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Abstract: Two fucosylated chondroitin sulfates were isolated from the sea cucumbers Psolus peronii
and Holothuria nobilis using a conventional extraction procedure in the presence of papain, fol-
lowed by anion-exchange chromatography on DEAE-Sephacel. Their composition was character-
ized in terms of quantitative monosaccharide and sulfate content, and structures were mainly elu-
cidated using 1D- and 2D-NMR spectroscopy. As revealed by the data of the NMR spectra, both
polysaccharides along with the usual fucosyl branches contained rare disaccharide branches a-D-
GalNAc456R-(1—2)-a-L-Fuc354R— attached to O-3 of the GlcA of the backbone (R = H or SOs").
The polysaccharides were studied as stimulators of hematopoiesis in vitro using mice bone mar-
row cells as the model. The studied polysaccharides were shown to be able to directly stimulate
the proliferation of various progenitors of myelocytes and megakaryocytes as well as lymphocytes
and mesenchymal cells in vitro. Therefore, the new fucosylated chondroitin sulfates can be re-
garded as prototype structures for the further design of GMP-compatible synthetic analogs for the
development of new-generation hematopoiesis stimulators.

Keywords: fucosylated chondroitin sulfate; Holothuria (Microthele) mnobilis; Psolus peronii;
hematopoiesis

1. Introduction

Marine invertebrates of the class Holothuroidea (phylum Echinodermata), known
as sea cucumbers, contain two types of sulfated polysaccharides: fucosylated chon-
droitin sulfates (FCSs) and fucan sulfates (FSs). Sea cucumbers are widely accepted in
Asia and other parts of the world due to their nutritional and therapeutic properties [1-
3]. FCSs are intensively investigated as promising biologically active biopolymers, most-
ly as potential anticoagulants but also as anti-inflammatory, antitumor, and antiviral
agents [2-10].

All FCSs contain a linear central core known as chondroitin built up of alternating
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(1—4)-linked B-D-glucuronic acid and (1—3)-linked N-acetyl-3-D-galactosamine resi-
dues. This backbone usually carries site substituents, such as a-L-fucopyranose residues
attached to O-3 of GlcA, and the resulting branched molecules may be sulfated at any
hydroxyl [2]. FCSs isolated from different holothurian species may differ from one an-
other by the degree of branching and the position of sulfates [11-15]. Structures of FCSs
can be more complex since branches of different structures attach not only to GlcA but
also to GlcNAc, which may be found in different FCSs [12,13]. Several different sulfated
oligosaccharides were found as branches along with sulfated fucose residues. Thus, fu-
cobiose a-L-Fuc-(1—3)-a-L-Fuc-(1— was detected in FCSs from Holothuria lentiginosa
[16]; sulfated oligosaccharides composed of 2-9 fucose residues were found as side
chains in FCSs from Holothuria leucospilota [17]; disaccharide residue a-D-Gal4S(6S)-
(1-2)-a-L-Fuc35-(1— was identified as a branch in the FCS from Thelenota ananas [18];
differently sulfated disaccharide branches with the common basic structure of a-D-
GalNAc-(1—2)-a-L-Fuc were found in Acaudina molpadioides [19], Holothuria nobilis [20],
Ludwigothurea grisea [21], and Phyllophorella kohkutiensis [22].

It should be noted that the identification of branches, especially present as fucooli-
gosaccharides, may be complicated due to the presence of some FSs in FCS preparation
as impurities, which cannot be eliminated completely during purification. This circum-
stance likely explains the fact that a difucoside branch was suggested for FCS from Lud-
wigothurea grisea in an earlier paper [23]; when this structure was reinvestigated several
times later, it was finally assessed as a-D-GalNAcR!-(1—2)-a-L-FucR?>—, where R!
means 4-mono- or 4,6-disulfation and R2 means 3-mono- or 3,4-disulfation [21]. The reli-
able knowledge of side chain structures is very important, since branches may often play
a crucial role in the determination of the biological activity of FCSs [24,25]. Moreover, in
addition to chemical structures, the distribution of branches along the backbone may
have a great influence on the biological properties of FCSs. Now, there is only one paper
[22] describing the distribution pattern of diverse branches in natural FCSs, namely, L-
Fuc254S, L-Fuc354S, L-Fuc4S, and the disaccharide a-D-GalNAc-(1—2)-a-L-Fuc354S
present in FCSs from Phyllophorella kohkutiensis with a ratio of 43:13:22:22. Based on the
structures of higher oligosaccharides obtained via alkaline degradation, it was shown
that the molecules of native FCSs contain three types of blocks: one of them is branched
with differently sulfated L-Fuc units, the second block is regular and only contains L-
Fuc254S residues, and the third block is enriched with a-D-GalNAc-(1—2)-a-L-Fuc354S
fragments. As expected, these blocks have markedly different biological activities.

We describe in this paper a study of two preparations of FCSs isolated from Holo-
thuria (Microthele) nobilis Selenka, 1867 [26], and Psolus peronii Bell, 1883 [27]. Information
on the chemical structure and anticoagulant activity of FCSs from the first sea cucumber
species has been reported previously. Several papers have described its isolation [28],
structural characterization [29], oxidative degradation [30], and physicochemical proper-
ties [31]. The most recent study [20] contains comprehensive data on the polysaccharide
structure based on the careful analysis of the oligosaccharide products of several types
of partial degradation. These data provided unambiguous confirmation of the presence
of disaccharide residues a-D-GalNAc45(65)-(1—-2)-a-L-Fuc35— (together with different-
ly sulfated fucose residues) as branches linked to the O-3 of GIcA residues in the FCS
backbone. Our results (described below) are based on the analysis of the undegraded
FCSs of this type and coincide completely with these data.

Polysaccharides of P. peronii have not been investigated previously. It is interesting
to emphasize the similarity between both FCSs, including the structure of the branches,
in spite of a great difference in the taxonomy and habitat of sea cucumbers; H. nobilis,
representative of the recently established order Holothuriida [32], is a typical inhabitant
of the tropical waters of the Indo-Pacific Ocean, whereas P. peronii, representative of the
order Dendrochirotida, may be found in the Arctic, North Pacific, and Atlantic Ocean.
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Described below are also the results of the biological activity evaluation of investi-
gated FCS preparations, including the ability to stimulate hematopoiesis. Both polysac-
charides have shown marked activities of this type.

2. Results and Discussion
2.1. Preparation and Structural Assessment of FCS

The body walls of sea cucumbers H. nobilis and P. peronii (Figure S1) were extracted
in the presence of papain [33] to obtain a crude preparation of sulfated polysaccharides
HN-SP (H. nobilis sulfated polysaccharides) and PP-SP (P. peronii sulfated polysaccha-
rides). Then, the crude polysaccharides were fractionated via anion-exchange chroma-
tography on a DEAE-Sephacel column. Fractions HN (yield 14.4%) and PP (38.6%) were
obtained via elution with 1.0 M NaCl. According to the composition of fractions (high
levels of galactosamine, uronic acid, fucose, and sulfate and minor amounts of glucosa-
mine; see Section 3.2), the preparations were preliminarily regarded as fucosylated
chondroitin sulfates. Fractions eluted with other NaCl concentrations deviated consider-
ably in composition from 1.0 M NaCl eluates and were not investigated.

