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AGE-RELATED ALTERATIONS IN THE IMMUNE SYSTEM OF AGING MICE
Matveeva KS, Shevyrev DV =
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Accumulation of senescent cells in the tissues is associated with functional impairment and the development of age-related disorders. The key role in this process
is played by the senescence-associated secretory phenotype (SASP) contributing to chronic systemic inflammation, which is associated with the increased risk of
autoimmune disorders and cancer, as well as the decreased resistance to infections. Normally, the immune system eliminates senescent cells, but the effectiveness
of this process decreases with age, including due to the immune system aging. The study aimed to assess age-related alterations in the main lymphocyte and
myelocyte populations in the spleen and bone marrow samples of senile mice. The study involved groups of young (n = 8) and elderly (n = 4) C57BL/6 mice.
Populations were tested by flow cytometry using the fluorescence-labeled antibodies. The aging phenotype was assessed based on the B-Gal enzyme activity with
pre-treatment with bafilomycin A1, ensuring lysosomal alkalinization and allowing one to detect the increased enzyme activity typical for the aging cells (SA-B-Gal). As a
result, the significantly increased levels of myeloid populations, CD11c* B cells, double-negative T cells, along with the decreased levels of the CD8a* dendiritic cells,
were reported in elderly mice. Furthermore, aging was associated with the significant increase in the levels of SA-B-Gal-positive cells, especially in the populations
of myeloid cells. The data obtained suggest that the age-related alterations are of systemic nature and reflect the so-called myeloid shift, as well as accumulation
of pro-inflammatory populations in the myeloid and lymphoid compartments.
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BO3PACTHbIE UBMEHEHUSA B UMMYHHOW CUCTEME CTAPEOLLMX MbILLIEA
K. C. MarBeesa, . B. LLeBbipes =

Hay4Ho-TexHonorn4eckuin yHnsepenteT «Cupnyc», efepansHasa Tepputopus «Cupuryc», KpacHogapckuii kpaw, Poccus

