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Hematopoietic and
T-lymphopoiesis-stimulating
effects of a fluorinated
pyrazolopiperidine f-cyclodextrin
complex in
cyclophosphamide-induced
hematopoietic suppression
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Laboratory of Synthetic and Natural Medicinal Compounds Chemistry, A. B. Bekturov Institute of
Chemical Sciences, Almaty, Kazakhstan, Department of Biophysics, Biomedicine and Neuroscience,
Al Farabi Kazakh National University, Almaty, Kazakhstan, *Department of Chemistry, Kazakh National
Women's Teacher Training University, Almaty, Kazakhstan, “Department of Anatomy, Physiology, and
Sports Medicine, Faculty of Olympic Sport, Kazakh Academy of Sport and Tourism, Almaty, Kazakhstan,
°Department of Analytical, Colloid Chemistry and Technology of Rare Elements, Farabi University, Almaty,
Kazakhstan

Background: Cyclophosphamide is widely used in oncology, autoimmune
disorders, and transplantation-related conditioning or post-transplant
immunosuppression. However, its therapeutic value is limited by
hematopoietic and lymphoid toxicity, including leukopenia, neutropenia,
anemia, thrombocytopenia, bone marrow suppression, thymic injury, and
prolonged impairment of T-cell recovery. These effects may occur after
pulsed intravenous administration, high-dose regimens used in transplantation
or severe refractory disease, and continuous low-dose/metronomic exposure.
Therefore, there is a medical need for pharmacological agents capable of
compensating cyclophosphamide-induced hematopoietic and lymphopoietic
suppression without causing uncontrolled stimulation of early progenitor cells.
Aim: To evaluate the hematopoietic and T-lymphopoiesis-stimulating activity of BIV
under cyclophosphamide-induced hematopoietic and T-lymphopoietic suppression.
Methods: Cyclophosphamide-induced hematopoietic- and T-lymphopoiesis-
suppressive models were established on laboratory albinos rats and C57BL6/J
mice. Peripheral blood hematological indices in rats were measured using
hematology analyzers. Hematopoietic stem cells, thymocyte subsets, Tha,
Treg: Tmem. CTL cell populations, and erythroid cells from the bone marrow,
thymus, and spleen were analyzed by flow cytometry. Statistical analysis was
performed using one-way ANOVA (p < 0.05).

Results: In rats with CPh-induced hematopoietic suppression, BIV supported partial
recovery of erythrocyte and hemoglobin parameters and improved leukopoietic
indices under CPh-induced hematopoietic suppression. The p-cyclodextrin
complex of 5-benzyl-7-(o-fluorobenzylidene)-2,3-bis(o-fluorophenyl)-3,3a,4,5,6,
7-hexahydro-2H-pyrazolo[4,3-clpyridine (BIV) demonstrated a consistent moderate
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activity in restoring the overall level of CD3e+CD19— T lymphocytes in the bone marrow
and thymus. In the bone marrow, BIV uniformly increased the reduced levels of
CD3e+CD19- T lymphocytes and CD3e+CD44* Tpem Mmemory T cells to
physiological normal values. In the spleen, BIV restored the decreased levels of
CD25+FoxP3+ Teq regulatory lymphocytes and CD28"CD44" T e memory T cells
to physiological normal levels, while reducing the elevated levels of CD3e+CD8a+ CTL
cytotoxic T lymphocytes and CD4*CD25" Th, activated helper T cells to values
corresponding to the physiological norm.

Conclusion: BIV demonstrated notable hematopoietic- and T-lymphopoiesis-
modulating activity. The compound partially restored erythropoiesis as well as
central and peripheral T-lymphopoiesis, while providing balanced regulation of
cytotoxic, regulatory, and memory T-cell subsets in cyclophosphamide-induced
T-lymphopoiesis-suppressive  models.  Several evaluated T-lymphocyte
subpopulations approached or returned to physiological control levels under

the experimental conditions, although full translational validation requires
further pharmacological and toxicological investigation.

KEYWORDS

cyclophosphamide-induced T-lymphopoiesis suppression, hematopoietic recovery,

immunomodulatory

activity, pyrazolopiperidine p-cyclodextrin complex (BIV),

T-lymphopoiesis stimulating activity

1 Introduction

Alkylating cytostatics remain integral to conditioning regimens
in oncology and allogeneic hematopoietic transplantation (Meade
and Bolafios-Meade, 2024). However, the clinical use of cytostatic
agents continues to expand each year, and these drugs are
increasingly  incorporated into  treatment protocols in
rheumatology, allergology, dermatology, cardiovascular medicine,
dentistry, traumatology, transplantation medicine, and cosmetic
practice (Kato et al,, 2020; Zhu et al, 2020; Haselwanter et al.,
2023; Teles et al., 2017; Robinson et al., 2016; Sato-Okabayashi et al.,
2020). Cyclophosphamide (CPh) induces profound depression of
hematopoietic and lymphoid progenitors with long-lasting
cytopenia (Singh et al, 2021). Cyclophosphamide-related
hematological toxicity depends on the exposure schedule,
cumulative dose, and clinical indication. Pulsed intravenous
regimens are commonly used in severe autoimmune and
inflammatory diseases to achieve immunosuppression while
limiting cumulative exposure; nevertheless, transient leukopenia,
neutropenia, lymphopenia, and infection risk remain clinically
important. High-dose cyclophosphamide regimens, including
transplantation-related protocols and severe refractory immune-
mediated conditions, are associated with deeper immune depletion
and delayed hematopoietic recovery, even when they are used for
selective immunomodulatory purposes. Continuous low-dose or
metronomic cyclophosphamide produces a different biological
profile, with antiangiogenic and immunomodulatory effects,
including suppression of regulatory T-cell compartments, but
prolonged exposure may still disturb immune homeostasis and
requires hematological monitoring. These regimen-dependent
toxicities support the need for adjunctive agents that can
compensate cytostatic injury by promoting balanced hematopoietic
and lymphopoietic recovery. Cytostatic-induced myelo- and
lymphocytodepressive conditions can lead to acute infectious
processes, tissue necrosis, and exacerbation of chronic diseases
(Guevara et al,, 2023; Abdoon et al, 2023; Makheja et al, 2013;
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Huyan et al, 2011; Angley et al,, 1995). Cyclophosphamide (CPh)
causes a significant reduction in T-lymphocyte levels. According to the
study by Grinko et al. (2020), complete restoration of T-lymphocyte
subpopulations was observed only by the 60th day after the initial
administration of cyclophosphamide. Prolonged cyclophosphamide-
induced T-lymphopoiesis suppression resulted in excessive phenotypic
conversion of Tnaive cells into CTLs, as well as accumulation of
Thl cells and autoreactive CTL clones. Numerous studies have
emphasized the importance of timely restoration of the mitotic
activity of the T-lymphoid pool in the bone marrow, accompanied
by adequate repopulation of the thymus and reduction of the risk
associated with the accumulation of autoreactive CTLs. However, the
range of currently available myelopoiesis- and lymphopoiesis-
stimulating agents remains limited, and many of these drugs are
associated with pronounced adverse effects. synthetic and naturally
derived nucleic acid-based agents, including sodium nucleinate,
pentoxyl, poludan, inosine pranobex, methyluracil, and inosine,
may stimulate the growth and proliferation of prokaryotic, benign,
and malignant cells (Dressel, 1977; Klinman et al, 1996; Qu et al.,
2024). The immunostimulatory activity of CpG oligodeoxynucleotides
depends on their structure and delivery system (Hanagata, 2012). First-
generation thymic agents are no longer used in therapeutic practice.
Second-generation thymic preparations, including Thymosin,
Thymopoietin, Timalin, Thymostimulin, Vilozen, Thymomodulin,
Timurovich, and Thymulin, are generally administered only under
inpatient conditions and may induce severe adverse effects, including
septic shock, destruction of host tissues, and autoimmune disorders
(Liu et al., 2020). Myelopeptide-based agents, including Filgrastim,
Molgramostim, Lenograstim, Pegfilgrastim, Lipegfilgrastim, and
Empegfilgrastim, exhibit a broad spectrum of biological activity.
However, these agents may induce uncontrolled pyrogenic
reactions, severe bone pain, and other systemic adverse effects.
Consequently, a dose adjustment and administration must be
performed strictly under medical supervision in clinical settings
(Lee et al., 2020; Di Carlo et al., 2022; Thwaites et al., 2021; Zhao
etal,, 2021; Papalois et al., 2019; Lundqvist et al., 2013). Cytokine-based
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preparations, including Leukinferon, Superlymph, Betaleukin, and
Roncoleukin, are also administered exclusively under inpatient
conditions and require highly precise dosing at extremely low
concentrations (107°-107'%). Cytokines may induce severe adverse
reactions, including septic shock, reduced contractility of the
myocardium and vascular smooth muscle cells, increased
endothelial ~ permeability,
hypotension, and hypoglycemia (Finkel et al., 1992; Aoki and Xing,
2004; Azuma, 1992; Liu et al, 2010). Plant-derived adaptogens

(Immunal, Echinacea

impaired organ  microcirculation,

liquidum, Echinacea compositum S,

Echinacea VILAR, the root of ginseng, Siberian ginseng) including
extracts from medicinal

polysaccharide-rich plants  display

myeloprotective  and activity  (Grafeneder
et al., 2022).