Furthermore, the structures of samples HN and PP were studied via NMR spectros-
copy. The recording of the NMR spectra for samples HN and PP revealed their differ-
ences relative to the known FCS due to the presence of 6 50.2 ppm and 52.5 ppm signals
in the C NMR spectra (Figure 1A), which were related to two distinguished D-
galactosamine units in their structures. Polysaccharides HN and PP differed by the pro-
file of the branching, which was confirmed by the different signals in the anomeric re-
gion (see the 'H NMR spectra, Figure 1B).

HN c-1 c-6
(GalNAc) c-2 (Fuc)
c-6 C-1 (GalNAc)
(GlcA) (GlcA) | 4 HNCOCH;
(Fuc)
PP
0 10 170 160 10 40 10 120 10 100 % 8 M 6 S 4 0 2 10
f1 (ppm)

(A)
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Figure 1. The ®*C NMR (A) and '"H NMR (B) spectra of polysaccharides HN and PP.

The assignment of the signals in the 2D NMR spectra (COSY, TOCSY, ROESY, and
HSQC) of polysaccharides HN and PP led to the identification of spin systems relative to
each monosaccharide unit, and the positions of sulfate groups and glycoside bonds
(Figure 2) were determined. There were five cross-peaks in the anomeric region in the
HSQC NMR spectrum of sample HN (Figure 3). Units A and B/C were identified by the
characteristic chemical shifts as GlcA and GalNAc fragments, respectively, which
formed the chondroitin core of the polysaccharide (Table S1) [13,14]. Unit D was shown
to be well-characterized fucosyl-branch-bearing sulfate groups at C-3 and C-4, and it at-
tached to O-3 of GlcA of the backbone (Table S1) [12-15]. According to the values of the
chemical shifts, units G and J were shown to be monosaccharides with an a-
configuration. Previously, FCS from H. nobilis was found to contain the disaccharide
branch a-D-GalNAc4565-(1—2)-a-L-Fuc3S [20].
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Figure 2. The structural fragments of polysaccharides HN (A-D,G,J) and PP (A-D,H,J"). Compari-
son with the closely related FCS, which are devoid of disaccharide branches (sample MM from
Massinium magnum [34], containing units A-D, and sample HS from Holothuria spinifera [35], con-
taining units A-F), was used for the elucidation of structures (I) and (II).
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Figure 3. The 'H-'3C HSQC NMR spectrum of polysaccharide HN.

The data of the ROESY spectrum unambiguously confirmed the presence of a
(1—2)-linkage between units J and G and a (1—3)-linkage between units G and A (Fig-
ure 4). The chemical shifts of units G and J in sample HN correlated well with the data
for a-L-Fuc3S and a-D-GalNAc4S6S, respectively (Table S1), which have been described
earlier [20]. The ratio of branches D and JG in HN was assessed as approximately 2:1 by
comparing the intensities of correlations 2J and 2B,C in the HSQC NMR spectrum. Poly-
saccharide PP was shown to contain two types of branches: a-L-Fuc354S (D) and a-D-
GalNAc4565-(1—2)-a-L-Fuc354S (J’'H) (Figures S2-54, Table S1). Similar to sample HN,
the presence of a (1—-2)-linkage between units ] and H and a (1—3)-linkage between
units H and A (Figure 4) was confirmed using the data of the ROESY spectrum (Figure
S4). The ratio of branches D and J'H in PP was assessed as about 1:1.

Figure 4. The 'H-'"H COSY (A) and 'H-'"H ROESY (B) NMR spectra of polysaccharide HN.
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To assess the molecular weights of polysaccharides HN and PP, polyacrylamide gel
electrophoresis (PAGE) was performed using heparin (Sigma, MW 15 kDa), enoxaparin
(Clexan®, Sanofi, MW 4.5 kDa), FCS MM from Massinium magnum [34], and FCS HS
from Holothuria spinifera [35], with a defined MW (Figure S5). Based on the mobility of
the samples, it could be concluded that the MW value of HN was similar to those of MM
and HS, while the MW of PP was significantly lower and could be compared to that of
heparin. According to gel permeation chromatography data, the MW of HN was 32 kDa
(polydispersity 1.36), whereas the MW of PP was 13 kDa (polydispersity 2.64).

2.2. Studies of the Ability of FCS to Influence Hematopoiesis

Sulfated polysaccharides, such as fucoidans, chondroitin sulfates, and fucosylated
chondroitin sulfates, are known to influence hematopoiesis [36-41]. This type of sulfated
polysaccharide biological activity was demonstrated quite recently and has already at-
tracted attention due to the practical importance of the active stimulators of hematopoiesis
[38,42,43]. It was shown that the levels of this type of activity vary between the polysaccha-
rides of a different origin and depend on the structural features of the polysaccharides.

We have investigated in vitro the ability to influence hematopoiesis with respect to
samples HN and PP together with two other FCS MM [34] and HS [35] bearing only
monofucosyl branches (Figure 2). Recombinant G-CSF, as a known stimulator of hema-
topoiesis, was used as a reference sample in this study. In addition to r G-CSF, we used bac-
terial lipopolysaccharides (LPSs) in the experiment because these compounds could also ac-
tivate the myelocytic germs of the bone marrow and support progenitor cells [44]. We used a
concentration of polysaccharides that was previously determined [38] as optimal.

Mouse bone marrow cells were incubated in the presence of tested compounds for 7
days. Then, the levels of several clusters of differentiation (CD) on the cell surface were
measured using the flow cytometry method. It was observed that compounds HS, HN,
and PP significantly induced an increasing number of CD34(+)CD45(+) cells associated
with immature hematopoietic myeloid cells (Figure 5) [45]. We also determined that
compounds HS and PP contributed to an increase in the concentration of
CD34(+)CD105(+) cells, which include primitive hematopoietic precursors and mesen-
chymal stromal cells in addition to megakaryocyte-producing platelets (Figure 5) [46,47].
Noteworthily, the intensity of the effects of FCS was similar to the activity of r G-CSF,
but it significantly exceeded the activity of LPS, which indicates the stimulation of the
division of progenitor hematopoietic and mesenchymal cells rather than the stimulation
of their activity.

B CD34(+)CD45(+)cells

m CD34(+)CD105(+)cells

Control G-CSF LPS HS MM HN PP

Figure 5. Influence of FCS on the concentration of CD34(+)CD45(+) cells and CD34(+)CD105(+)
cells in a suspension of mouse bone marrow cells compared to the effects of LPS and r G-CSF. The
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percentage of CD34(+)CD45(+) (blue) and CD34(+)CD105(+) cells (orange) in a suspension of bone
marrow cells after incubation with tested compounds during 7 days of in vitro studies. * p < 0.05
compared to the control.

