the cytokine-stimulating effect of GeMAF with different deglycosy-
lation degrees. GeMATF is believed to carry a trisaccharide at 418Thr or 420Thr positions
of the core protein molecule, which consists of GalNAc linked to Thr by an O-glycosidic
bond and galactose and sialic acid residues that are linked to the carbohydrate in an
either branched or linear form. Depending on enzymatic treatment, murine peritoneal
macrophages were found to acquire either a pro- or an anti-inflammatory phenotype,
thus synthesizing mRNA of proinflammatory IL-1 3, TNF-« or anti-inflammatory IL-10,
TGF-f3 cytokines, respectively; mRNA of these cytokines can also be synthesized simulta-
neously (that is, the cells have a mixed M1/M2 phenotype). In our model, 3—galactosidase
is apparently the key enzyme responsible for the direction of inflammatory response of
phagocytes. This effect depends on the quantitative ratio between the target GCMAF and
the enzyme and is associated with the emergence of free GalNAc moiety or GalNAc-sialic
acid disaccharide. This fact agrees with the data demonstrating that the C-type lectin
receptor can interact with both sialylated and nonsialylated antigen [51,52]. The feasibility
of coactivation of both CLEC10A and TLR by the same GcMAF molecule on the same
cell hinders production of GeMAF having a unidirectional direction of anti-inflammatory
activity. As demonstrated in our previous study, the direction of inflammatory response
seems to depend on the variant of engagement between saccharide residue and one of
the high-molecular-weight derivatives of CLEC10A (65 kDa or 63 kDa one) (for details
see Section 2.1). According to our findings, binding to the canonical 29 kDa CLEC10A is
independent of the presence of Ca?* ions and is determined by interaction between the
backbones of ligand and receptor molecules. A similar interaction variant was shown in
ref. [53], where along with the GalNAc binding domain, a second interaction site residing
in the body of a protein molecule was shown for CLEC10A. Furthermore, binding of «- or
3—isomers of GalNAc [54] to CLEC10A induces the fundamental and unique changes in
the conformation of the CLEC10A molecule depending on the GalNAc structure [52]. It
implies that ligand-mediated internalization of CLEC10A may induce activation of differ-
ent signaling pathways (ERK/MAPK, NF-kB, PI3K-Akt, and/or PLCy2), thus affecting
biological processes in a different way depending on the ligand structure [42,48,52,55,56].

By analyzing different uncontrolled forms of macrophage activation by GeMAF that
were revealed in our studies, it is fair to assume that variation of conformations of the
sugar residue in GcMAF is one of the ways for modulating the direction of inflammatory
responses of PMs.

As mentioned above, the receptor can form clusters (that is, be aggregated after being
activated by the ligand) [48]. The present study has repeatedly demonstrated that synthesis
of any mRNA is inhibited in the presence of an excess of GcMAF, which is probably
associated with receptor aggregation as evidenced by cytological data obtained by us [28].

The following conclusions can be drawn to summarize the results of this study. GceMAF
obtained by simultaneous treatment of DBP with two enzymes in a solution induces murine
PMs toward synthesis of exclusively proinflammatory IL-1. Treatment with sialidase also
induces murine PMs toward synthesis of proinflammatory IL-1f3 and, to a minor extent,
IL-10. In the monomode, the enzyme insignificantly activates mRNA synthesis of IL-1f3,
TGEF-, and IL-10 by PMs.

Treatment with 3—galactosidase leads to a complex pattern of response from PMs.

When an excessive amount of the enzyme with respect to the precursor was used,
a specific rise in TGF-f mRNA expression was observed in one of the titrated doses. A
similar result and a rise in IL-10 mRNA expression was observed when the protein was
exposed to an insufficient amount of the enzyme. In both cases, there appears a free
sialic acid residue due to which synthesis of mRNA of anti-inflammatory cytokines is
presumably induced. Furthermore, if the solution contains two protein forms with terminal
GalNAc and GalNAc-sialic acid moieties, two types of phagocytic responses are possible.
Competitive binding to a tripartite receptor may either lead to receptor aggregation and
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clusterization or induce synthesis of both pro- and anti-inflammatory cytokines as revealed
by our numerous experimental studies.

It follows from the conducted analysis that because of the uncontrolled multifactorial
conditions affecting the outcome of the CLEC10A receptor-GcMAF ligand interaction,
targeted exhaustive search with conditions approximating those yielding a predicted form
of response from PMs, is an acceptable approach to acquiring the desired form of the
inflammatory response of the phagocyte system.

Brief conclusions:

1.  Hence, mRNA expression of pro- or anti-inflammatory cytokine genes is affected by
the composition of the population of GeMAF molecules and the content of different
variants of glycosylation sites in this population interacting with CLEC10 derivatives.