HakonneHne CeHeCLEHTHbIX KNETOK B TKaHSX CBA3AHO C (OyHKLMOHANBHBIM YXYALLEHEM 1 Pa3BUTVIEM BO3PACT-aCCOLMMPOBaHHBIX NaTonorui. Knoyesyio
POSb B 9TOM NMPOLECCE UrPaeT CEHECLIEHT-aCCOLMMPOBaHHbI CEKPETOPHBIN heHOoTUN (SASP), cnoCOBCTBYIOLLMIA XPOHUHECKOMY BSIOTEKYLLIEMY CUCTEMHOMY
BOCMaSIEHNIO, KOTOPOE acCOLMMPOBAHO C MOBbILLIEHHBIM PUCKOM ayTOMMMYHHbIX 1 OHKOMOMMYECKNX 3a00MeBaHNi, a TakKe CHYDKEHWEM YCTONYMBOCTU K
NHPeKLMSM. B HopMe MMyHHas crcTeMa yaansieT CeHeCLieHTHble KNETKW, OQHaKo C BO3pacToM apeKTUBHOCTL STOrO npoLiecca nafaeT, B TOM Y1cne no
NPUHMHE CTapeHnst IMMYHHOW cucTembl. Lienbto nccnegosanuns Ob110 N3y4nTb BO3PACTHBIE M3MEHEHWS B OCHOBHbIX MOMYAALMSAX NMMMOLMTOB U MUENOLMTOB
B 06pasLiax CeneseHkn N KOCTHOMO MO3ra MblLLe MPEKNOHHOro Bo3pacTa. iccnegoBanHvie npoBoanan Ha rpynnax Monogpix (1 = 8) n noxunbix (1 = 4) MbiLen
nnHum C57BL/6. AHanma nonynsumii NPOBOANUAN C UCMONb30BaHUEM (hyOPECLIEHTHO-MEYEHbIX aHTUTEN METOLOM NPOTOHHOW LIMTOMETPUN. DEeHOTIUM CTapeHus
oLeHVBanM No akTMBHOCTU hepmeHTa B-Gal ¢ npegBaputensHo obpaboTkon tadunommumHoMm A1, KOTopbIi obecneyrBaeT 3allenaqvBaHne NM30coM n
NO3BONSET BbISBUTb MOBbILLEHHYIO aKTUBHOCTb (DEPMEHTA, TUNMYHYIO ANA CTapetoLyx KNeTok (SA-B-Gal). B pesynsrarte y nounbix Mbllelt 6b110 BbISBIEHO
3Ha4MMOe NOBbILLEHNE COAEPXKaHMsA MUenonaHbIx nonynsuui, CD11c*B-KneTok, ABaxdbl HeraTvBHbIX T-MMMMOLIMTOB, a Takke CHKeHne CD8a* AeHOPUTHBIX
KneTok. Kpome Toro, Mpu CTapeHnn 3Ha4Mo BO3PacTanio COAep KaHmne KNeToK No3nTuBHbIX Mo SA-B-Gal, 0COBeHHO B MOMyNALMAX MUENOMAHbIX KNETOK.
[Mony4yeHHble faHHble yKasbiBatOT, YTO BO3PACTHbIE M3MEHEHNS HOCAT CUCTEMHbIA XapakTep Y OTPaXKaloT Tak Ha3blBaeMbI MUENOVOHbIA COBUI, & Takxe
HakoneHne NPoBOCHaNUTENbHbIX MOMYALMA B MUENOUAHOM U NMMMAOUAHOM KOMMapTMeEHTax.
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Cellular senescence is a complex, multifactorial process
triggered by diverse stressors, including DNA damage, telomere
attrition, retrotransposon activation, oxidative and mechanical
stress, as well as adverse physical, chemical, and biological
factors [1, 2]. The accumulation of mutations and various
types of molecular damage in aging cells increases the risk
of neoplastic transformation. Currently, entry into a senescent
state is recognized as one of the key tumor-suppressive
mechanisms [3, 4]. Senescence is orchestrated through
the convergence of several signaling cascades, primarily the
p53/p219PT and p16N“aR8 pathways [5]. These pathways are
activated in response to telomere shortening and DNA
damage (DNA damage response, DDR), oncogene activation,
epigenetic alterations, chromatin architecture disruption,
excessive reactive oxygen species (ROS) production due to
organelle dysfunction — particularly mitochondrial dysfunction —
as well as specific inflammatory and paracrine signals [6, 7].
Stress-induced activation of the NF-kB and mTOR pathways
drives senescent cells to secrete a broad spectrum of pro-
inflammatory mediators (the senescence-associated secretory
phenotype, SASP) and impairs autophagy [8, 9]. Concurrently,
upregulation of anti-apoptotic BCL-2 family proteins — BCL-2,
BCL-XL, and MCL-1 — inhibits apoptosis [10]. Collectively,
these alterations define the hallmark features of senescent
cells: irreversible cell cycle arrest, apoptosis resistance,
a pro-inflammatory SASP, mitochondrial dysfunction, and
proteostasis impairment [11]. A morphofunctional manifestation
of the metabolic imbalance and lysosomal dysfunction
characteristic of senescent cells is the hypertrophy of the
lysosomal compartment and elevated activity of the lysosomal
enzyme [-galactosidase (B-Gal) [12]. Consequently, the high
concentration of this enzyme within enlarged lysosomes results
in detectable enzymatic activity at a suboptimal pH of 6.0,
enabling its use as a biomarker for senescent cells — termed
senescence-associated B-galactosidase (SA-B-Gal) [13, 14].
Traditionally, chromogenic substrates have been employed
to assess B-Gal activity; however, these are incompatible
with multiparametric phenotypic analysis of senescent cells
by fluorescence-based techniques, including flow cytometry.
The recent development of fluorogenic B-Gal substrates has
substantially expanded the utility of this marker, allowing
simultaneous quantification of SA-B-Gal activity across distinct
immune cell populations via flow cytometry [15]. To date,
limited data exist regarding age-related changes in SA-B-Gal
activity across different immune cell subsets. Evaluating
SA-B-Gal activity in lymphoid and myeloid populations
from both central (bone marrow) and peripheral (spleen)
compartments of the immune system is therefore of
considerable interest for understanding immunosenescence.
Given that the immune system is continuously exposed
throughout life to stressors of varying nature and intensity,
distinct lymphoid and myeloid subsets are expected to exhibit
heterogeneous trajectories and rates of aging. An increased
senescent burden within the immune system exacerbates
"inflammaging," heightens the risk of autoimmune and
neoplastic disorders, and enhances susceptibility to
infections [16]. Consequently, a detailed characterization of
age-associated alterations in the immune system provides
a critical foundation for developing targeted strategies to
restore immune competence in the elderly. Thus, the aim
of this study was to perform a comparative analysis of
SA-B-Gal activity in major immune cell populations isolated
from the spleen and bone marrow of young (3-month-old)
and very old (26-month-old) C57BL/6 mice. This approach
enabled us to map the distribution of senescent-like cells

within the aged immune system and to directly compare
central and peripheral immune compartments with respect to
their senescent cell content.