To assess the effect of the studied compounds on the proliferation of hematopoietic
cells, we evaluated the concentration of CD34(+)Ki67(+) cells, which are associated with
proliferating progenitor cells, and CD45(+)Ki67(+) cells, which are associated with pro-
liferating myelocytes. It was shown that all studied FCS samples significantly favored an
increase in CD34(+)Ki67(+) and CD45(+)Ki67(+) cells, which exceeded the effect of not
only LPS but also r G-CSF (Figure 6). Higher effects were observed with respect to poly-
saccharides PP and HN, indicating that these polysaccharides are more potent stimula-
tors of hematopoiesis than FCSs HS and MM, which only bear monofucosyl branches.

B CD34(+)Ki67(+) cells

B CDA45(+)Ki67(+) cells

Control G-CSF LPS HS MM HN PP

Figure 6. Influence of FCS on the concentration of CD34(+)Ki67(+) and CD45(+)Ki67(+) cells in a
suspension of mouse bone marrow cells compared to the effects of LPS and r G-CSF. The percent-
age of CD34(+)Ki67(+) (purple) and CD45(+)Ki67(+) cells (green) in a suspension of bone marrow
cells after incubation with tested compounds during 7 days of in vitro studies. * p <0.05 compared
to the control.

In addition, the effect of polysaccharides on T-lymphocytes and cytotoxic lympho-
cytes—i.e., immunocompetent leukocytes of the myelocytic germ that express CD3 on
the membrane and are involved in the implementation of various parts of immunity (in-
cluding antitumor immunity) —was studied. It was shown that samples HN and PP sig-
nificantly stimulated an increase in these cells in the bone marrow, while neither r G-
CSF nor LPS had such an effect (Figure 7). At the same time, an increase in the concentra-
tion of CD3(+)Ki67(+) cells, which is associated with proliferating lymphocytes, was ob-
served.

Therefore, the studied polysaccharides were shown to be able to directly stimulate
the proliferation of various progenitor myelocytes and megakaryocytes, as well as mes-
enchymal cells, which are precursors of bone marrow stromal cells. Comparing the ob-
tained data with used reference samples, it can be noted that the action spectrum of
studied FCSs was wider in comparison to the effect of r G-CSF directed relative to gran-
ulocytes (neutrophils, basophils, and eosinophils) or LPS, which mainly activates mature
myelocytes.
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Figure 7. Influence of FCS on the concentration of CD3(+) and CD3(+)Ki67(+) cells in a suspension
of mouse bone marrow cells compared to the effects of LPS and r G-CSF. The percentage of CD3(+)

(blue) and CD3(+)Ki67(+) cells (cyan) in a suspension of bone marrow cells after incubation with
tested compounds during 7 days of in vitro studies. * p < 0.05 compared to the control.

For a detailed study of the mechanism of action of polysaccharides, the concentra-
tions of several cytokines (GM-CSF, IL-2, IL-6, and TNF) were determined in a medium
after a 7-day incubation of bone marrow cells with the studied compounds (Figure 8).
This period before the analysis was chosen because it is known that blood neutrophil
count decreases within 6-7 days after chemotherapy [48]. According to the data by Craig
M. et al. [49], such a period is required for neutrophil maturation within the bone mar-
row. It was found that all FCS samples and r G-CSF led to a decrease in the concentra-
tion of GM-CSF, IL-6, and TNF in the growth medium (p < 0.05) compared to the control
(p <0.05), while no significant change in the level of IL-2 was noted (Figure 8, Table 52).
It could be concluded that FCSs directly stimulate the proliferation of hematopoietic
cells but do not increase their protein-synthesizing function. Therefore, the FCS action is
similar to that of r G-CSF.

Cytokines IL-6 and TNF are known as triggers of a cascade of systemic inflammato-
ry responses in the body, which can lead to multiple-organ failure and the death of the
patient [50]. Therefore, the observed effect of a significant decrease in the induction of
the mentioned cytokines by cells can be considered positive for clinical use, since the risk
of developing severe side effects mediated by the stimulation of pro-inflammatory im-
munity —such as fever [51], systemic inflammatory response [52], and a sepsis-like syn-
drome [53]—is reduced. LPS, being a generally recognized pro-inflammatory inducer,
had a completely different effect, actively stimulating an increase in the concentration of
IL-6 and TNF in the cell incubation growth medium in comparison to the control: an av-
erage of 1.6 and 3.2 times, respectively.

Interestingly, the MM compound had a similar effect with LPS, maintaining the
highest concentration of TNF in the growth medium compared to other experimental
polysaccharides and r G-CSF. The above-mentioned minimal effect of MM on the in-
crease in the quantitative composition of hematopoietic cells correlates with the fact that
its addition to the cells mediated the accumulation of the minimal concentration of GM-
CSF.
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Figure 8. Induction of soluble cytokines GM-CSF (A), IL-2 (B), IL-6 (C), and TNF (D) via mouse
bone marrow cells after incubation with samples HN, MM, HS, and PP, as well as with references

r G-CSF and LPS for 7 days. The control comprises cells incubated with an isotonic sodium chlo-
ride solution. * p < 0.05 compared to the control.

The obtained results indicate that sulfated polysaccharides HS and PP have a stimu-
lating effect not only on the proliferation of hematopoietic stem cells (HSCs) but also on
CD105+ stem cells. Such complex effects on stem cells of different histogenesis may have
an important clinical significance. In particular, in cancer patients, the use of intensive
chemotherapy regimens leads to hematopoiesis depression, which is not only due to
death but also due to the disruption of the functioning of hematopoietic niches formed
by mesenchymal stem cells (MSCs). Therefore, autologous or allogenic MSCs are used to
stimulate hematopoiesis in this category of patients along with the use of colony-
stimulating factors [54]. The modern tendencies of hemoblastosis treatment, first of all in
pediatric practice, require the application of myeloablative variants of chemotherapy
with the subsequent trepanation of allogeneic (haploidentical) HSCs. To improve the
engraftment of donor HSCs, the cotransplantation of allogeneic MSCs is used [55,56].
Considering the ability of HS and PP to stimulate the proliferative potential of stem cells,
both polysaccharides can be used in the future for systemic treatment and to enhance the
proliferation of HSCs and MSCs ex vivo for subsequent administration in patients. One
of the serious complications of allogeneic stem cell transplantation is the development of
graft versus host reactions (GVHDs) in the pathogenesis of which proinflammatory cy-
tokines, primarily IL-6 and TNF—mediators of cytokine storm—play an important role
[57-59]. Considering the suppressive effect of HS and PP compounds relative to these
cytokines, their use in combination with standard therapy may reduce the risk of GVHD
development in cancer patients.