2. In the presence of an excessive amount of GcMAF molecules, their aggregation (or
other processes) occurs, and mRNA synthesis of the analyzed cytokines stops.

3. The galactose terminal residue does not affect mRNA synthesis. Molecules carrying
a terminal galactose residue compete for landing on the “anchor” 29 kDa CLEC10
derivative.

4. The GalNAc moiety carrying a terminal sialic acid residue binds to the 63 kDa CLEC10
and induces TGF-f3 /IL-10 synthesis [28].

5. The terminal GalNAc moiety interacts with 65 kDa CLEC10 and induces IL-1f3 syn-
thesis [28].

It is different quantitative combinations of these molecules that control synthesis direction.

4.2. The Effect of GeMAF with Anti-Inflammatory Properties on Models of Induced Arthritis in
Mice and Cystitis in Rats

Elaboration of conditions for producing preparative amounts of GcMAF exhibiting
anti-inflammatory characteristics enabled in vivo experiments for assessing the effect of
injecting this preparation on inflammation induction. Two experimental models were
chosen: induced acute arthritis in mice and induced acute cystitis in rats (see the Materials
and Methods section). Preparation inducing PMs toward IL-10 synthesis was selected for
the experiments.

In vivo experiments conducted to assess the effect of anti-inflammatory GcMAF on
clinical signs of the inflammatory response in models of induced acute arthritis and cystitis
indicate that exposure to the preparation elicits a statistically significant anti-inflammatory
effect. Experiments in mice with adjuvant arthritis experimentally induced by exposure to
Freund’s complete adjuvant revealed that anti-GcMAF injected intraperitoneally and sub-
cutaneously to mice at a dose of 1 pug/mouse inhibited local inflammatory response. Reduc-
tion of inflammation upon exposure to anti-GcMAF at lower doses (0.1 and 0.01 pg/mouse)
was observed after a longer period. Administration of anti-GcMAF to mice with adjuvant
arthritis alters the functional state of immune cells involved in the inflammatory response.
The effect of preparation on the function of murine peritoneal macrophages was multidi-
rectional, being potentially related to the inflammation development phase. During the
acute inflammation period, anti-GcMAF moderately reduced the redox metabolism indices
of macrophages; during the later period of arthritis development, GcMAF stimulated the
metabolic activity of macrophages.

GcMAF (five doses) administered intraperitoneally to rats with hemorrhagic cystitis
induced by CP was shown to exhibit a therapeutic effect manifesting itself in restoration of
bladder wall epithelium and normalization of the vascular state.

The results obtained in this section and the findings reported in our recent publi-
cations [28,29] indicate that anti-inflammatory GcMAF can contribute to reduction of
inflammation of different etiologies at the organism level due to induction of macrophage-
mediated immunity (different types of macrophages: peritoneal macrophages, alveolar
macrophages, Kupffer cells, and microglia) toward synthesis of anti-inflammatory cytokines
TGEF-f and IL-10.
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It is known that in the case of rheumatoid arthritis, interactions occur between a
variety of cells (in particular, macrophages, T and B cells, synovial fibroblasts, as well as
mast, dendritic and plasma cells) in the inflamed synovial membrane of joints, causing
a release of proinflammatory mediators (TNF-«, IL-1(3, and IL-6) [57]. Interstitial cystitis
causes damage to bladder epithelium, increased barrier permeability, neurogenic inflam-
mation with mast cell infiltration, and potential autoimmune involvement [58,59]. Since
GcMAF activates the immune response associated with macrophage activity, it can affect
the pathogenesis of rheumatoid arthritis and interstitial cystitis through specific activity of
macrophages. GcMAF is a potential medicine for pathogenetic therapy of inflammation of
different etiologies.

5. Conclusions

We believe that findings obtained in this study and being indicative of selective
macrophage response to activation by specific GeMAF whose properties are dependent on
the structure of its glycosylation site should be taken into account in further research.

The revealed algorithm of producing GcMAF exhibiting anti-inflammatory properties
suggests that this MAF can be used in a targeted manner for treating diseases related to
inflammation induced by macrophage-mediated immunity of different etiology.

The key research problem requiring further experiments is the question related to the
molecular mechanisms of such differentiated macrophage response to activation by GeMAF
carrying specific carbohydrate composition. It is also an open question whether similar
changes in the glycosylation site structure can modify the direction of immune response
of other cell types whose activation depends on interaction between lectin receptor and a
carbohydrate-bearing ligand.

6. Patents

The method used for producing the GeMAF preparation has been patented (priority
No. 047390 2023121663 dated 17 August 2023).
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