Currently, there is an interest in synthetic compounds with a

anti-inflammatory

heterocyclic core. Heterocyclic nuclei form the basis for the

construction of numerous homological series containing
hydrocarbon residues in the form of side chains, as well as
various functional groups. The most important are pyrrol,
pyrazole, imidazole, pyridine, pyrimidine, piperidine, furan,
thiophene, indole, quinoline, purine, benzimidazole, etc (Luo
et al,, 2024; Baktybayeva et al., 2023; Eryanti et al.,, 2015; Purygin
et al,, 2004). Of the registered medicines, 6% are compounds with a
pyridine ring and its derivatives. These are anti-tuberculosis,
antihypertensive, antihistamines, cardiovascular drugs, antidotes
of toxic organophosphorus compounds, neuroleptics and other
drugs. The first prerequisite for the synthesis of a new compound
was the manifestation of leukopoiesis-stimulating activity with the
drug Mexidol (2-ethyl-6-methyl-3-hydroxypyridine succinate).
Mexidol is

antihypoxic,

a nootropic,
antioxidant,

cerebroprotective, stress-protective,

anticonvulsant,  anxiolytic = and
membrane-protective drug. When used in postoperative practice,
an increase in the proportion of examined patients with vegetative
equilibrium was revealed (from 62.86% to 88.57%; p < 0.05),
normalization of vegetative reactivity (from 8.57% to 34.29%; p <
0.05), blood leukogram analysis showed effective positive dynamics
in restoring granulocyte and B-lymphocyte indices, an increase in
IgM indices (from 1.89 g/L to 2.12 g/L; p < 0.05) with a simultaneous
tendency to increase IgA and IgG (Kabdualiev et al, 2007;
Tolkacheva et al, 2021). The second prerequisite for the
synthesis of a new compound is the selection of an appropriate
heterocyclic scaffold, as heterocyclic frameworks, particularly
nitrogen-containing systems, dominate the current portfolio of
approved small-molecule drugs, including many agents
introduced in recent years (Luo et al., 2024; Baktybayeva et al.,
2023; Yu et al., 2018). Dienone derivatives of piperidine obtainable
through aldol-crotonic condensation yield o,al-divinyl ketones
suitable for construction of polycyclic structures with a

piperidine-pyrazoline pharmacophore. Structure-activity ~data
suggested replacement of methoxy substituents with fluorine
atoms within the pyrazolopiperidine core would produce a
substrate with strong leukopoiesis-stimulating capacity.

In a recent study, we synthesized the B-cyclodextrin inclusion
complex of 5-benzyl-7-(o-fluorobenzylidene)-2,3-bis(o-fluorophenyl)-
3,3a,4,5,6,7-hexahydro-2H-pyrazolo[4,3-c]pyridine, hereafter referred
to as BIV, and evaluated its hematopoietic effects in a rat model of
CPh-induced hematopoietic suppression and in a mice model of

CPh-induced B-lymphopoietic suppression (Koshetova et al., 2025).
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BIV accelerated recovery of erythroid, myeloid and lymphoid cells
lineages, with marked stimulation of B-lymphocyte maturation and a
favorable toxicity profile (Koshetova et al., 2025). The structure is
shown in Supplementary Material Figure SI.

Methyluracil (MU) (as
methylpyrimidine) remains a widely used and inexpensive

control medicine) (2,4-dioxo-6-

hematopoietic stimulant in the therapeutic practice in our
country (Gimadieva et al., 2013; Ministry of Healthcare of the
Republic of Kazakhstan, 2020). Methyluracil enhances the growth
and reproduction of cells, improving the course of regeneration in
the damaged tissues, accelerates the healing of wounds, ulcers,
burns, and increases the body’s resistance to infections. A
characteristic feature of the preparation is its stimulating effect
on hematopoiesis (an increased formation of leukocytes and red
blood cells in the bone marrow). Besides, methyluracil has an anti-
inflammatory effect, increases the body’s resistance to the blood loss
and oxygen deficiency, and normalizes the production of gastric
juice and its acidity.

Based on these data, BIV represents a promising candidate for
targeted restoration of the hematopoiesis and T-lymphopoiesis in
cyclophosphamide-induced hematopoiesis- and T-lymphopoiesis-
suppressive conditions. The present work aimed to evaluate whether
BIV effectively restores hematopoiesis in a rat model of CPh-
induced hematopoietic suppression and T-lymphopoiesis in a
mouse model of CPh-induced T-lymphopoiesis suppression.

2 Materials and methods

2.1 General considerations and preparation
of compounds

In the
inclusion complex of 5-benzyl-7-(o-fluorobenzylidene)-2,3-
bis(o-fluorophenyl)-3,3a,4,5,6,7-hexahydro-2H-pyrazolo[4,3-c]
pyridine (PPBCD), previously described and characterized by
(2025),
experimental code “BIV”. Accordingly, the designation BIV

biological experiments, the p-cyclodextrin

Koshetova et al. was used under the internal
used in figures and biological assays throughout this work
refers to the PPBCD complex. The synthesis of the key
intermediates and the preparation of the inclusion complex
PPBCD (BIV, including reaction monitoring, purification, and
structural confirmation by TLC, elemental analysis, melting
point determination, IR, and NMR spectroscopy) were
performed as described in our previous work (Koshetova

et al., 2025) and are not repeated here.

2.2 Biological research methods

2.2.1 Design of the experiment on
hemostimulating activity (rats)

The hemostimulating activity of BIV was evaluated using adult
laboratory white rats. The experimental design for investigating
hemostimulatory activity using a cyclophosphamide-induced
hemosuppression model is widely employed in many laboratories
worldwide (Bondarchuk, 2016). Animals were housed in a
facility under controlled conditions

pathogen-free barrier
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(21 °C-23 °C) with free access to standard laboratory chow and
water. Lighting conditions were maintained under a natural
light-dark cycle without disruption of the animals’ circadian
rhythms. The physiological condition of the animals, including
body weight, coat condition, and stool characteristics, was
continuously monitored throughout the study. The animals were
housed in a sanitary protection area with ad libitum access to
purified water supplied through automatic drinking systems and
standardized pelleted feed. The study included nulliparous female
rats weighing 180-220 g and aged 8-9 weeks. The animals belonged
to the outbred SD (Sprague Dawley) albino rat strain and were
obtained from the “Pushchino” Laboratory Animal Breeding Facility
(M.M. Shemyakin and Yu.A. Ovchinnikov Institute of Bioorganic
Chemistry, Russia). The animal population is maintained at the
Biological Clinic of the Department of Biology and Biotechnology,
Farabi University. Animals were randomly divided into four
experimental groups: untreated/intact (UT), placebo (PL), BIV,
and methyluracil (MU). Each group consisted of six animals.
Hematopoietic suppression was induced by administration of the
cytostatic agent cyclophosphamide (Baxter Oncology GmbH,
Germany). On experimental days 1, 3, and 5, animals in the PL,
MU, and BIV groups received intramuscular injections of a 3%
cyclophosphamide solution at a dose of 30 mg/kg, prepared in
isotonic sodium chloride solution. The average injection volume
ranged from 0.2 to 0.24 mL. Animals in the UT group did not receive
any injections. From days 6-8 of the experiment, all administrations
were performed at 09:00 a.m. Rats in the BIV group received BIV
dissolved in saline at a dose of 10 mg/kg, administered
intramuscularly in a volume of 0.2-0.25 mL (1% solution). The
therapeutic dose of BIV was established at 10 mg/kg, based on the
relationship ED5o(BIV) = 1/100 x LDs,(BIV). The acute toxicity
study demonstrated that LDso(BIV) was 754.21 + 12.54 mg/kg, as
previously reported by Koshetova et al. (2025) for the fluorinated
pyrazolopiperidine inclusion complex. The 1/100 fraction of the
LD50 value was selected to provide a broader therapeutic window
and to ensure a favorable safety margin for BIV administration.
Pharmacokinetic studies of BIV are currently being conducted in
2026. The pharmacokinetic evaluation was intentionally initiated
after completion of the preliminary safety and efficacy assessments,
as confirmation of the compound’s biological activity and
toxicological safety was considered essential before proceeding to
detailed ADME (absorption,
excretion) investigations. The pharmacokinetic data are expected
to be published in 2027.