3. Materials and Methods
3.1. General Methods
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The quantitative determination of monosaccharides via alditol acetate gas-liquid
chromatography was carried out as described previously [60]. Neutral monosaccharides
were determined after the hydrolysis of samples with 2 M trifluoroacetic acid at 100 °C
for 8 h, but the action of 6 M HCl at 100 °C for 6 h was used for a similar determination
of hexosamines. The turbidimetric procedure was used for the determination of sulfate
[61]. Uronic acids were estimated colorimetrically with 3,5-dimethylphenol and sulfuric
acid [62]. Proteins were determined using the Lowry procedure [63].

The NMR spectra were recorded using the facilities of the Zelinsky Institute Shared
Center. The 'H, 1C, COSY, TOCSY, ROESY, and HSQC spectra were recorded at 333 K
on a 600 MHz Avance II NMR spectrometer (Bruker, Ettlingen, Germany) equipped with
a z-gradient probe with proton and carbon frequencies of 600.13 and 150.90 MHz, re-
spectively, using standard Bruker pulse sequences. Rotating frame Overhauser effect
spectroscopy (ROESY) spectra were recorded with a width of 4800 x 4800 Hz using 32
repetitions and 256 increments, with presaturation for water signal suppression. The
mixing time used for ROESY experiments was 200 msec. For the NMR spectra of poly-
saccharides in D20, 3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (TSP) was used
as an internal standard (6 H 0.00 ppm, 6 C-1.6 ppm). Samples (20 mg) were dissolved in
99.9% D20, freeze-dried, and then dissolved in 99.96% D-0 (0.6 mL).

3.2. Isolation of Sulfated Polysaccharides

The sea cucumber H. (Microthele) nobilis was collected in Van Phong Bay (Vietnam)
in 2005 and identified by Prof. V.S. Levin (Pacific Institute of Bioorganic Chemistry, FEB
RAS, Vladivostok, Russia). P. peronii was collected in 2016 through diving (N.P. Sana-
myan) in Kamchatka coastal waters, and it was identified by Dr. E.G. Panina. After re-
moving the viscera, the body walls of H. (Microthele) nobilis were minced, treated several
times with ethanol, and dried. The body walls of P. peronii were similarly fixed with eth-
anol. According to the conventional procedure [33], the biomass of H. (Microthele) nobilis
(73 g) was suspended in 400 mL of 0.1 M sodium acetate buffer (pH 6.0), containing pa-
pain (1.3 g), EDTA (0.6 g), and L-cysteine hydrochloride (0.3 g), and it was incubated at
45-50 °C for 24 h with occasional agitation. After centrifugation, an aqueous hexadecyl-
trimethylammonium bromide solution (10%, 40 mL) was added to the supernatant, and
the mixture was held overnight. The resulting precipitate was isolated via centrifugation
and washed successively with water and ethanol. Then, it was stirred with a 20% etha-
nolic Nal solution (5 x 40 mL) for 2-3 days, washed with ethanol, dissolved in water, and
lyophilized to produce the crude polysaccharide preparation HN-SP; the yield was 4.1 g,
and the composition is as follows (w/w): fucose, 25.6%; sulfate, 24.7%; uronic acids, 3.1%;
galactosamine, 3.8%; glucosamine, 0.7%; galactose, 1.5%.

Similarly, the wet body walls of P. peronii (42.6 g) were minced and treated as above
to produce the crude polysaccharide preparation PP-SP; the yield was 0.16 g, and the
composition is as follows (w/w): fucose, 9.5%; sulfate, 27.0%; uronic acids, 5.7%; galac-
tosamine, 7.9%; glucosamine, 3.6%; galactose, 6.0%.

An aqueous solution of HN-SP (360 mg) was placed on a column (3x10 cm) with
DEAE-Sephacel in CI” form and eluted with water, followed by the addition of a NaCl
solution of increasing concentrations (0.5, 0.75, 1.0, and 1.5 M) at each time period until
the eluate no longer produced a positive reaction for carbohydrates [64]. The 1.0 M frac-
tion was desalted on a Sephadex G-15 column and lyophilized, giving rise to prepara-
tion HN; the yield was 52 mg, and the composition is as follows (w/w): sulfate, 26.9%;
uronic acids, 14.4%; galactosamine, 14.0%; fucose, 11.7%; protein, 1.5%. Similarly, 153
mg of PP-SP was subjected to anion-exchange chromatography. The main 1.0 M fraction
was desalted, giving rise to preparation PP; the yield was 59 mg, and the composition is
as follows (w/w): sulfate, 29.3%; galactosamine, 10.1%; fucose, 7.6%; uronic acids, 6.2%;
galactose, 4.4%; protein, 3.5%; glucosamine, 2.6%.

3.3. Polyacrylamide Gel Electrophoresis (PAGE) and Gel-Permeation Chromatography
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Polysaccharides HN, PP, MM, and HS and heparin and enoxaparin (15 ug) were
applied to a 0.75 mm thick layer of 20% polyacrylamide (ICN Biochemicals), and 100
mM Tris-borate was used, with pH 8.3 gel in a buffer (10 mM Tris-borate, pH 8.3) and
10% (w/v) of glycerol. Electrophoresis was run at 400 V in a buffer (100 mM Tris-borate,
pH 8.3) for 1 h. The gel was stained with 0.1% toluidine blue (Merck, Darmstadt, Ger-
many) in 1% acetic acid (Chimmed, Moscow, Russia). After staining, the gel was washed
overnight in 1% acetic acid. Gel-permeation chromatography was performed using a
TSK 2000 SWXL column, 5 mkm, 7.8 x 300 mm, with RID and UV detectors; elution was
carried out with 0.1 M sodium phosphate in 150 mM NaCl 0.8 mL/min, and calibration
was carried out with a set of pullulans of known MW.

3.4. Cell Model

Bone marrow cells (BM cells) were isolated from the femoral bone of healthy Balb/c
mice (male, weight 19 + 1 g). BM cells were suspended in the complete growth medium
based on Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich, St. Louis, MO,
USA), supplemented with 10% fetal bovine serum (FBS; HyClon, Thermo Fisher, Wal-
tham, MA, USA), 1% penicillin/streptomycin (PanEco, Moscow, Russia), and 4 mM L-
glutamine (PanEco, Moscow, Russia) at 37 °C in an atmosphere with 5% CO:z relative to a
concentration of 500 000 cells/mL. To study cell activity, the suspension of BM cells (150
uL) was placed in E-plates 16 (ACEA Biosciences, San Diego, CA, USA). The solutions of
polysaccharides HN, PP, MM, HS, and LPS (lipopolysaccharides from Klebsiella pneu-
moniae, Sigma, MO, USA) and rG-CSF (Filgrastim, Farmstandart-UfaVitae, Ufa, Russia)
in an isotonic sodium chloride solution (50 pL) were added to the cells until a concentra-
tion of 50 pug/mL for polysaccharides and 0.15 nmol/mL for rG-CSF was reached. BM
cells supplemented with 50 uL of isotonic sodium chloride solution were used as the
control. The period of incubation was 7 days at 37 °C in an atmosphere with 5% COs.
The cell phenotype was studied —after staining with antibodies relative to CD34, CD45,
CD105, and CD3—via flow cytometry using Novocyte (ACEA Bioscience, San Diego,
USA). The concentration of proliferating cells (Ki67(+) cells) was also examined using the
Muse® Ki67 Proliferation kit (Merck-Millipore, Darmstadt, Germany) and a flow cytome-
ter Novocyte (ACEA, Biosciences Inc., San Diego, USA). The results were evaluated as
changes from control. Also, the concentrations of tumor necrosis factor (TNF), interleu-
kin-2 (IL-2), interleukin-6 (IL-6), and granulocyte-macrophage colony-stimulating factor
(GM-CSF) in growth media were measured using the BD Cytometric Bead Array
Mouse/Rat Soluble Protein Master Buffer Kit, Mouse IL-2 Flex Set, Mouse IL-6 Flex Set,
Mouse TNF Flex Set, Mouse GM-CSF Flex Set (all made by BD Biosciences, San Diego,
CA, USA), and a NovoCyte flow cytometer (ACEA, Biosciences, San Diego, USA) in ac-
cordance with the manufacturers’ instructions.