METHODS
Mice

The study involved 12 C57BL/6 mice: 8 mice aged 3 months
and 4 elderly mice aged 26 months. The animals were kept
in the vivarium with the 12-h ligh/dark cycle, unlimited access
to water and balanced laboratory feed. Euthanasia compliant
with the principles of animal welfare was performed under
deep isoflurane anesthesia by cervical dislocation. Appropriate
biomaterial was collected immediately after euthanasia.

Splenocyte isolation

After euthanasia the spleen was retrieved, put it in the glass
homogenizer with cold PBS (1% FCS, 0.02% EDTA), and
gently grinded with the glass pestle to obtain the homogenous
suspension. The resulting cell suspension was twice filtered
though the nylon filter (70 pm) with PBS washing. The
filtered material was centrifuged for 5 min at 300 g and 8 °C.
Precipitate was resuspended in 5 mL of buffer for 2 min to
lyse red blood cells. Then it was supplemented with 10 mL of
PBS with 1% FBS and centrifuged again. After elimination
of supernatant, the cells were resuspended to the desired
concentration in the RPMI-1640 complete medium or PBS,
depending on the goal.

Bone marrow cell isolation

Bone marrow cells were isolated from the mouse femur and
tibia by washing the bone marrow out of the bone cavity with the
PBS solution using a syringe (27 G). The resulting suspension
was twice filtered though the 70 ym nylon filter, washed in PBS
(0.02% EDTA) by centrifugation for 5 min at 300 g and 8 °C.
Then red blood cells were lysed (see above) and resuspended
in the complete medium or PBS.

The splenocyte and bone marrow cell viability was assessed
by the fluorescent method using acridine orange and propidium
iodide; the average viability was 98%.

SA-$-Gal staining

To estimate SA-B-Gal activity in living cells, the SPIDER-BGal
vital dye was used (Cellular Senescence Detection Kit, Dojindo
Laboratories, Japan), which represents a fluorogenic substrate
specific for B-Gal. The bone marrow cells or splenocytes, 2 x 10°
cells per well, were incubated in the flat-bottom 96-well plate
(NEST Biotechnologies, China), in 200 pL of the RPMI-1640
complete medium supplemented with bafilomycin A1 (Sigma
Aldrich, USA) to the final concentration of 100 nM as a lizosome
alkalinizing agent, for 1 h in the CO2 incubator at 37°. Then
the cells were added the substrate to the final concentration of
1 pmol/L and incubated under the same conditions for 1 h.
Then the cells were washed by centrifugation for 5 min at 300 g,
20 °C, stained with the FVS780 dye (BD Biosciences, USA) in
accordance with the manufacturer’s protocol to eliminate the
dead cells from the further analysis, and antibody-labeled. As
a positive control, the cells were simultaneously incubated with
the substrate not supplemented with bafilomycin. As a negative
control, the cells were incubated with added bafilomycin
without the substrate.
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Fig. 1. Gating strategies for lymphoid and myeloid populations in spleen and bone marrow samples from mice (A) and quantification of the proportion of SA-B-Gal-
positive cells within each analyzed population (B). The histogram on the right shows SPIDER fluorescence intensity in the 488-530/30 nm detection channel for the
FMO control (without fluorogenic substrate) and the positive control (Control+, without bafilomycin A1)

Phenotyping

For antibody staining a total of 2 x 10° cells were resuspended in
200 pL of the FACS buffer, added 50 pL of the antibody mixture,
mixed thoroughly by pipetting, and incubated at 4 °C for 30 min
in the dark. The anti-mouse antibodies used were as follows:
TCRB BB700 (#745846, BD Biosciences, USA), CD19 BV605
(#563148, BD Biosciences, USA), CD11c APC (#550261,
BD Biosciences, USA), CD11b BV510 (#562950, BD
Biosciences, USA), Ly6G PE (#12-9668-82, ThermoFisher,
USA), Ly6C PE-Cy7 (#560593, BD Biosciences, USA), CD4
SB702 (#67-0041-82, ThermoFisher, USA), CD8 SB780
(#78-0081-82, ThermoFisher, USA). Then the cells were
twice washed for 5 min at 300 g with the FACS buffer and
resuspended in 300 pL. Then these were analyzed using the
BD LSRFortessa flow cytometer (BD Biosciences, USA).

Statistical analysis

Flow cytometry data were analyzed using FlowJo software
(version 10.8.1; BD Biosciences, USA). Statistical analyses
were performed with GraphPad Prism (version 9.3.1; GraphPad
Software, USA). The normality of data distributions was
assessed using the Shapiro-Wilk test. Comparisons between
young and aged mouse groups were carried out using the
non-parametric Mann-Whitney U test. Data are presented as
medians with interquartile ranges.