Animals in the MU group received 6-methyluracil under

distribution, metabolism, and

identical conditions and at the same dose and volume. The PL
group received an equivalent volume of saline only. The UT
group remained untreated throughout the study. On day 15 of
the experiment, corresponding to 7 days after the last
administration, blood samples were collected at 09:00 a.m.
from the orbital sinus under general anesthesia using
ketamine (91.0 mg/kg) and xylazine (9.1 mg/kg). Blood was
collected into EDTA (K2) hematology tubes (2 mL) (Siny
Medical EDTA Tube, China) (Baktybayeva et al., 2023).
Animals were fasted for 12 h prior to blood sampling.
Hematological analysis was performed using a MicroCC-20 Plus
automated animal hematology analyzer (HTI, USA). The following

parameters were determined: total white blood cell count (WBC);
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absolute and relative counts of lymphocytes (LYM), monocytes
(MON), neutrophils (NEU), eosinophils (EO), and basophils
(BAS); red blood cell count (RBC); hemoglobin concentration
(HGB); hematocrit (HCT); mean corpuscular volume (MCV);
(MCH);
hemoglobin concentration (MCHC); red blood cell distribution
width (RDW-cv and RDW-sd); platelet count (PLT); thrombocrit
(PCT); and mean platelet volume (MPV).

mean corpuscular hemoglobin mean corpuscular

2.2.2 Design of the experiment on
T-lymphopoiesis-stimulating activity (mice)

Female C57BL6/] mice, obtained from Charles River
Laboratories (USA) and propagated at the Kazakh Scientific
Center for Quarantine and Zoonotic Infections named after
Aikimbayev, were used in this study. The experimental design for
evaluating leukopoiesis-stimulating activity in mice using a
cyclophosphamide-induced leukopoiesis suppression model is
widely employed in many laboratories worldwide (Huyan et al.,
2011; Tian et al.,, 2021; He et al., 2018; Yang et al., 2019)

Animals were housed in a pathogen-free barrier facility under
controlled conditions (21 °C-23 °C) with free access to standard
laboratory chow and water. Lighting conditions were maintained
under a natural light-dark cycle without disruption of the
animals’ circadian rhythms. The physiological condition of the
animals, including body weight, coat condition, and stool
characteristics, was continuously monitored throughout the
study. The animals were housed in a sanitary protection area
with ad libitum access to purified water supplied through
automatic drinking systems and standardized pelleted feed.
Nulliparous female mice weighing 20-24 g and aged 8-9 weeks
were selected for the experiment.

Mice were randomly allocated into four experimental groups:
UT, PL, BIV, and MU, with six animals per group. The experimental
design is schematically illustrated in Supplementary Material Figure
S2. To lymphohematopoietic suppression,
cyclophosphamide (Baxter Oncology GmbH, Germany) was

induce

dissolved in isotonic saline and administered intramuscularly to
mice in the BIV, MU, and PL groups on days 1, 3, and 5 of the
experiment at 09:00 a.m. The dose was 100 mg/kg, corresponding to
approximately 0.025 mL of an 8% solution. Animals in the UT group
did not receive any injections. On days 8, 10, and 12 of the
experiment, at 09:00, mice in the BIV group were administered
BIV dissolved in saline at a dose of 10 mg/kg (0.025 mL of a 1%
solution, intramuscularly). Animals in the MU group received 6-
methyluracil under identical conditions and at the same dose and
volume. The PL group received an equivalent volume of saline
(0.025 mL), while the UT group remained untreated throughout the
study. On day 15, following completion of the treatment course,
animals were anesthetized with ketamine (87.5 mg/kg) and xylazine
(12.5 mg/kg). Hind limb bones and spleen were surgically collected,
after which the animals were sacrificed by decapitation for
further analysis.

All experimental procedures were conducted in accordance with
the Rules for Conducting Preclinical (Nonclinical) Studies of
Biologically Active Substances and the Ethical Principles and
Recommendations for Scientific Experiments on Animals (Ministry
of Healthcare of the Republic of Kazakhstan, 2020). The study
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protocol was approved by the Local Ethics Commission of Al-Farabi
Kazakh National University (Protocol No. 470, 10 June 2022;
Protocol #IRB-A125) and remains valid until 8 October 2025.

2.3 Preparation of phosphate-buffered
saline (PBS) and column buffer

PBS was used for cell washing and for preparation of the column
buffer. PBS was prepared by dissolving NaH,PO, and NaCl in
purified water and adjusting pH to 7.4 using NaOH. The column
buffer was prepared by adding 0.5% FBS (fetal bovine serum) and
0.002 M EDTA to PBS. All solutions were sterile-filtered (0.22 um)
and stored at 4 °C-8 °C until use.

2.4 Bone marrow, thymus, and spleen
cellularity assessment

Bone marrow, thymus, and spleen cell suspensions were
prepared using PBS. Erythrocytes were lysed with a solution
containing 0.83% NH,Cl, 0.1% KHCO;, and 0.003% EDTA
(pH 7.2-7.4) for 10 min at room temperature. Cells were then
washed, passed through 30 pm pre-separation filters (Miltenyi
Biotec, Bergisch Gladbach, Germany), resuspended in PBS,
counted, and assessed for viability using trypan blue (Grafeneder
et al., 2022).

2.5 Cytometric studies of bone marrow,
thymus, and spleen

A forward- and side-scatter gating strategy was used to exclude
debris. Sample preparation and acquisition were performed using a
rapid workflow with strict control of temperature and pH throughout
all stages. The following mouse monoclonal antibodies (mAbs) were
used for surface staining: Anti-Mouse CD117 (c-Kit) Monoclonal
Antibody (2B8(RUO)), APC, BD Pharmingen™ Cat # 553356, 100 pg;
Anti-Mouse CD43 Monoclonal Antibody (S7(RUO)), FITC BD
Pharmingen™ 100 ug Cat #553270; Anti-Mouse CD19 Monoclonal
Antibody (1D3 (RUO)), PerCP-CyTM5.5, BD PharmingenTM 100 pg
Cat #551001; Anti-Mouse CD3e Monoclonal Antibody (145-
2C11(RUQ)), PE, BD PharmingenTM 100 pg Cat #553063; Anti-
Mouse CD4 Monoclonal Antibody (RM4-5), FITC, BD
Pharmingen™ 100 pg Cat #553047; Anti-Mouse CD8a Monoclonal
Antibody (53-6.7(RUO)), PerCP-Cy™5.5, BD Pharmingen™ 100 pg
Cat #553036; Anti-Mouse CD25 Monoclonal Antibody (PC61(RUO)),
PerCP-Cy™5.5, BD Pharmingen™ 50 pg Cat #551071; Anti-Mouse
FoxP3 Monoclonal Antibody (MF23(RUO)), PE, eBioscience™ 50 pg
Cat #560408; Anti-Mouse CD28 Monoclonal Antibody (37.51),
PerCP-Cy™5.5, eBioscience™ 50 pg Cat #16-0281-82; Anti-Mouse
CD44 Monoclonal Antibody (IM7(RUO)), FITC, BD Pharmingen™
50 pg Cat #553133; Anti-Mouse TER-119 Monoclonal Antibody
(TER-119(RUO), PerCP-Cy™5.5, BD Pharmingen™ 50 pg Cat
#560512; Anti-Mouse CD71 Monoclonal Antibody [RI7 217.1.3),
APC, BD Pharmingen™ 50 pg Cat # 567258.

The following subpopulations of cells were studied: CD117* -
bone marrow stem cells with activated tyrosine kinase activation
pathway; CD43*CD3e"CD19~ - early pre-T lymphocytes;
CD3¢'CD4" - Th-helper lymphocytes; CD3e*CD8a" - CTL-
cytotoxic T-lymphocytes; CD4*CD25" - Th,-activated helper
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lymphocytes; CD4*CD25'FoxP3" - T-regulatory lymphocytes;
CD28"CD8a*CD44" - Tyem-co-stimulated memory
Ter119"CD71" - erythroid cells.

Briefly, 1 x 10° cells were incubated with the indicated

cells,

antibodies according to manufacturer protocols and fixed using
BD fixation solution (cat. No. 554722) for 20 min at room
temperature in the dark. Cells were washed, resuspended in
flow solution, and analyzed immediately on a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA) using
CellQuest Pro software (BD Biosciences, San Jose, CA, USA).
Unstained cells, single-stained controls, and fluorescence minus-
one controls were used for instrument setup.

2.6 Statistical data processing

Data were processed using Microsoft Excel and Statistica 6.0.
Results are presented as mean (M) + standard deviation (SD) for
n = 6 mice per group. Statistical differences among groups were
evaluated using one-way analysis of variance (ANOVA), with
significance accepted at p < 0.05 and F > Fcrit. One-way ANOVA
was selected because the experimental animals were of the same
sex, belonged to the same strain, and had highly comparable body
weights. Animal husbandry conditions, including diet and care,
complied with SPF (Specific Pathogen Free) standards and were
maintained according to the experimental protocol. Experimental
repetitions (performed at least twice) were conducted during the
same season of the year under identical circadian conditions,
while ambient temperature and humidity were maintained at
constant levels throughout the study. For predefined pairwise
comparisons among experimental groups, exact p-values and F
statistics were reported in the corresponding Results sections,
tables, and figure legends. Because the study was exploratory and
based on a fixed preclinical group size of six animals per group, the
findings were interpreted cautiously, and statistical significance
was not treated as standalone evidence of therapeutic efficacy.

2.7 Graphical methods of data visualization

Chemical
(PerkinElmer Graphs generated  using
GraphPad Prism 9.2.0. Experimental design figures were created
using BioRender.

structures were prepared using ChemDraw

Informatics). were

3 Results

3.1 Hematopoiesis-stimulating activity
of BIV

In the CPh-induced hematopoiesis suppression model, BIV
increased bone marrow nucleated cell counts. The mean
nucleated cell number in the BIV group reached (72.9 + 5.18) x
10° cells. This value exceeded the UT group level of (25.1 + 1.01) x
10° by 2.94-fold. The value also exceeded the PL group level of
(55.40 + 2.81) x 10° by 1.33-fold (Table 1). The effect matched the
MU reference group.