3.5. Statistical Analysis

The determinations of the biological activity mentioned in Section 3.4 were per-
formed in quadruplicate (n = 4). The results are presented as mean + SD. Statistical sig-
nificance was determined with Student’s t-test. We used t-tests after confirming the
normal distribution of the data via the Shapiro-Wilk test. p values of less than 0.05 were
considered as significant.

4. Conclusions

The structures of both polysaccharides HN and PP were assessed via the combina-
tion of chemical and spectral methods to show that, together with the usual fucosyl
branches, they contain rather rare disaccharide branches of general formula a-D-
GalNAc456R-(1—2)-a-L-Fuc3S4R— attached to O-3 of the GlcA of the backbone (R = H
or SO#). Our results clearly demonstrate that rather unusual GalNAc-Fuc disaccharide
branches may be observed as specific structural features in FCS, isolated from taxonomi-
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cally very different holothurian species. These branches may have a much more marked
influence on the biological activity of FCSs, exceeding the influence of monofucosyl
branches, which in turn depends on the amount of these disaccharides and their sul-
fation pattern.

The studied polysaccharides HN and PP can be regarded as prototype structures
for the further design of GMP-compatible synthetic analogs as candidates for the devel-
opment of new-generation hematopoiesis stimulators. Such types of drugs are in de-
mand for cancer patients with pancytopenia after high-dose chemotherapy and radio-
therapy. This includes the treatment and prevention of hematopoietic depression in can-
cer patients after high-intensity chemoradiotherapy, as well as cytokine storm in graft
versus host disease (GVHD) after hematopoietic cell transplantation. It should be espe-
cially noted that, unlike colony-stimulating factors that are widely used in clinical prac-
tice, the studied FCS-like polysaccharides are able to increase the blood concentrations
of not only granulocytes but also lymphocytes and platelets.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ph16121673/s1. Figure S1: Sea cucumber Psolus peronii; Fig-
ure S2: The 'H-3C HSQC NMR spectrum of polysaccharide PP; Figure S3: The 'H-'H COSY NMR
spectrum of polysaccharide PP; Figure S4: The 'H-'"H ROESY NMR spectrum of polysaccharide
PP; Figure S5: Electrophoresis in polyacrylamide gel. Hep—heparin (Sigma); Enox—enoxaparin
(Clexane®, Sanofi); MM—FCS from Massinium magnum [29]; HN—FCS from Holothuria nobilis;
PP—FCS from Psolus peronii; HS —FCS from Holothuria spinifera [30]; Table S1: The data of the 'H
and ®C NMR spectra (chemical shifts, ppm) of fucosylated chondroitin sulfates HN and PP; Table
S52: Statistical significance of the difference in the content of soluble cytokines IL-6, IL-2, TNF, and
GM-CSF in a cell medium after the incubation of mouse bone marrow cells with studied com-
pounds HN, MM, HS, PP, r G-CSF, and LPS compared to a control and r G-CSF.

Author Contributions: Conceptualization, A.LLU., N.E.N.,, M.V.K,, VAS,, and N.E.U.; methodolo-
gy, ALU, M.ILB, N.Y.A, M\V.K, and N.E.U,; collection of sea cucumbers, E.G.P., N.P.S,, S.A.A,,
and V.A.S,; analysis, M.LB., E.A.T, N.Y.A, N.E.U,, and A.S.D.; investigation, M.I.B., N.Y.A., S.P.N.,
N.E.U,, ASD., and AILU.; writing—original draft preparation, N.Y.A., N.E.U., and A.LU.; writ-
ing—review and editing, all authors; supervision, A.LU., N.E.N., and M.V.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of Russia
(Agreement No. 075-15-2020-777).

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Ethics Committee of Research Institute of Experimental Therapy and Diagnostics of Tumor,
NN Blokhin National Medical Center of Oncology (protocol code 01/21; 15 January 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Acknowledgments: The authors are grateful to Dmitry E. Tsvetkov for the gel-permeation chro-
matography analysis of studied polysaccharides.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kiew, P.L.; Don, M.M. Jewel of the sea bed: Sea cucumbers as nutritional and drug candidates. Int. . Food Sci. Nutr. 2012, 63,
616-636. https://doi.org/10.3109/09637486.2011.641944.

2. Pomin, V.H. Holothurian fucosylated chondroitin sulfate. Mar. Drugs 2014, 12, 232-254. https://doi.org/10.3390/md12010232.

3. Xu, H; Zhou, Q.; Liu, B.; Chen, F.; Wang, M. Holothurian fucosylated chondroitin sulfates and their potential benefits for hu-
man health: Structures and biological activities. Carbohydr. Polym. 2022, 275, 118691.
https://doi.org/10.1016/j.carbpol.2021.118691.

4. Mourao, P.A.S. Perspective on the use of sulfated polysaccharides from marine organisms as a source of new antithrombotic
drugs. Mar. Drugs. 2015, 13, 2770-2784. https://doi.org/10.3390/md13052770.



Pharmaceuticals 2023, 16, 1673 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

Li Y.; Li, M,; Xu, B,; Li, Z; Qi, Y.; Song, Z.; Zhao, Q.; Du, B.; Yang, Y. The current status and future perspective in combination
of the processing technologies of sulfated polysaccharides from sea cucumbers: A comprehensive review. J. Funct. Foods 2021,
87, 104744https://doi.org/10.1016/j.jff£.2021.104744.

Li, H.; Yuan, Q.; Lv, K;; Ma, H.; Gao, C.; Liu, Y.; Zhang, S.; Zhao, L. Low-molecular-weight fucosylated glycosaminoglycan
and its oligosaccharides from sea cucumber as novel anticoagulants: A review. Carbohydr. Polym. 2021, 251, 117034.
https://doi.org/10.1016/j.carbpol.2020.117034.