RESULTS

Multiparameter flow cytometry enabled the assessment of
SA-B-Gal activity across ten distinct immune cell populations.
These populations were broadly categorized by lineage into
lymphoid (T and B cells) and myeloid subsets (conventional
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dendritic cells, monocytes, macrophages, and granulocytes).
The gating strategy is illustrated in Fig. 1A. Within each
defined population, the proportion of cells exhibiting elevated
SA-B-Gal activity was quantified. The gating threshold was
established using fluorescence-minus-one (FMO) controls, in
which cells were treated with bafilomycin A1 but without the
fluorogenic substrate SPIDER-BGal (Fig. 1B). This control is
particularly critical, as bafilomycin A1 itself can alter cellular
autofluorescence levels, thereby influencing background signal
in the absence of the substrate.

The analysis of the data obtained for the mouse spleen
revealed a significant increase in the counts of monocytes
(8.2% (5.6-12.4) vs. 23.7% (17.3-29.2), p < 0.05), dendritic
cells (12.9% (12-14.2) vs. 27.9% (18.2-29.5), p < 0.05), and
B cells (63.5% (49.8-57.5) vs. 66.4% (64.9-69.5), p < 0.05)
in the group of elderly mice (Fig. 2A). It is interesting to note
that the counts of CD11c* B cells increased significantly with
age (0.39% (0.32-0.47) vs. 2.18% (1.33-2.58), p < 0.01). This
is a fairly recently described population of B cells associated
with aging. Furthermore, despite the increase in the general
dendritic cell population, the counts of CD8a*DC significantly
decreased (31.9% (29-33) vs. 23.8% (19.3-31.2), p < 0.01).
The bone marrow samples also showed the increase in the
counts of monocytes (18.2% (14-20) vs. 23.7% (22-28.2),
p < 0.05) and decrease in B cell counts (32.9% (29.9-36.3)
vs. 26.2% (22.8-27.5), p < 0.05), while the counts of CD11c*
B cells increased (0.03% (0.025-0.048) vs. 0.26% (0.18-0.4),
p < 0.01) and that of CD8a*DC decreased (21.6% (19.1-24)
vs. 6.5% (4.9-7.1), p < 0.01), like in the splenic samples
(Fig. 2B).

In the next phase, we assessed the distribution of cells
showing the increased SA-B-Gal activity across lymphoid
and myeloid populations. Samples of the spleen showed
a considerable increase in the counts of SA-B-Gal-positive
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Fig. 2. Proportions of lymphoid and myeloid populations in spleen (A) and bone marrow (B) samples. Additionally, the frequency of senescent-like cells positive for the
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granulocytes (7.2% (2.4-15.5) vs. 62.5% (45.8-66.1), p < 0.001),
macrophages (23.8% (16.8-29.1) vs. 57.2% (55.1-63.5),
p < 0.001), and monocytes (60.5% (43.8-86) vs. 85.1%
(77.7-90.2), p < 0.01), as well as CD11c* B cells (39.2% (35.4-43)
vs. 60.5% (57.5-73.3), p < 0.01) in the group of elderly mice
(Fig. 2C). The bone marrow showed the age-related increase
in the counts of SA-B-Gal-positive macrophages (64.4%
(56.8-65.8) vs. 70.9% (66.1-76.5), p < 0.05), CD8a*DC (1.5%
(0.96-1.7) vs. 3.25% (2.71-4.26), p < 0.05), double negative
lymphocytes (19.5% (15.2-28.3) vs. 41% (30.9-53.3), p < 0.05),
and CD11c* B cells (38.4% (34.2-43.6) vs. 62% (47.8-76.8),
p < 0.05) (Fig. 2D).

Thus, the study revealed age-related alterations in the
major populations of lymphoid and myeloid cells, associated
with the larger share of cells showing the increased SA-B-Gal
activity. In the bone marrow, as a primary lymphoid organ,
these alterations were less prominent.

DISCUSSION

The findings showed that physiological aging of the immune
system is uneven [17] and is accompanied by significant
quantitative changes in the populations of B cells, dendritic
cells, and monocytes. Furthermore, the cells showing the
increased SA-B-Gal activity are accumulated faster in myeloid
populations, than in the lymphoid compartment.