Anemia occurs in over 45% of oncology patients before
chemotherapy initiation (Sharma et al., 2022). Post-chemotherapy
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TABLE 1 Bone marrow cellularity after CPh-induced hematopoietic suppression in mice.

Groups The average number of the nucleated cells (NC), x10° cells P
uT 251+ 7.4 Pursr = 0.00006, F > F crit, 94.66 > 5.98
MU 574 + 4.2 Pyu.sry = 0.04, F > F crit, 6.05 > 5.98
BIV 729 + 5.1
PL 554 +28 Ppr v = 0.01, F > F crit, 10.36 > 5.98

*Bone marrow nucleated cell counts for untreated (UT), methyluracil (MU), BIV, and placebo (PL) groups. Data are presented as mean + SD (n = 6 animals/group). Units: x106 cells. P values and F

statistics are listed.

anemia occurs in all patients. CPh-induced hematopoietic
suppression serves as a standard model for hematopoietic activity
assessment (Abireh et al, 2020). Following CPh exposure, BIV
restored hemoglobin concentration to (125.5 + 3.0) g/L. This
level approached the MU group value of (139.5 + 12.1) g/L and
the UT group value of (158.5 + 16.5) g/L (Table 2). MU remains
widely used for correction of CPh-induced hematopoietic
depression in oncotherapy (Bondarchuk, 2016). BIV showed
higher hematologic recovery across several indices.

The erythrocyte count in the BIV group reached (6.0 +
0.3) x 10'*/L. This value aligned with MU and UT group levels,
eachat(7.4+1.1)x 10"/Land (7.1 £ 1.1) x 10"*/L and exceeded
the PL group level of (4.0 £ 1.6) x 10'?/L (Table 2). Mean
corpuscular hemoglobin reached (20.8 + 0.6) pg, which aligned
with the UT group value of (19.4 + 1.6) pg. Mean corpuscular
hemoglobin concentration reached (394.0 + 5.3) g/L, which
remained below the UT group value of (446.5 + 16.5) g/L and
the MU group value of (459.0 + 22.5) g/L (Table 2). The PL
group value reached (647.0 + 28.8) g/L. Mean corpuscular
volume reached (52.8 + 0.8) fL, exceeding the UT group
value of (43.5 £ 2.3) fL and the MU group value of (40.8 *
1.0) fL. RDW-SD reached (24.7 + 0.4) fL, exceeding the MU
group value of (10.1 £ 0.0) fL (Table 2). Peripheral blood smears
prepared using Giemsa/Romanowsky-type staining indicated
regenerative hematopoiesis with reticulocytes and occasional
normoblasts in circulation (Giemsa, 1904). Reticulocyte index
ranged from 4.9% to 6.8%.

Leukocyte recovery supports treatment tolerance and infection
risk reduction (Tian et al., 2021). Several interventions remain under
evaluation for CPh-induced leukopenia (Liu et al., 2017). BIV
improved leukogram parameters. Total leukocyte count reached
(8.1 +1.5) x 10°/L. This value exceeded the MU group value of (7.2 +
1.2) x 10°/L and exceeded the placebo group value of (3.8 + 0.9) x
10°/L (Table 2). Neutrophil proportion reached (32.2 + 5.3)%, which
remained below the PL group value of (44.4 + 1.6)%. Lymphocyte
proportion reached (66.2 + 3.2)%, exceeding the MU, UT, and PL
groups. Absolute lymphocyte count reached (5.4 + 0.1) x 10°/L. This
value exceeded the PL group value of (1.5 + 0.1) x 10°/L and
approached the UT group value of (6.7 + 1.5) x 10°/L (Table 2).
Peripheral blood smears indicated myeloid regeneration with
circulating immature forms.

Platelet recovery accelerated in the BIV group. Platelet count
reached (850.5 = 22.0) x 10°/L. Corresponding values reached
(340.2 £ 26.1) x 10°/L in the MU group, (561.2 + 12.2) x 10°/L
in the UT group, and (381.0 £ 19.6) x 10°/L in the PL group
(Table 2). Thrombocrit increased in the BIV group.
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CPh remains widely used for lymphoma, multiple myeloma,
leukemia, ovarian cancer, breast cancer, small cell lung cancer,
neuroblastoma, and sarcoma. The agent also serves as a potent
immunosuppressant in bone marrow transplantation and several
immune-mediated conditions. CPh metabolism includes aldehyde
dehydrogenase-mediated inactivation, which
selective  cytotoxicity. Differential aldehyde
expression influences therapeutic index and immunosuppressive

contributes  to
dehydrogenase

effects (Steinbrecht et al., 2020). Bone marrow suppression occurs
during exposure. T- and B-lymphocytes show high sensitivity (Quan
et al., 2022). Mouse models describe CPh use for leukopoiesis-
depressive syndromes (Huyan et al., 2011; Nagai, 2023).

The present study assessed BIV effects on hematopoiesis and
BIV
nucleated cell levels in bone marrow, thymus, and spleen.

T-lymphopoiesis in CPh-induced depression. restored

Activity matched MU reference values.

3.2 T-lymphopoiesis-stimulating activity of
BIV under cyclophosphamide-induced
T-Lymphopoiesis suppression. Effect of BIV
on hematopoietic stem cells and
T-Lymphocyte populations in the

bone marrow

BIV demonstrated limited toward
hematopoietic stem cells in the bone marrow (Supplementary
Material Figure S3). The proportion of CD117" HSCs in the BIV
group (4.36 = 0.10) % did not differ from the PL group (4.57 + 0.60)
%. In contrast, MU increased the CD117* HSC level by 1.25-fold
relative to BIV and by 1.38-fold relative to PL (P = 0.004, F > F_y,
220.5 > 18.51), although it remained lower than the UT group
(7.62% + 1.61%; P = 0.00007, F > Foyp, 13944.5 > 18.51).

A similarly modest effect of BIV was observed for
CD43"CD3e+T-lymphocytes (Supplementary Material Figure S4).
The percentage of these cells in the BIV group reached 15.73% +
1.54%, which was 2.01-fold lower than in the MU group (35.60 +
1.34) %(P = 0.0000004, F > F., 14254.5 > 18.51) but 1.24-fold
higher than in the PL group (12.06 + 1.87) % (P = 0.0001, F > F_,
186.5 > 18. 51).

In contrast, the content of CD3e *CD44" Ty, memory

stimulatory activity

lymphocytes in the bone marrow was markedly elevated in the
BIV group (Figure 1). Their level was comparable to that of the
intact group and exceeded the MU group by 3.58-fold (P = 0.00005,
F > F.i» 12865.4 > 18.51). This observation should be interpreted
with caution because T e -lymphocytes represent a recirculating
cell population. Therefore, the increased proportion detected in
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TABLE 2 Peripheral blood hemogram parameters after CPh-induced hematopoietic suppression in rats.

MON, EO,
-10°/L -10°%/
L
1 BIV 81+15 | 54+01 | 26+00 | 0.1+00 00£00 | 00+00 | 662+32 | 322+53 | 16+02 0.0 + 00+00 | 60+03 | 1255+ 319412 | 528+08 | 208+06 | 3940+53 247 + 04 1285400 | 850.0 +
0.0 30 220
2 MU 72412 45+01 | 21406 | 0300 02400 | 00+00 | 628+17 | 298+06 | 42+07 28+ 04+00 | 74+ 11 | 1395+ 302+23 | 408+10 | 187+10 | 4590225 | 10100 17.0 1.0 3402 +
0.0 12.1 26.1
3 PL 38409 15401 | 16+01 | 047+02 | 00+00 | 0.0£00 | 40.6+14 | 444+16 | 122+09 | 20+ 08+00 | 40+16 | 71.0+60 | 1.0+ 269+ 16 | 17400 | 647.0+288 | 115+ 00 312403 3810 +
0.0 031 196
4 uT 10711 | 67+15 | 31£07 | 0300 04400 | 02+00 | 624+31 | 293+10 | 27+00 35+ 30£00 | 71+11 | 1585+ 369+32 | 435+23 | 194+16 | 4465+165 | 198+ 46 209 +20 561.2 +
0.8 16.5 122
s P.E . o cxninn o
6 *(Pys = 0.02 F > Feyp 40.5 > 18.51), (P15 = 0.001 F > Fopy, 924.5 > 18.51)
# (P, = 0.02 F > Feyp 40.5 > 18.51), (Py_5 = 0.0006, F > Feyy, 1521 > 18.51)
(P, = 1), (Prs = 001 F > Fepyy 50 > 18.51)
#0 (P, = 13.), (Pys = 0001 F > Fey, 578 > 18.51), (P34 = 000003 F > Fey, 32768 > 18.51)
#00 (P ) = 0,003 F > Fey 288 > 18.51), (Pyy = 0.0001 F > Foyy, 7442 > 18.51)
0 (P = 0,002 F > Fgpy 338 > 1851), (Py5 = 0.0001 F > Foyy, 5618 > 18.51)
(P ) = 0,001 F > Fuygy 572 > 18.51), (Py5 = 0.0001 F > ey 7768 > 18.51)
(P = 1.3, (Py 3 = 0.0003 F > Feyp, 6264 > 18.51)

The data are presented as mean (M) + standard deviation (SD) (n = 6 rats/group). One-way analysis of variance (ANOVA) has been used to determine statistically significant difference, and values have been considered reliable at p < 0.05 and F > F;.
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FIGURE 1

CD3e*CD44" recirculating Trem—lymphocytes levels in bone marrow. (A) Mean values (M + SD) by experimental groups: UT, intact; MU,
methyluracil; PL, placebo; BIV. (B) Representative flow cytometry dot plot illustrating CD3e*CD44* Tynem - lymphocytes in the BIV group (16.31%).