Li, J.; Li, S.;; Wu, L.; Yang, H.; Wey, C.; Ding, C.; Linhardt, R.].; Zheng, X.; Ye, X.; Chen, S. Ultrasound-assisted fast preparation
of low molecular weight fucosylated chondroitin sulfate with antitumor activity. Carbohydr Polym. 2019, 209, 82-91.
https://doi.org/10.1016/j.carbpol.2018.12.061.

Vasconcelos, A.A.; Pomin, V.H. Marine carbohydrate-based compounds with medical properties. Mar. Drugs 2018, 16, 233.
https://doi.org/10.3390/md16070233.

Pomin, V.H.; Vignovich, W.P.; Gonzales, A.V.; Vasconcelos, A.A.; Mulloy, B. Galactosaminoglycans: Medical applications and
drawbacks. Molecules 2019, 24, 2803. https://doi.org/10.3390/molecules24152803.

Hossain, A.; Dave, D.; Shahidi, F. Sulfated polysaccharides in sea cucumbers and their biological properties: A review. Int. J.
Biol. Chem. 2023, 253, 127329. https://doi.org/10.1016/j.ijbiomac.2023.127329.

Yan, L.; Li, L.; Li, J.; Yu, Y,; Liu, X;; Ye, X;; Linhardt, R.J.; Chen, S. Bottom-up analysis using chromatography-Fourier transform
mass spectrometry to characterize fucosylated chondroitin sulfates from sea cucumbers. Glycobiology 2019, 29, 755-764.
https://doi.org/10.1093/glycob/cwz057.

Ustyuzhanina, N.E.; Bilan, M.I; Dmitrenok, A.S.; Shashkov, A.S.; Kusaykin, M.L; Stonik, V.A.; Nifantiev, N.E.; Usov, A.L
Structural characterization and anticoagulant properties of sulfated polysaccharides of the sea cucumber Cucumaria japonica.
Glycobiology 2016, 26, 449-459. https://doi.org/10.1093/glycob/cwv119.

Mourao, P.A.S,; Vilanova, E.; Soares, P.A.G. Unveiling the structure of sulfated fucose-rich polysaccharides via nuclear mag-
netic resonance spectroscopy. Curr. Opinion Struct. Biol. 2018, 50, 33—41. https://doi.org/10.1016/j.sbi.2017.10.011.

Shang, F.; Gao, N.; Yin, R.; Lin, L.; Xiao, C.; Zhou, L.; Li, Z.; Purcell, S.W.; Wu, M.; Zhao, ]J. Precise structures of fucosylated
glycosaminoglycan and its oligosaccharides as novel intrinsic factor Xase inhibitors. Eur. ]. Med. Chem. 2018, 148, 423-435.
https://doi.org/10.1016/j.ejmech.2018.02.047.

Ustyuzhanina, N.E.; Bilan, M.I.; Dmitrenok, A.S.; Shashkov, A.S.; Kusaykin, M.L; Stonik, V.A.; Nifantiev, N.E.; Usov, A.I. The
struc-402 ture of a fucosylated chondroitin sulfate from the sea cucumber Cucumaria frondosa. Carbohydr. Polym. 2017, 165, 7—
12. https://doi.org/10.1016/j.carbpol.2017.02.003.

Soares, P.A.G.; Ribeiro, K.A.; Valente, A.P.; Capille, N.V.; Jliveira, S.-N.M.C.G.; Tovar, AM.F.; Pereira, M.S; Vilanova, E.;
Mourao, P.A.S. A unique fucosylated chondroitin sulfate type II with strikingly homogeneous and neatly distributed a-fucose
branches. Glycobiology 2018, 28, 565-579.

Qui, P.; Wu, F.; Yi, L;; Chen, L Jin, Y.; Ding, X.; Ouyang, Y.; Yao, Y.; Jiang, Y.; Zhang, Z. Structure characterization of a heavily
fucosylated chondroitin sulfate from sea cucumber (H. leucospilota) with bottom-up strategies. Carbohydr Polym. 2020, 240,
116337. https://doi.org/10.1016/j.carbpol.2020.116337.

Yin, R.; Zhou, L.; Gao, N.; Lin, L.; Sun, H.; Chen, D.; Cai, Y.; Zuo, Z; Hu, K,; Huang, S.; et al Unveiling the disaccharide-
branched glycosaminoglycan and anticoagulant potential of its derivatives. Biomacromolecules 2021, 22, 1244-1255.
https://doi.org/10.1021/acs.biomac.0c01739.

Mao, H.; Cai, Y.; Li, S.; Sun, H.; Lin, L.; Pan, Y.; Yang, W.; He, Z.; Chen, R.; Zhou, L.; et al. A new fucosylated glycosaminogly-
can containing disaccharide branches from Acaudina molpadioides: Unusual structure and anti-intrinsic tenase activity. Carbo-
hydr. Polym. 2020, 245, 116503. https://doi.org/10.1016/j.carbpol.2020.116503.

Li, S.; Zhong, W.; Pan, Y.; Lin, L.; Cai, Y.; Mao, H.; Zhang, T.; Li, S.; Chen, R.; Zhou, L.; et al. Structural characterization and
anticoagulant analysis of the novel branched fucosylated glycosaminoglycan from sea cucumber Holothuria nobilis. Carbohydr.
Polym. 2021, 269, 118290. https://doi.org/10.1016/j.carbpol.2021.118290.

Yin, R.; Pan, Y.; Cai, Y.; Yang, F.; Gao, N.; Ruzemaimaiti, D.; Zhao, J. Re-understanding of structure and anticoagulation: Fuco-
sylated chondroitin sulfate from sea cucumber Ludwigothurea grisea. Carbohydr. Polym. 2022, 294, 119826.
https://doi.org/10.1016/j.carbpol.2022.119826.

Lan, D.; Zhang, J.; Shang, X.; Yu, L.; Xu, C.; Wang, P.; Cui, L.; Cheng, N.; Sun, H; Ran, J; et al. Branch distribution pattern and
anticoagulant activity of a fucosylated chondroitin sulfate from Phyllophorella kohkutiensis. Carbohydr. Polym. 2023, 321, 121304.
https://doi.org/10.1016/j.carbpol.2023.121304.

Vieira, R.P.; Mourao, P.A.S. Occurrence of a unique fucose-branched chondroitin sulfate in the body wall of a sea cucumber. J.
Biol. Chem. 1988, 263, 18176-18183.

Chen, S.; Li, G,; Wu, N.; Guo, X,; Liao, N.; Ye, X,; Liu, D.; Xue, C.; Chai, W. Sulfation pattern of the fucose branch is important
for the anticoagulant and antithrombotic activities of fucosylated chondroitin sulfates. Biochim. Biophys. Acta 2013, 1830, 3054—
3066.

Pomin, V.H. Medical gains of chondroitin sulfate upon fucosylation. Curr. Med. Chem. 2015, 22, 4166—4176.

Selenka, E. Beitrdge zur Anatomie und Systematik der Holothurien. Z. Fiir Wiss. Zool. 1867, 17, 291-374.