The increase in B-cell counts in the spleen of elderly
mice can reflect the life-long history of antigenic challenges,
and accumulation of the age-associated CD11c* B cells
is considered to be associated with aging and the increased
risk of autoimmune disorders, as well as the inflammaging
phenomenon [18, 19]. These cells with impaired functions,
which contribute to acquisition of pro-inflammatory phenotype

*—p<0.05,

by macrophages, show the increased counts in various
autoimmune disorders and can constitute a large proportion of
the mature B-cell population in the elderly body [20].

In contrast, the bone marrow showed the decrease in B-cell
counts reflecting the age-related decline in B-cell production,
which is likely to negatively affect the immune system capability
of responding to new antigenic challenges [21]. Furthermore,
despite reduction of the general B-cell population, the CD11c¢*
B-cell counts were increased, like in the spleen. The age-
related increase in the counts of the CD11c* dendritic cells in
the spleen and monocytes in the bone marrow is likely to reflect
the so-called “myeloid shift” representing the typical feature
of the immune system aging described in detail in the recent
reports [22-24]. The detected increase in the share of SA-B-
Gal-positive granulocytes, monocytes, and macrophages in
the spleen of elderly mice is of special interest. The age-related
accumulation of SA-B-Gal-positive cells in myeloid populations
is likely to contribute to chronic low-grade inflammation, i.e.
inflammaging resulting primarily from production of SASP factors
by senescent myeloid cells [25, 26]. The increased counts of
SA-B-Gal-positive macrophages, DN T cells, and especially
CD11c* B cells in the bone marrow suggest involvement
of the central immune system departments in the aging
processes. In this context it should be noted, that the
close relationship between the aging macrophages/CD11c*
B cells and hematopoietic stem cells (HSCs) can have a
negative effect on the microenvironment in the niches due to
SASP production and result in the HSC functional depletion
and lymphopoietic potential reduction [27]. This can create
a vicious circle, when accumulation of the cells showing
signs of senescence in the bone marrow negatively affects
hematopoiesis, which, in turn, enhances accumulation of
dysfunctional and aging cells [28].
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We observed a significant increase in SA-B-Gal activity
across multiple lymphoid and myeloid cell populations in aged
mice, which — taken together with existing evidence — supports
the utility of this marker for investigating immunosenescence.
However, certain limitations of our study should be noted.
The data obtained are based on the assessment of SA-B-Gal
activity as the main cellular senescence marker, but this marker
is not absolutely specific and can increase with activation and
alteration of metabolism in some types of cells, as well as in
the phase of the cell transition to the senescent state [29, 30].
Moreover, we did not assess the functional potential of the
studied populations and did not use additional senescence
markers, such as p16INK4a, p21CIP1, HMGB1 [5] or SASP
components [31], which limits interpretation of the phenomena
observed exclusively in the context of the cellular senescence.
However, aging is a complex, multifaceted process that is not
limited to the cell transition to the senescent state. Thus, the
reported quantitative changes in the counts of lymphoid and
myeloid subpopulations in the group of elderly mice, along with
the changes in SA-B-Gal activity, are likely to reflect the most
prominent age-related alterations in the immune system. That
is why further comprehensive research is required including
transcriptome and proteome assessment and functional tests
aimed at investigation of various aspects of the immune system
aging. Such an approach will contribute to better understanding
of the immune aging mechanisms and the development of
strategies aimed at restoring the immune system competence
in the elderly.
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immunosenescence. Importantly, age-related alterations were
observed not only in the peripheral immune compartment
but also in the bone marrow. Specifically, the decline in
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indicates active involvement of central immune organs in the
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of HSC niches, impair lymphopoietic potential, and thereby
perpetuate a vicious cycle of age-related immune dysfunction
[27, 28]. These observations expand current understanding of
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Aging and Disease. Aging Dis. 2011; 2 (6): 449-65. Epub 2011
Dec 2. PMID: 22396894; PMCID: PMC3295063.

10. Yosef R, Pilpel N, Tokarsky-Amiel R, Biran A, Ovadya Y, Cohen S,
et al. Directed elimination of senescent cells by inhibition of
BCL-W and BCL-XL. Nat Commun. 2016; 7: 11190. DO
10.1038/ncomms11190. PMID: 27048913; PMCID: PMC4823827.

11. Dodig S, Cepelak I, Pavi¢ |. Hallmarks of senescence and
aging. Biochem Med (Zagreb). 2019; 29 (3): 030501. DOI:
10.11613/BM.2019.030501. Epub 2019 Aug 5. PMID: 31379458;
PMCID: PMC6610675.

12. Debacg-Chainiaux F, Erusalimsky JD, Campisi J, Toussaint O.
Protocols to detect senescence-associated beta-galactosidase
(SA-betagal) activity, a biomarker of senescent cells in
culture and in vivo. Nat Protoc. 2009; 4 (12): 1798-806. DOI:
10.1038/nprot.2009.191. PMID: 20010931.

13. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et
al. A biomarker that identifies senescent human cells in culture
and in aging skin in vivo. Proc Natl Acad Sci USA. 1995; 92
(20): 9363-7. DOI: 10.1073/pnas.92.20.9363. PMID: 7568133;
PMCID: PMC40985.

14. Yegorov YE, Akimov SS, Hass R, Zelenin AV, Prudovsky IA.
Endogenous beta-galactosidase activity in continuously
nonproliferating cells. Exp Cell Res. 1998; 243 (1): 207-11. DOI:
10.1006/excr.1998.4169. PMID: 9716464.

15.  Doura T, Kamiya M, Obata F, Yamaguchi Y, Hiyama TY, Matsuda T, et al.
Detection of LacZ-Positive Cells in Living Tissue with Single-Cell
Resolution. Angew Chem Int Ed Engl. 2016 Aug 8;55(33):9620-4.
DOI: 10.1002/anie.201603328. Epub 2016 Jul 12. PMID: 27400827 .

16. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A.
Inflammaging: a new immune-metabolic viewpoint for age-related
diseases. Nat Rev Endocrinol. 2018; 14 (10): 576-90. DOI:
10.1038/541574-018-0059-4. PMID: 30046148.

17. LiuZ, LiangQ, RenY, Guo C, Ge X, Wang L, et al. Immunosenescence:
molecular mechanisms and diseases. Signal Transduct Target
Ther. 2023; 8 (1): 200. DOI: 10.1038/s41392-023-01451-2.



18.

19.

20.

21.

22.

23.

24.

25.

OPUTMHAJIbHOE UCCJIEQOBAHNE | UMMYHOIJIOI A

PMID: 37179335; PMCID: PMC10182360.

Frasca D, Diaz A, Romero M, Landin AM, Blomberg BB. Age
effects on B cells and humoral immunity in humans. Ageing Res
Rev. 2011; 10 (3): 330-5. DOI: 10.1016/}.ar.2010.08.004. Epub
2010 Aug 20. PMID: 20728581; PMCID: PMC3040258.

Carey A, Nguyen K, Kandikonda P, Kruglov V, Bradley C, Dahlquist KJV,
et al. Age-associated accumulation of B cells promotes macrophage
inflammation and inhibits lipolysis in adipose tissue during sepsis.
Cell Rep. 2024; 43 (3): 113967. DOI: 10.1016/j.celrep.2024.113967.
Epub 2024 Mar 15. PMID: 38492219; PMCID: PMC11014686.
Mouat IC, Goldberg E, Horwitz MS. Age-associated B cells
in autoimmune diseases. Cell Mol Life Sci. 2022; 79 (8): 402.
DOI: 10.1007/s00018-022-04433-9. PMID: 35798993; PMCID:
PMC9263041.

Zharhary D. Age-related changes in the capability of the bone
marrow to generate B cells. J Immunol. 1988; 141 (6): 1863-9.
PMID: 3262642.

Pang WW, Price EA, Sahoo D, Beerman |, Maloney WJ, Rossi DJ,
et al. Human bone marrow hematopoietic stem cells are increased
in frequency and myeloid-biased with age. Proc Natl Acad Sci
USA. 2011; 108 (50): 20012-7. DOI: 10.1073/pnas.1116110108.
Epub 2011 Nov 28. PMID: 22123971; PMCID: PMC3250139.
Yamamoto R, Nakauchi H. In vivo clonal analysis of aging
hematopoietic stem cells. Mech Ageing Dev. 2020; 192: 111378.
DOI: 10.1016/j.mad.2020.111378. Epub 2020 Oct 3. PMID:
33022333; PMCID: PMC7686268.

Ross JB, Myers LM, Noh JJ, Collins MM, Carmody AB, Messer RJ,
et al. Depleting myeloid-biased haematopoietic stem cells
rejuvenates aged immunity. Nature. 2024; 628 (8006): 162—170.
DOI: 10.1038/s41586-024-07238-x. Epub 2024 Mar 27. PMID:
38538791; PMCID: PMC11870232.

Kovtonyuk LV, Fritsch K, Feng X, Manz MG, Takizawa H. Inflamm-
Aging of Hematopoiesis, Hematopoietic Stem Cells, and the

JNutepatypa

1.