(D3e-PE

20 4 1
P .
R 154
2]
: —
20
8 1
o
1
5
.
0 T T v T
ut PL BIV MU

FIGURE 2

Total CD3e*CD19™ T-lymphocyte levels in the thymus. (A) Mean values (M + SD) across experimental groups (one-way ANOVA): UT, intact; MU,
methyluracil; PL, placebo; BIV. (B) Representative flow cytometry plot of CD3¢*CD19™ thymocytes in the MU group (35%).

CD3-PE

CD19-PerCP

bone marrow likely reflects redistribution rather than local
restoration of this population.

Pre-T-lymphocytes are known to migrate from the bone
marrow to the thymus, where proliferation, positive and
negative selection, and differentiation occur. Accordingly, the

functional ~recovery of T-lymphopoiesis within the
lymphomyeloid system is more accurately evaluated by
thymic output and by the distribution of mature

T-lymphocytes in regional lymphomyeloid organs rather than
by bone marrow indices alone.

3.3 Effect of BIV on thymic T-lymphopoiesis
Thymic T-lymphopoiesis was evaluated under conditions of
CPh-induced T-lymphopoiesis suppression and following treatment

with BIV. The analysis included the total pool of CD3e *CD19~
thymocytes, single-positive (SP) CD3e*CD4" and CD3e*CD8a*

Frontiers in Pharmacology

thymocytes, activated CD4°CD25" T helper (Th,.) cells, and
FoxP3'CD4'CD25" regulatory T (T.,) cells.

In intact animals, the proportion of total CD3e *CDI19~
thymocytes was (17.95 £ 0.85) %. CPh administration resulted
in a marked reduction of this population by 2.45-fold,
corresponding to a 59.33% decrease relative to baseline (P =
0.00008, F > F.y, 12687.4 > 18.51), indicating profound
thymic suppression (Figure 2).

Within the CD3e *CD19~ thymocyte compartment of intact
animals, SP CD3e *CD4" thymocytes accounted for (42.76 + 3.01) %,
while SP CD3¢"CD8a* thymocytes constituted 28.41% + 0.47%. CPh
exerted a particularly strong suppressive effect on the CD4" lineage.
The proportion of SP CD3e"CD4" thymocytes decreased by 5.88-
fold, representing an 82.99% reduction (P = 0.000008, F > F;,
14892 > 18.51), and reached only (7.27 £ 0.26) %, reflecting near
depletion of the thymic helper T-cell pool (Figure 3). A pronounced
decline was also observed in SP CD3e"CD8a" thymocytes, which
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FIGURE 3

CD3¢*CD19™ thymocytes and SP CD3e*CD4* and SP CD3¢*CD8a* thymocyte subpopulations levels. (A) Mean values (M + SD) between groups (one-

way ANOVA):UT, intact; MU, methyluracil; PL, placebo; BIV. (B) Representative flow cytometry plot in the BIV group showing CD3¢*CD19" thymocytes
(15.52%) and CD19* cells (2.11%). (C) SP CD3e*CD4* thymocytes (12%). (D) SP CD3e*CD8a* thymocytes (20%). (E) SP CD3e*CD8a* thymocytes in the BIV
group (12%).
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FIGURE 4
SP CD3e"CD4* thymocyte levels in the thymus. (A) Mean values (M + SD) between groups (one-way ANOVA): UT, intact; MU, methyluracil; PL,
placebo; BIV. (B) Representative flow cytometry plot of SP CD3e*CD4* thymocytes in the BIV group (20%).

decreased from (28.41 + 0.47) % to (10.20 + 0.57) %, corresponding  level rose from (2.34 + 0.21) % in intact animals to (5.43 £ 0.57)
to a 2.78-fold reduction (64.09 £ 0.9) % (P = 0.0000005, F > F.;, %, representing a 2.32-fold increase (132.05 £ 1.4) % (P =
16652 > 18.51). 0.00002, F > F., 13612.5 > 18.51). At the same time, the

In contrast to the depletion of SP thymocytes, CPh increased ~ proportion of FoxP3'CD4'CD25" T, cells declined from
the proportion of recirculating CD4*CD25" Th, cells. Their =~ (12.07 + 0.67) % in intact animals to 9.76% * 0.57% in the
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FIGURE 5
CD4*'CD25" Thyt -lymphocyte levels in the thymus. (A) Mean values (M + SD) between groups (one-way ANOVA): UT, intact; MU, methyluracil; PL,
placebo; BIV. (B) Representative flow cytometry plot of CD4*CD25* Th, thymocytes in the BIV group (3.5%).
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FIGURE 6

CTL-lymphocyte levels in the spleen. (A) Mean values (M + SD) (one-way ANOVA) of splenic CD3¢*CD8a* CTL-lymphocytes in experimental groups.
(B) Representative flow cytometry plot of CD3e*CD8a* CTL in the BIV group. UT—-untreated; PL - placebo; MU - methyluracil; BIV - BIV compound.
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PL group, corresponding to a 19.13% reduction (P = 0.00003, F >
Fouo 12546.5 > 18.51).

BIV exhibited pronounced restorative activity toward SP
thymocyte populations. The compound significantly increased the
level of SP CD3e*CD4" thymocytes to 20.75% + 0.48%, which was
2.85-fold higher than in the PL group (P = 0.0000001, F > F;,
14622.5 > 18.51) and 1.8-fold higher than in the MU group (P =
0.0001, F > F,y, 182.3 > 18.51), although it remained 2.06-fold lower
than the intact control (P = 0.0000007, F > F.;, 14866.2 >
18.51) (Figure 4).

Regarding SP CD3e *CD8a" thymocytes, BIV demonstrated
restorative activity comparable to MU. In both treatment groups,
CD8a" thymocyte levels increased relative to PL but did not reach
intact values, remaining 2.31-fold lower than baseline (P = 0.00007,
F > Fuip 12123.5 > 18.51). While restoration of SP CD4* and SP
CD8a* thymocytes followed a progressive pattern, the response of
CD4'CD25" Thy cells showed a different dynamic. CPh elevated

Frontiers in Pharmacology

Th, levels from (2.34 + 0.21) % to (5.43 £ 0.57) %. Treatment
with BIV reduced this population to (2.88 + 0.21) %, effectively
restoring Th, levels to the physiological range observed in intact
animals. In contrast, MU caused excessive stimulation, increasing
CD4*CD25"* Th, cells to (7.46 + 1.57) %, which exceeded intact
values by 3.18-fold (P = 0.00007, F > F.y, 12102.5 >
18.51) (Figure 5).

Within the CD4"CD25" gate, CPh exposure was associated
with a decrease in FoxP3*CD4*CD25" T, cells, from (12.07 =
0.67) % in intact animals to (9.76 £ 0.57) % (Figure 6). BIV
induced a moderate further reduction of this population to
(7.21 £ 0.70) %, corresponding to a 1.35-fold decrease (P =
0.00003 F > Fgy, 11204.1 > 18.51). MU caused a more
pronounced and potentially unfavorable effect, reducing Tiq
levels below those observed in both UT and BIV-treated animals
by 3.16-fold and 1.86-fold, respectively (P = 0.00001 F > F_,
12801.5 > 18.51) (Figures 7, 8).
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FIGURE 7
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FoxP3* Treq-lymphocyte levels in the thymus. (A) Mean values (M + SD) between groups (one-way ANOVA): UT, intact; MU, methyluracil; PL, placebo;
BIV. (B) Representative flow cytometry plot of FoxP3*CD4"CD25" T,q - lymphocyts in the BIV group (5%).

2%

CD4-FITC

CD4-FITC

10 w 1w W

FIGURE 8

35%

10
CD25-PerCP

5%

CD25-PerCP

10 10 10 10

FoxP3-PE

10 10 10 10

Thymic T-lymphocyte subpopulation levels. (A) Representative flow cytometry plot of SP CD3¢*CD4* Th lymphocytes in the BIV group (20%). (B)
CD4*CD25" Thye-lymphocytes (3.5%). (C) FoxP3*CD4"CD25" T,q - lymphocytes (5%).

Overall, CPh induced severe suppression of thymic SP
CD3¢'CD4" and SP CD3e “CD8a" thymocytes, accompanied by
dysregulation of activated and regulatory T-cell subsets. BIV
partially restored SP CD4" and SP CD8a* thymocyte populations,
demonstrating activity comparable to MU, while exerting a more
balanced immunomodulatory effect. Unlike MU, BIV normalized
the elevated CD4"CD25" Th, population and avoided excessive
depletion of FoxP3* T, cells, suggesting a potentially more
balanced immunological profile for thymic immune recovery.