Bell, F.J. Studies in the Holothuroidea. I. On the Genus Psolus and the forms allied thereto. In Proceedings of the Zoological Socie-
ty of London; Blackwell Publishing Ltd: Oxford, UK, 1882; pp. 641-650.



Pharmaceuticals 2023, 16, 1673 14 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Luo, L.; Wu, M,; Xu, L,; Lian, W.; Xiang, J.; Lu, F.; Gao, N.; Xiao, C.; Wang, S.; Zhao, J. Comparison of physicochemical charac-
teristics and anticoagulant activities of polysaccharides from three sea cucumbers. Mar. Drugs 2013, 11, 399-417.
https://doi.org/10.3390/md11020399.

Dong, X.; Pan, R.; Deng, X.; Chen, Y.; Zhao, G.; Wang, C. Separation, purification, anticoagulant activity and preliminary
structural characterization of two sulfated polysaccharides from sea cucumber Acaudina molpadioidea and Holothuria nobilis.
Process. Biochem. 2014, 49, 1352-1361. https://doi.org/10.1016/j.procbio.2014.04.015.

Dong, X,; Pan, R.; Zou, S.; He, M.; Wang, C. Oxidative degradation of the sulfated polysaccharide isolated from sea cucumber
Holothuria nobilis. Process. Biochem. 2015, 50, 94-301. https://doi.org/10.1016/j.procbio.2014.12.016.

Zou, S.; Pan, R.; Dong, X.; He, M.; Wang, C. Physicochemical properties and antioxidant activities of two fucosylated chon-
droitin sulfate from sea cucumber Acaudina molpadioidea and Holothuria nobilis. Process. Biochem. 2016, 51, 650-658.
https://doi.org/10.1016/j.procbio.2016.02.009.

Miller, AK.; Kerr, AM.; Paulay, G.; Reich, M.; Wilson, N.G.; Carvajal, ].I.; Rouse, G.W. Molecular phylogeny of extant Holo-
thuroidea (Echinodermata). Mol. Phylogenetics Evol. 2017, 111, 110-131. https://doi.org/10.1016/j.ympev.2017.02.014.

Vieira, R.P.; Mulloy, B.; Mourao, P.A.S. Structure of a fucose-branched chondroitin sulfate from sea cucumber. Evidence for
the presence of 3-O-sulfo-p-D-glucuronosyl residues. J. Biol. Chem. 1991, 266, 13530-13536.

Ustyuzhanina, N.E.; Bilan, M.L; Dmitrenok, A.S.; Borodina, E.Y.; Stonik, V.A.; Nifantiev, N.E.; Usov, A.L. A highly regular
fucosylated chondroitin sulfate from the sea cucumber Massinium magnum: Structure and effects on coagulation. Carbohydr.
Polym. 2017, 167, 20-26. https://doi.org/10.1016/j.carbpol.2017.02.101.

Ustyuzhanina, N.E.; Bilan, M.L;; Dmitrenok, A.S.; Tsvetkova, E.A.; Nikogosova, S.P.; Hang, C.T.T,; Thinh, P.D.; Trung, D.T.;
Van, T.T.T.; Shashkov, A.S.; et al. Fucose-rich sulfated polysaccharides from two Vietnamese sea cucumbers Bohadschia argus
and Holothuria  (Theelothuria) spinifera: Structures and anticoagulant activity. Mar. Drugs 2022, 20, 380.
https://doi.org/10.3390/md20060380.

Anisimova, N.Y.; Ustyuzhanina, N.E.; Bilan, M.I; Donenko, F.V.; Usov, A.IL; Kiselevskiy, M.V.; Nifantiev, N.E. Fucoidan and
fucosylated chondroitin sulfate stimulate hematopoiesis in cyclophosphamide-Induced mice. Mar. Drugs 2017, 15, 301.
https://doi.org/10.3390/md15100301.

Anisimova NYu Ustyuzhanina, N.E.; Bilan, M.I.; Donenko, F.V.; Ushakova, N.A.; Usov, A.L; Kiselevskiy, M.V.; Nifantiev, N.E.
Influence of modified fucoidan and related sulfated oligosaccharides on hematopoiesis in cyclophosphamide-induced mice.
Mar. Drugs 2018, 16, 333. https://doi.org/10.3390/md16090333.

Ustyuzhanina, N.E.; Anisimova, N.Y.; Bilan, M.I; Donenko, F.V.; Morozevich, G.E.; Yashunskiy, D.V.; Usov, A.L; Siminyan,
N.G; Kirgisov, K.I.; Varfolomeeva, S.R.; et al. Chondroitin sulfate and fucosylated chondroitin sulfate as stimulators of hema-
topoiesis. Pharmaceuticals 2021, 14, 074. https://doi.org/10.3390/ph14111074.

Ustyuzhanina, N.E.; Bilan, M.I.; Anisimova, N.Y.; Dmitrenok, A.S.; Tsvetkova, E.A.; Kiselevskiy, M.V.; Nifantiev, N.E.; Usov,
AL Depolymerization of a fucosylated chondroitin sulfate from the sea cucumber Cucumaria japonica: Structure and biological
activity of the product. Carbohydr. Polym. 2022, 281, 119072. https://doi.org/10.1016/j.carbpol.2021.119072.

Li, C; Niu, Q.; Li, S.; Zhang, X; Liu, C.; Cai, C,; Li, G.; Yu, G. Fucoidan from sea cucumber Holothuria polii: Structural elucida-
tion and stimulation of hematopoietic activity. Int. ] Biol.  Macromol. 2020, 154, 1123-1131.
https://doi.org/10.1016/j.ijpiomac.2019.11.03.

Niu, Q; Li, G.; Li, C; Li, Q.; Li, J; Liu, C; Pan, L.; Li, S.; Cai, C.; Hao, J.; et al. Two different fucosylated chondroitin sulfates:
Structural elucidation, stimulating hematopoiesis and immune-enhancing effects. Carbohydr. Polym. 2020, 230, 115698.
https://doi.org/10.1016/j.carbpol.2019.115698.

Sweeney, E.A.; Lortat-Jacob, H.; Priestley, G.V.; Nakamoto, B.; Papayannopoulou, T. Sulfated polysaccharides increase plasma
levels of SDF-1 in monkeys and mice: Involvement in mobilization of stem/progenitor cells. Blood 2002, 99, 44-51.
https://doi.org/10.1182/blood.v99.1.44.

Ma, W.P,; Yin, S.N.; Chen, ].P.; Geng, X.C; Liu, M.F; Li, H.H.; Liu, M.; Liu, H.B. Stimulating the hematopoietic effect of simu-
lated digestive product of fucoidan from Sargassum fusiforme on cyclophosphamide-induced hematopoietic damage in mice
and its protective mechanisms based on serum lipidomics. Mar. Drugs 2022, 20, 201. https://doi.org/10.3390/md20030201.
Ziegler, P.; Boettcher, S.; Takizawa, H.; Manz, M.G.; Briimmendorf, T.H. LPS-stimulated human bone marrow stroma cells
support myeloid cell development and progenitor cell maintenance. Ann. Hematol. 2016, 95, 173-178.
https://doi.org/10.1007/s00277-015-2550-5.