Ajoolabady A, Pratico D, Bahijri S, Tuomilehto J, Uversky VN,
Ren J. Hallmarks of cellular senescence: biology, mechanisms,
regulations. Exp Mol Med. 2025; 57 (7): 1482-91. DOI:
10.1038/s12276-025-01480-7. Epub 2025 Jul 10. PMID:
40634753; PMCID: PMC12322015.

Kumari R, Jat P. Mechanisms of Cellular Senescence: Cell Cycle
Arrest and Senescence Associated Secretory Phenotype. Front
Cell Dev Biol. 2021; 9: 645593. DOI: 10.3389/fcell.2021.645593.
PMID: 33855023; PMCID: PMC8039141.

Hornsby PJ. Senescence as an anticancer mechanism. J Clin
Oncol. 2007; 25 (14): 1852—-7. DOI: 10.1200/JC0.2006.10.3101.
PMID: 17488983.

Baz-Martinez M, Da Silva-Alvarez S, Rodriguez E, Guerra J,
El Motiam A, et al. Cell senescence is an antiviral defense
mechanism. Sci Rep. 2016; 6: 37007. DOI: 10.1038/srep37007.
PMID: 27849057; PMCID: PMC5111111.

Prieur A, Besnard E, Babled A, Lemaitre JM. p53 and p16(INK4A)
independent induction of senescence by chromatin-dependent
alteration of S-phase progression. Nat Commun. 2011; 2: 473.
DOI: 10.1038/ncomms1473. PMID: 21915115.

Dasgupta N, Arnold R, Equey A, Gandhi A, Adams PD. The
role of the dynamic epigenetic landscape in senescence:
orchestrating SASP expression. NPJ Aging. 2024; 10 (1): 48.
DOI: 10.1038/s41514-024-00172-2. PMID: 39448585; PMCID:
PMC11502686.

Miwa S, Kashyap S, Chini E, von Zglinicki T. Mitochondrial
dysfunction in cell senescence and aging. J Clin Invest. 2022;
132 (13): e158447. DOI: 10.1172/JCI158447. PMID: 35775483,
PMCID: PMC9246372.

Kwon Y, Kim JW, Jeoung JA, Kim MS, Kang C. Autophagy
Is Pro-Senescence When Seen in Close-Up, but Anti-
SenescenceinLong-Shot. Mol Cells. 2017;40(9):607-12.DOI:
10.14348/molcells.2017.0151. Epub 2017 Sep 20. PMID:
28927262; PMCID: PMC5638768.

Tilstra JS, Clauson CL, Niedernhofer LJ, Robbins PD. NF-xB in

26.

27.

28.

29.

30.

31.

10.

11.

12.

13.

14.

15.

16.

17.

Bone Marrow Microenvironment. Front Immunol. 2016; 7: 502.
DOI: 10.3389/fimmu.2016.00502. PMID: 27895645; PMCID:
PMC5107568.

Bleve A, Motta F, Durante B, Pandolfo C, Selmi C, Sica A.
Immunosenescence, Inflammaging, and Frailty: Role of Myeloid
Cells in Age-Related Diseases. Clin Rev Allergy Immunol. 2023;
64 (2): 123-44. DOI: 10.1007/s12016-021-08909-7. Epub 2022
Jan 15. PMID: 35031957; PMCID: PMC8760106.

Pappert M, Khosla S, Doolittle M. Influences of Aged Bone Marrow
Macrophages on Skeletal Health and Senescence. Curr Osteoporos
Rep. 2028; 21 (6): 771-78. DOI: 10.1007/s11914-023-00820-8.
Epub 2023 Sep 9. PMID: 37688671; PMCID: PMC10724341.
Hou J, Chen KX, He C, Li XX, Huang M, Jiang YZ, et al. Aged
bone marrow macrophages drive systemic aging and age-
related dysfunction via extracellular vesicle-mediated induction
of paracrine senescence. Nat Aging. 2024; 4 (11): 1562-81.
DOI: 10.1038/s43587-024-00694-0. Epub 2024 Sep 12. PMID:
39266768; PMCID: PMC11564114.

de Mera-Rodriguez JA, Alvarez-Hernan G, Gafian Y, Martin-
Partido G, Rodriguez-Ledn J, Francisco-Morcillo J. Is Senescence-
Associated B-Galactosidase a Reliable in vivo Marker of Cellular
Senescence During Embryonic Development? Front Cell Dev
Biol. 2021; 9: 623175. DOI: 10.3389/fcell.2021.623175. PMID:
33585480; PMCID: PMC7876289.

Severino J, Allen RG, Balin S, Balin A, Cristofalo VJ. Is beta-
galactosidase staining a marker of senescence in vitro and in vivo?
Exp Cell Res. 2000; 257 (1): 162—71. DOI: 10.1006/excr.2000.4875.
PMID: 10854064.