3.4 Effect of BIV on homeostatic splenic
T-lymphopoiesis

Splenic T-lymphopoiesis was evaluated by quantifying total
CD3¢'CD19" T lymphocytes and the following T-cell
subpopulations: CD43"CD3e"CD4" T helper (Th) cells,
CD43"CD3e"CD8a" cytotoxic T lymphocytes (CTL), activated
CD4'CD25" T helper (Th,.) cells, CD4'CD25"FoxP3" regulatory
T cells (Tyeg), and CD28"CD447CD8a"” memory T cells (Tmem)-

CPh exerted a less pronounced suppressive effect on splenic
T-lymphocyte subpopulations compared with the thymus and
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bone marrow. The most prominent reduction in mitotically
active lymphoid cells occurred in the bone marrow and
thymus. Nonetheless, accumulating evidence indicates that
the spleen remains an important site for maintaining the
proliferative activity of T-cell subpopulations under cytostatic
stress. CPh administration resulted in a significant reduction in
total splenic CD3e*CD19™ T lymphocytes. Their proportion
decreased 1.31-fold, by 24.03%, from (43.06 + 1.84) % in
intact animals to (32.71 + 0.84)% in the PL group (P
0.000001; F > F., 535612.5 > 18.51) (Figure 9). Treatment
with BIV markedly restored the total T-lymphocyte pool. The
proportion of CD3e*CD19™ cells increased to (41.55 + 0.91)%,
reaching values comparable to intact animals (P = 0.000001; F >
Ferip» 645248 > 18.51) and exceeding the MU group ((36.20 *
2.05)%) by 1.46-fold (P = 0.00003; F > Foy, 2764595 >
18.51) (Figure 10).

CPh intoxication did not significantly alter the proportion of
CD43*'CD3¢"'CD4" Th lymphocytes in the spleen. Their level
remained comparable to intact controls at (2521 + 0.52) %
(Figure 11). Similarly, BIV administration did not modify this
with values of (25.85 * 047) %

parameter, that were
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FIGURE 9
Treg-lymphocyte levels in the spleen. (A) Mean values (M + SD) (one-way ANOVA) of CD4*CD25'FoxP3* T,eq-lymphocytes of the spleen in experimental

groups. (B) Representative flow cytometry plot of CD4*CD25'FoxP3" T.q -lymphocytes in the BIV group. UT - untreated; PL - placebo; MU - methyluracil;
BIV - BIV compound.
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FIGURE 10
Total T-lymphocytes and T-cell subpopulations levels in the spleen. (A) Mean values (M + SD) (one-way ANOVA) of splenic CD3¢*CD19~

T-lymphocytes in experimental groups. (B) Representative flow cytometry plot of total splenic T-lymphocytes (CD3¢*CD197) in the BIV group. (C)
Representative flow cytometry plot of CD3e*CD4* Th-lymphocytes in the BIV group. (D) Representative flow cytometry plot of CD3¢"CD8a* CTL-
lymphocytes in the BIV group. (E) Quantitative distribution of Th- and CTL-subpopulations gated from total T-lymphocytes. UT—-untreated;
PL-placebo; MU-methyluracil; BIV-BIV compound.

CTL expansion but instead normalized their proportion. The level of
CD43"CD3e*CD8a* CTL in the BIV group returned to values
comparable with intact controls. In contrast, MU induced an

indistinguishable from those observed in the PL and MU groups
(26.66 + 1.11) % and from intact animals.
In contrast, CPh caused a significant increase in the proportion

of CD43*CD3¢*CD8a* CTL. In the PL group, CTL levels rose from
(18.71 £ 1.15) % in intact animals to (24.86 + 3.75) %, corresponding
to a 1.32-fold increase or 32.87% elevation (P = 0.000005; F > Fe
189112.5 > 18.51) (Figure 6). BIV treatment did not further enhance
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excessive CTL increase, exceeding intact levels by 1.5-fold (P =
0.002; F > Feyp 158.1 > 18.51) (Figure 6).

CPh exposure significantly reduced the proportion of activated
CD4*"CD25" Th_act cells. Their level declined from (8.26 + 0.31)%
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FIGURE 11

placebo; MU - methyluracil; BIV - BIV compound.

T helper (Th) lymphocyte indices in the spleen. (A) Mean arithmetic values (M) + standard deviation (SD) of CD3e+CD4+ T helper lymphocytes in the spleen
across experimental groups (one-way ANOVA). (B) Representative flow cytometry plot showing CD3e+CD4+ Th lymphocytes in the BIVgroup. UT - intact; PL -
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FIGURE 12

Thaet-lymphocyte levels in the spleen. (A) Mean values (M + SD) (one-way ANOVA) of CD4*CD25* Th,-lymphocytes in the spleen (one-way ANOVA). (B)
Representative flow cytometry plot of CD4*CD25" Th, -lymphocytes in the BIV group. UT - untreated; PL - placebo; MU - methyluracil; BIV - BIV compound.
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in intact animals to (6.05 = 0.25)%, corresponding to a 1.36-fold
reduction or 26.75% decrease (P = 0.006; F > F., 142.1 >
18.51) (Figure 12).

BIV significantly promoted recovery of activated Th cells. The
proportion of CD4"'CD25" Th, cells increased to (7.20 + 0.48)%,
representing a 1.19-fold elevation relative to the PL group. The BIV
and MU groups did not differ significantly for this parameter. Within the
CD4*CD25" gate, CPh caused a pronounced depletion of both regulatory
and memory T-cell subsets. The proportion of CD4'CD25'FoxP3"* Tk,
cells decreased from (41.76 + 2.17)% in intact animals to (21.68 + 0.98)%
in the PL group, representing a 1.92-fold reduction or 48.08% decrease
P 0.0000004; F > F.y 2016032 > 1851). In parallel,
CD28"CD44'CD8a" Tpem cells declined from (8.75 + 1.15)% to
(630 £ 0.77)%, corresponding to a 1.38-fold reduction or 28.0%
decrease (P = 0.000003; F > Fy, 30012.5 > 18.51) (Figure 9).

BIV exerted a pronounced restorative effect on regulatory
T cells. The proportion of CD4*CD25'FoxP3* T, cells increased
to (43.52 £ 1.52)%, exceeding placebo values by 2.0-fold (100.2%)
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(P = 0.0000004; F > F, 2384928 > 18.51) and approaching intact
control levels. MU did not significantly influence T4 cell recovery
(Figures 13, 14).

CPh intoxication also reduced proportion  of
CD28'CD44'CD8a* Tem cells to (6.30 0.77)% compared
with (8.75 £ 1.15)% in intact animals, representing a 1.38-fold
decrease (P = 0.000003; F > F;, 30011.5 > 18.51) (Figure 14).
BIV treatment restored the T ,,.m -cell pool to near-intact levels
(8.31 £ 0.39)%. In contrast, MU further reduced the proportion of
splenic CD8a* T e -lymphocytes (Figure 14).

the
+

3.5 Effect of BIV on Bone marrow
erythropoiesis

Maintenance of circulating red blood cell numbers requires
continuous erythropoiesis in the bone marrow, where millions of
erythrocytes are produced daily. This process is tightly regulated by
intrinsic and extrinsic factors that coordinate proliferation,
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FIGURE 13

Splenic T-cell subpopulations after BIV administration. (A) Representative flow cytometry plot of CD3e*CD4* Th-lymphocytes. (B) Representative
flow cytometry plot of CD4'CD25" Th,c-lymphocytes. (C) Representative flow cytometry plot of CD4*CD25"FoxP3* T,eq-lymphocytes.
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MU - methyluracil; BIV - BIV compound.

Tmem-lymphocyte levels in the spleen. (A) Mean values (M + SD) (one-way ANOVA) of CD28*CD44*CD8a" Tmem-lymphocytes in the spleen in
experimental groups. (B) Representative flow cytometry plot of CD28"CD44*CD8a" Tynem -lymphocytes in the BIV group. UT - untreated; PL - placebo;
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differentiation, and survival of erythroid precursors (Eggold and
Rankin, 2019). Disruption of these regulatory mechanisms leads to
pathological conditions such as anemia or polycythemia. In adult
mammals, erythropoiesis occurs almost exclusively in the bone
marrow under homeostatic conditions. Erythropoiesis is a highly
ordered and dynamic process in which mature erythrocytes arise
from hematopoietic stem and progenitor cells. Within the bone

marrow, erythroid progenitors progress through distinct
developmental stages, including proerythroblasts, basophilic,
polychromatophilic, and orthochromatophilic erythroblasts,

followed by enucleation and formation of reticulocytes. These
stages are characterized by progressive reductions in cell size,
increased chromatin condensation, hemoglobin accumulation,
and the sequential expression of surface markers CD71 and
Ter119 (Koulnis et al., 2014).

Among all hematopoietic lineages examined, erythroid cells
were the most sensitive to CPh. CPh intoxication caused a
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marked depletion of erythroid precursors. In the PL group, the
proportion of Ter119*CD71* erythroid cells declined to (5.67 + 0.85)
% compared with (25.55 + 2.60)% in intact animals (Figure 15). This
corresponded to a 77.81% reduction, or a 4.51-fold decrease (P =
0.0000005; F > Foyyp, 1,976,072 > 18.51).