Syrjala, M.; Ruutu, T.; Jansson, S.E. A flow cytometric assay of CD34-positive cell populations in the bone marrow. Br. J. Hae-
matol. 1994, 88, 679-84. https://doi.org/10.1111/j.1365-2141.1994.tb05104 x.

Pierelli, L.; Scambia, G.; Bonanno, G.; Rutella, S.; Puggioni, P.; Battaglia, A.; Mozzetti, S.; Marone, M.; Menichella, G.; Rumi, C.;
et al. CD34+/CD105+ cells are enriched in primitive circulating progenitors residing in the GO phase of the cell cycle and con-
tain all bone marrow and cord blood CD34+/CD38low/- precursors. Br. ]. Haematol. 2000, 108, 610-620.
https://doi.org/10.1046/j.1365-2141.2000.01869.x.

Braun, J.; Kurtz, A.; Barutcu, N.; Bodo, J.; Thiel, A.; Dong, ]. Concerted regulation of CD34 and CD105 accompanies mesen-
chymal stromal cell derivation from human adventitial stromal cell. Stem Cells Dev. 2013, 22, 815-27.
https://doi.org/10.1089/scd.2012.0263.

Mackey, M.C.; Glisovic, S.; Leclerc, ].; Pastore, Y.; Krajinovic, M.; Craig, M. The timing of cyclic cytotoxic chemotherapy can
worsen neutropenia and neutrophilia. Br. |. Clin. Pharmacol. 2020, 87, 687—-693.



Pharmaceuticals 2023, 16, 1673 15 of 15

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

Craig, M.; Humphries, A.; Mackey, M. A mathematical model of granulopoiesis incorporating the negative feedback dynam-
ics and kinetics of G-CSF/neutrophil binding and internalisation. Bull Math Biol. 2016, 78, 2304-2357.
https://doi.org/10.1007/s11538-016-0179-8.

Cabrera-Rivera, G.L.; Madera-Sandoval, R.L.; Ledn-Pedroza, J.I.; Ferat-Osorio, E.; Salazar-Rios, E.; Hernandez-Aceves, J.A.;
Guadarrama-Aranda, U.; Lépez-Macias, C.; Wong-Baeza, 1.; Arriaga-Pizano, L.A. Increased TNF-a production in response to
IL-6 in patients with systemic inflammation without infection. Clin. Exp. Immunol. 2022, 209, 225-235.
https://doi.org/10.1093/cei/uxac055.

Cartmell, T.; Poole, S.; Turnbull, A.V,; Rothwell, N.J.; Luheshi, G. Circulating interleukin-6 mediates the febrile response to
localised inflammation in rats. J. Physiol. 2000, 526, 653—661. https://doi.org/10.1111/j.1469-7793.2000.00653.x.

Ma, L.; Zhang, H.; Yin, Y.L.; Guo, W.Z,; Ma, Y.Q.; Wang, Y.B.; Shu, C.; Dong, L.Q. Role of interleukin-6 to differentiate sepsis
from non-infectious systemic inflammatory response syndrome. Cytokine 2016, 88, 126-135.
https://doi.org/10.1016/j.cyto.2016.08.033.

Mikaeili, H.; Taghizadieh, A.; Nazemiyeh, M.; Rezaeifar, P.; Zununi Vahed, S.; Safiri, S.; Ardalan, M.; Ansarin, K. The early
start of hemoperfusion decreases the mortality rate among severe COVID-19 patients: A preliminary study. Hemodial. Int.
2022, 26, 176-182. https://doi.org/10.1111/hdi.12982.

Le Blanc, K.; Rasmusson, L; Sundberg, B.; Gotherstrom, C.; Hassan, M.; Uzunel, M.; Ringdén, O. Treatment of severe acute
graft-versus-host disease with third party haploidentical mesenchymal stem cells. Lancet 2004, 393, 1439-1441.
https://doi.org/10.1016/S0140-6736(04)16104-7.

Zhu, G.R; Zhou, X.Y,; Lu, H; Zhou, ].W.; Li, A.P.; Xu, W,; Li, ].Y.; Wang, C.Y. Human bone marrow mesenchymal stem cells
express multiple hematopoietic growth factors. Zhongguo Shi Yan Xue Ye Xue Za Zhi 2003, 11, 115-119.

Li, Y,; Chen, S; Yuan, J; Yang, Y,; Li, J.; Ma, ], Wu, X,; Freund, M.; Pollok, K,; Hanenberg, H.; et al. Mesenchymal
stem/progenitor cells promote the reconstitution of exogenous hematopoietic stem cells in Fancg-/- mice in vivo. Blood 2009,
113, 2342-2351.

D’Souza, A.; Fretham, C; Lee, S.J.; Arora, M.; Brunner, J.; Chhabra, S.; Devine, S.; Eapen, M.; Hamadani, M.; Hari, P.; et al.
Current use of and trends in hematopoietic cell transplantation in the United States. Biol. Blood Marrow Transplant. 2020, 26,
177-182. https://doi.org/10.1016/j.bbmt.2020.04.013.

Korngold, R.; Marini, J.C.; de Baca, M.E.; Murphy, G.F.; Giles-Komar, J. Role of tumor necrosis factor-alpha in graft-versus-
host disease and graft-versus-leukemia responses. Biol. Blood Marrow  Transplant. 2003, 9, 292-303.
https://doi.org/10.1016/s1083-8791(03)00087-9.

Greco, R.; Lorentino, F.; Nitti, R.; Lupo Stanghellini, M.T.; Giglio, F.; Clerici, D.; Xue, E.; Lazzari, L.; Piemontese, S.; Mastaglio,
S.; et al. Interleukin-6 as biomarker for acute GVHD and survival after allogeneic transplant with post-transplant cyclophos-
phamide. Front. Immunol. 2019, 1, 2319. https://doi.org/10.3389/fimmu.2019.02319.

Bilan, M.I.; Grachev, A.A.; Ustuzhanina, N.E.; Shashkov, A.S.; Nifantiev, N.E.; Usov, A.L. Structure of a fucoidan from the
brown seaweed Fucus evanescens C.Ag. Carbohydr. Res. 2002, 337, 719-730. https://doi.org/10.1016/50008-6215(02)00053-8.
Dodgson, K.S.; Price, R.G. A note on the determination of the ester sulphate content of sulphated polysaccharides. Biochem. ].
1962, 84, 106-110. https://doi.org/10.1042/bj0840106.

Scott, R.W. Colorimetric determination of hexuronic acids in plant materials. Anal. Chem. 1979, 51, 936-941.

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. ]. Biol. Chem.
1951, 193, 265-275. https://doi.org/10.1016/50021-9258(19)52451-6.

Dubois, M.; Gilles, K.A.; Hamilton, ].K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of sugars and related
substances. Anal. Chem. 1956, 28, 350-356. https://doi.org/10.1021/ac60111a017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