Clinical evidence supports a close functional relationship between
erythropoiesis and bone homeostasis. Both anemic and polycythemic
states are associated with an increased risk of skeletal pathology.
Patients with chronic hemolytic anemias, including thalassemia,
frequently exhibit reduced bone mass, fractures, and chronic bone
pain (Voskaridou et al,, 2018). Similarly, approximately 80% of patients
with sickle cell disease present with decreased bone mineral density
(Mulyana et al., 2024). Administration of BIV significantly promoted
recovery of erythroid progenitors. In the BIV-treated group, the
proportion of Ter119*CD71" erythroid cells increased to (17.80 +
1.60)%, with values ranging from 13.1% to 22.4%. This level exceeded
that of the PL group ((5.67 * 0.85)%, range (3.0-6.6)% by 3.13-fold
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Bone marrow erythropoiesis under cyclophosphamide-induced suppression and the restorative effect of BIV. (A) Mean values (M + SD) (one-way
ANOVA) of Ter119*CD71" erythroid precursor cells in the bone marrow across experimental groups. (B) Representative flow cytometry plot of
Ter119*CD71" erythroid cells in the BIV group. UT - untreated; PL - placebo; MU - methyluracil; BIV - BIV compound.

(P = 0.000155; F > Fg;, 6456.92 > 18.51). BIV also demonstrated
greater restorative effect under the present experimental conditions
compared with the reference drug MU, which yielded (11.73 + 1.65)%
Ter119°CD71" cells (range 6.2%-17.3%), representing a 1.51-fold
difference (P = 0.000623; F > Fey, 1603.56 > 18.51). Although BIV
treatment did not fully restore erythroid cell numbers to intact control
levels, it produced a substantially greater recovery than both PL and
MU. This incomplete normalization is consistent with the prolonged
time required for erythroid progenitor proliferation, differentiation,
and maturation within the bone marrow niche (Semenza, 2023).

Overall, BIV demonstrated notable activity at the level of
committed Ter119*CD71" erythroid cells by stimulating their
proliferation and survival, with efficacy exceeding that of
methyluracil under conditions of cyclophosphamide-induced
erythropoietic suppression.

4 Discussion

4.1 Analysis of effect of BIV on
hematopoietic stem cells and T-lymphocyte
populations in bone marrow

The coordinated contribution of bone marrow, thymus, and
spleen to T-lymphocyte
T-lymphopoiesis

recovery following CPh-induced

suppression remains incompletely defined.
Current evidence indicates that, beyond its hematopoietic
function, the bone marrow acts as an immunoregulatory niche
that

maintenance of mature T-cell populations. In particular, bone

supports  survival, recirculation, and homeostatic
marrow serves as a reservoir for recirculating and memory T
lymphocytes and participates in secondary immune responses
rather than primary T-cell differentiation (Zhao et al., 2012).

In the present study, CPh caused marked suppression of
hematopoietic and lymphoid compartments in the bone marrow.
A pronounced reduction in CDI117*° hematopoietic stem and

progenitor cells was observed, confirming the high sensitivity of
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early proliferative pools to alkylating cytostatics. This finding is
consistent with previous reports demonstrating delayed and
incomplete immune reconstitution after CPh exposure, with
recovery extending over several weeks and beginning at the level
of bone marrow cellularity before progressing to thymic and
peripheral compartments (Grinko et al., 2020).

Analysis of bone marrow T-lymphocyte composition revealed a
substantial decrease in total CD3e" T-cells and CD44" T, -
lymphocytes after CPh exposure. Bone marrow T-cell pools are
known to be enriched in CD8a" memory-phenotype cells that
originate from the thymus and peripheral lymphoid organs.
These cells undergo continuous recirculation and contribute to
immune surveillance and recall responses (Zhao et al, 2012).
CPh-induced lymphopenia disrupts this
promotes compensatory homeostatic mechanisms.

equilibrium and

Persistent T-cell deficiency is known to trigger homeostatic
proliferation and conversion of naive T lymphocytes into
memory-phenotype cells in an antigen-independent manner. This
process leads to accumulation of recirculating memory T cells
within lymphoid niches, including bone marrow, and may
contribute to immune imbalance when excessive (Sprent and
Surh, 2011). These mechanisms provide a conceptual framework
for interpreting the changes observed in the present study.

Evaluation of BIV activity demonstrated that the compound did
not stimulate recovery of CD117" hematopoietic stem cells.
Importantly, the absence of mitotic activation at the level of
c-Kit-expressing  progenitors represents a favorable safety
characteristic. Uncontrolled stimulation of this compartment is
with
hematopoietic stimulants may promote pathological proliferation
(Grinko et al., 2020).

BIV exerted a limited effect on the overall proportion of

associated leukemogenic  risk, and  broad-acting

CD43"CD3e" T lymphocytes in the bone marrow and was less
potent than MU in stimulating this parameter. However, within the
CD3¢" gate, BIV restored the proportion of CD44" T em-
lymphocytes to levels comparable with intact animals and
markedly higher than those observed after MU treatment. Given
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the predominantly recirculation nature of Ty,em-lymphocytes, this
increase most likely reflects redistribution and retention of
functional T,em-lymphocyte populations rather than de novo
generation within the bone marrow (Sprent and Surh, 2011).

In contrast, MU reduced the bone marrow memory T-cell
pool, shifting cell numbers toward levels associated with
impaired immune competence. This divergence highlights a
critical qualitative difference between the two agents. While
MU promotes BIV favors
supporting

broad proliferative activity,

preservation of immune homeostasis by

physiologically relevant T-cell subsets without excessive
stimulation (Grinko et al.,, 2020; Sprent and Surh, 2011).
Recovery of T-lymphopoiesis cannot be fully assessed at the
level of bone marrow alone. Pre-T lymphocytes migrate from the
bone marrow to the thymus, where proliferation, selection, and
differentiation determine thymic output. Consequently,
functional restoration of the T-cell system is best reflected by
thymic recovery and peripheral T-cell balance rather than by
bone marrow indices alone (Grinko et al., 2020). In this context,
the bone marrow findings support the conclusion that BIV does
not act as a nonspecific proliferative agent but contributes to
immune reconstitution through controlled modulation of
lymphoid compartments, consistent with the thymic and
splenic outcomes observed in this study.

Overall, BIV demonstrates a favorable restorative profile under
CPh-induced T-lymphopoiesis suppression. Its activity is
characterized by preservation of immune balance, support of
memory T-cell homeostasis, and avoidance of excessive
stimulation of early hematopoietic progenitors (Zhao et al.,, 2012;
Grinko et al., 2020; Sprent and Surh, 2011). These properties
distinguish BIV from classical hematopoietic stimulants and
suggest potential advantages for restoring immune competence

after cytostatic injury.

4.2 Analysis of effect of BIV on thymic
T-lymphopoiesis

Recovery of T-lymphocyte pools after CPh exposure
proceeds through thymic export of newly generated T cells
and peripheral homeostatic proliferation. Adult immune
reconstitution during early lymphopenia phases relies mainly
on peripheral remains

expansion, since thymic output

suppressed for an extended interval after cytotoxic
conditioning (Kunstek et al., 2025). CPh produced severe
thymic injury in this model. Total CD3e*CD19~ thymocytes
decreased by 59.33%, with deeper suppression of SP CD3e*CD4"*
(82.99%) than SP CD3e"CD8a*

(64.09%). This pattern indicates preferential collapse of

thymocytes thymocytes
thymic helper-lineage differentiation and reduced thymic
contribution to systemic T-cell recovery during the early
post-treatment interval.

The thymic compartment also showed functional skewing. The
proportion of recirculating CD4*CD25" Th, cells increased 2.32-
fold, consistent with enrichment of activated recirculating cells
during  depletion of developing single-positive  pools.
FoxP3*CD4'CD25" T, cells decreased by 19.13%, indicating
impaired recovery of regulatory control during lymphopenic
repopulation (Lemarquis et al., 2025). Reduced regulatory T-cell
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representation associates with weaker restraint of effector activation
and weaker tolerance maintenance (Hall, 2016).

BIV produced a recovery profile distinct from MU in the
thymus. BIV restored SP CD4" thymocytes and improved SP
CD8a" thymocytes toward baseline trajectories. BIV also reduced
Th, frequency toward intact values, indicating attenuation of
activation bias during thymic rebuilding. Treg depletion under
BIV remained moderate relative to MU, supporting preservation
of regulatory capacity during reconstitution.

MU shifted thymic recovery toward activation dominance. Th,
levels rose far above intact values, with pronounced depletion of
FoxP3" T\, cells within the same gate. This effector-skewed profile
aligns with reduced immune regulation and potential restriction of
functional repertoire during recovery (Hall, 2016).

4.3 Analysis of effect of BIV on homeostatic
splenic T-lymphopoiesis

Splenic findings indicate peripheral compensation during
thymic failure. CPh reduced total splenic T cells and reduced
activated, regulatory, and memory subsets, while cytotoxic
T-cell frequency increased. Loss of splenic Tyem cells implies
weaker formation of recall responses during early recovery,
consistent with reliance on lymphopenia-driven peripheral
expansion rather than stable memory maintenance (Kunstek
et al., 2025).

BIV improved balance in T-lymphocytic subpopulation of the
spleen. The BIV compound reduced the elevated levels of Thact
lymphocytes to normal physiological values. BIV also markedly
stimulated the restoration of FoxP3+ Treg lymphocyte levels, while
the levels of CTL lymphocytes decreased to the physiological norm.
In addition, the levels of Tmem lymphocytes in the BIV-treated
group were restored to those observed in untreated (UT) animals.
This pattern indicates restoration of regulation and memory
compartments alongside recovery of total T-cell abundance. MU
produced partial quantitative recovery of splenic total T cells, yet
regulatory recovery remained limited. Persistent reduction of
FoxP3" Ty, cells coincided with higher CTL representation and
reduced Tyerm levels. This profile indicates incomplete restoration of
immune regulation and adaptive memory during early post-
CPh recovery.

The present study has several pharmacological and toxicological
limitations. Although the acute toxicity of BIV was previously
evaluated and the experimental dose was selected on the basis of
the LD50 value reported by Koshetova et al. (2025), detailed
pharmacokinetic parameters, absolute bioavailability, tissue
distribution, and full dose-response relationships have not yet
been established. In addition, systematic organ histology and
serum biochemical indicators of hepatic and renal toxicity were
not included in the present experimental design. Therefore, the
current findings should be interpreted as evidence of preclinical
hematopoietic and T-lymphopoietic restorative activity under
cyclophosphamide-induced suppression, rather than as
definitive proof of therapeutic safety. Further studies will
include ADME profiling, pharmacokinetic/pharmacodynamic
assessment, dose-response evaluation, organ histopathology,
biochemical toxicity markers, and long-term safety analysis.
The present findings should be interpreted within the limits

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1852779

Ten et al.

of a preclinical animal study. Although BIV improved
several hematopoietic and T-lymphocyte parameters after
cyclophosphamide-induced suppression, these results do not
establish clinical efficacy or therapeutic safety. Some observed
changes, particularly in recirculating T,em-cell populations,
may reflect redistribution and homeostatic repopulation
rather than direct de novo lymphopoiesis. Further studies are
required to define the molecular mechanism of action,
pharmacokinetic and pharmacodynamic profile, long-term
toxicity, and translational

dose-response  relationship,

relevance in clinically relevant models.

4.4 Translational relevance across
cyclophosphamide exposure regimens and
study limitations

The present findings should be interpreted in the context of
the different clinical patterns of cyclophosphamide exposure.
Cyclophosphamide is associated with clinically important
hematological ~ toxicity,  including  myelosuppression,
leukopenia, neutropenia, thrombocytopenia, anemia, bone
marrow failure, severe immunosuppression, and increased
risk of serious or fatal infections; therefore, blood-count
monitoring is an essential of clinical use
(DailyMed, 2026). These provide the

pharmacological background for investigating agents capable

component
toxicities

of compensating cyclophosphamide-induced hematopoietic and
lymphopoietic injury.

In pulsed intravenous regimens, such as those used in
rheumatic is

autoimmune diseases,  cyclophosphamide

administered according to structured pre-administration,
administration, and post-administration procedures to reduce
adverse events and medication-related risks (Teles et al., 2017).
In this context, a toxicity-compensating hematopoietic restorative
drug would be expected to support recovery of leukopoiesis and
lymphoid balance between treatment cycles without excessively
stimulating early hematopoietic progenitors. The observation that
BIV improved leukocyte and lymphocyte-related parameters while
showing limited stimulation of CD117+ hematopoietic stem cells
may therefore represent a favorable preclinical feature.

In high-dose cyclophosphamide settings, including post-

transplant  cyclophosphamide protocols, the therapeutic
objective often involves selective immunomodulation and
elimination  of alloreactive T  cells. Post-transplant

cyclophosphamide has been described as a high-dose strategy,
commonly administered at 50 mg/kg on days +3 and +4 after
transplantation, followed by additional immunosuppressive
agents (Bacigalupo, 2022). In such indications, a restorative
adjunct would require careful timing because premature or
excessive immune stimulation could theoretically interfere with
the intended immunosuppressive effect. The present data do not
establish whether BIV would be suitable during high-dose
cyclophosphamide therapy itself, after completion of high-dose
exposure, or only during the recovery phase. This remains an
important unanswered question.

Continuous low-dose or metronomic cyclophosphamide has a
distinct
metronomic chemotherapy has been reviewed as a prolonged

pharmacological ~ profile.  Cyclophosphamide-based
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low-dose strategy with antiangiogenic and immunomodulatory
effects, especially in oncology settings (Penel et al., 2012). Under
these conditions, a hematopoietic restorative agent should not
simply reverse the intended immunomodulatory action of
cyclophosphamide, but should ideally prevent clinically harmful
cytopenia and excessive immune imbalance. The present splenic
findings, including recovery of Treg and Tmem compartments and
normalization of CTL and Thact levels, suggest that BIV may act as a
balanced rather than as
proliferative stimulant. However, this interpretation remains

immunomodulator a nonspecific
preliminary.

Several limitations prevent direct clinical translation. The
present study used preclinical rodent models and did not
compare BIV activity across continuous low-dose, pulsed, and
high-dose  cyclophosphamide Pharmacokinetic
parameters, tissue distribution, dose-response relationships,
the timing of BIV
administration relative to cyclophosphamide exposure have not

regimens.

repeated-cycle safety, and optimal
yet been established. The study also did not evaluate tumor-
bearing models, autoimmune disease models, transplantation
models, organ histopathology, long-term toxicity, or whether
BIV affects the therapeutic efficacy of cyclophosphamide.
Therefore, BIV should presently be considered a candidate
hematopoietic and T-lymphopoietic restorative compound for
further investigation, rather than a clinically validated detoxifying
drug. Future studies should evaluate BIV in regimen-specific
of high-dose

cyclophosphamide exposure and should determine whether

models continuous, pulsed, and
hematopoietic recovery can be achieved without compromising
the intended anticancer or immunosuppressive activity of

cyclophosphamide.

5 Conclusion

In the bone marrow, cyclophosphamide (CPh) induced a
the of c-kit T
lymphocytes, and recirculating Tmem cells. CPh also caused

pronounced reduction in levels cells,

extensive thymic depletion, characterized by a marked decrease
in the levels of single-positive (SP) CD3e+CD4" thymocytes
(82.99%), SP  CD3e+CD8" thymocytes (64.09%),
recirculating FoxP3+ Treg lymphocytes. Under conditions of

and

CPh-induced lymphopoiesis suppression, compensatory thymic
infiltration by recirculating Thact activated helper T cells
(132.05%) was observed.

In the spleen, CPh induced a moderate reduction in the levels of
T, Th, Thact, FoxP3+ Treg, and Tmem lymphocytes. The decrease in
recirculating FoxP3+ Treg lymphocytes was associated with an
increase in the level of recirculating CTL cells. A moderate
reduction in Tmem lymphocytes was also observed.

The B-cyclodextrin complex of 5-benzyl-7-(o-fluorobenzylidene)-
2,3-bis(o-fluorophenyl)-3,3a,4,5,6,7-hexahydro-2H-pyrazolo[4,3-c]
pyridine (BIV) demonstrated T-lymphopoiesis-stimulating activity.
The compound exerted limited effects on the recovery of c-kit cells
and T lymphocytes in the bone marrow. In the thymus, BIV
stimulated the restoration of SP CD3e+CD4" and SP
CD3e+CD8a+ thymocytes. BIV also reduced the elevated levels
of Th, cells to normal physiological values.
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In the spleen, BIV approached the total T-lymphocyte population,
as well as the Th, Tyyem, and FoxP3+ Treg lymphocyte subpopulations,
physiological control levels, while reducing the levels of CTL and Thact
lymphocytes the physiological norm. Several
T-lymphocyte  subpopulations  approached returned  to
physiological control levels under the experimental conditions,
although  full requires  further
pharmacological and toxicological investigation. In addition, BIV
exhibited pronounced erythropoiesis-stimulating activity.

These findings support further investigation of BIV as a potential

to evaluated

or

translational  validation

toxicity-compensating hematopoietic and immunological restorative
agent after cyclophosphamide-induced injury, particularly in studies
designed to distinguish continuous low-dose, pulsed, and high-dose
cyclophosphamide exposure models.
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SUPPLEMENTARY FIGURE S1

The complex of f-cyclodextrin with 5-benzyl-7-(o-fluorobenzylidene)-2,3-
bis(o-fluorophenyl)-3,3a,4,5,6,7-hexa-hydro-2H-pyrazolo[4,3-c]

pyridine (BIV).

SUPPLEMENTARY FIGURE S2
Schematic representation of the experimental design on C57BL6/J mice.

SUPPLEMENTARY FIGURE S3

CD117* hematopoietic stem cell content in bone marrow. (A) Mean values
(M + SD) by experimental groups: UT, intact; MU, methyluracil; PL, placebo;
BIV. (B) Representative flow cytometry plot illustrating CD117*
hematopoietic stem cells in the BIV group (5%)

SUPPLEMENTARY FIGURE S4

CD3¢*CD43" T-lymphocyte content in bone marrow. (A) Mean values (M +
SD) by experimental groups: UT, intact; MU, methyluracil; PL, placebo; BIV.
(B) Representative flow cytometry histogram showing CD3e*CD43*
T-lymphocytes in the BIV group (15%). (C) Representative flow cytometry dot
plot showing CD3e*CD43* T-lymphocytes in the BIV group (20%)
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