Coppé JP, Desprez PY, Krtolica A, Campisi J. The senescence-
associated secretory phenotype: the dark side of tumor
suppression. Annu Rev Pathol. 2010; 5: 99-118. DOI:
10.1146/annurev-pathol-121808-102144. PMID: 20078217;
PMCID: PMC4166495.

Aging and Disease. Aging Dis. 2011; 2 (6): 449-65. Epub 2011
Dec 2. PMID: 22396894; PMCID: PMC32950683.

Yosef R, Pilpel N, Tokarsky-Amiel R, Biran A, Ovadya Y, Cohen S,
et al. Directed elimination of senescent cells by inhibition of
BCL-W and BCL-XL. Nat Commun. 2016; 7: 11190. DOl
10.10388/ncomms11190. PMID: 27048913; PMCID: PMC4823827.
Dodig S, Cepelak |, Pavi¢ I. Hallmarks of senescence and
aging. Biochem Med (Zagreb). 2019; 29 (3): 030501. DOI:
10.11613/BM.2019.030501. Epub 2019 Aug 5. PMID: 31379458;
PMCID: PMC6610675.

Debacqg-Chainiaux F, Erusalimsky JD, Campisi J, Toussaint O.
Protocols to detect senescence-associated beta-galactosidase
(SA-betagal) activity, a biomarker of senescent cells in
culture and in vivo. Nat Protoc. 2009; 4 (12): 1798-806. DOI:
10.1038/nprot.2009.191. PMID: 20010931.

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et
al. A biomarker that identifies senescent human cells in culture
and in aging skin in vivo. Proc Natl Acad Sci USA. 1995; 92
(20): 9363-7. DOI: 10.1073/pnas.92.20.9363. PMID: 7568133;
PMCID: PMC40985.

Yegorov YE, Akimov SS, Hass R, Zelenin AV, Prudovsky IA.
Endogenous beta-galactosidase activity in continuously
nonproliferating cells. Exp Cell Res. 1998; 243 (1): 207-11. DOI:
10.1006/excr.1998.4169. PMID: 9716464.

Doura T, Kamiya M, Obata F, Yamaguchi Y, Hiyama TY, Matsuda T, et al.
Detection of LacZ-Positive Cells in Living Tissue with Single-Cell
Resolution. Angew Chem Int Ed Engl. 2016 Aug 8;55(33):9620-4.
DOI: 10.1002/anie.201603328. Epub 2016 Jul 12. PMID: 27400827.
Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A.
Inflammaging: a new immune-metabolic viewpoint for age-related
diseases. Nat Rev Endocrinol. 2018; 14 (10): 576-90. DOI:
10.1038/s41574-018-0059-4. PMID: 30046148.

Liuz, LiangQ, RenY, Guo C, Ge X, Wang L, et al. Immunosenescence:
molecular mechanisms and diseases. Signal Transduct Target
Ther. 2023; 8 (1): 200. DOI: 10.1038/s41392-023-01451-2.

BECTHUK PIrMY | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.043



ORIGINAL RESEARCH | IMMUNOLOGY

18.

19.

20.

21.

22.

23.

24.

25.

BULLETIN OF RSMU | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.043

PMID: 37179335; PMCID: PMC10182360.

Frasca D, Diaz A, Romero M, Landin AM, Blomberg BB. Age
effects on B cells and humoral immunity in humans. Ageing Res
Rev. 2011; 10 (3): 330-5. DOI: 10.1016/j.arr.2010.08.004. Epub
2010 Aug 20. PMID: 20728581; PMCID: PMC3040258.

Carey A, Nguyen K, Kandikonda P, Kruglov V, Bradley C, Dahlquist KJV,
et al. Age-associated accumulation of B cells promotes macrophage
inflammation and inhibits lipolysis in adipose tissue during sepsis.
Cell Rep. 2024; 43 (3): 113967. DOI: 10.1016/j.celrep.2024.113967.
Epub 2024 Mar 15. PMID: 38492219; PMCID: PMC11014686.
Mouat IC, Goldberg E, Horwitz MS. Age-associated B cells
in autoimmune diseases. Cell Mol Life Sci. 2022; 79 (8): 402.
DOI: 10.1007/s00018-022-04433-9. PMID: 35798993; PMCID:
PMC9263041.

Zharhary D. Age-related changes in the capability of the bone
marrow to generate B cells. J Immunol. 1988; 141 (6): 1863-9.
PMID: 3262642.

Pang WW, Price EA, Sahoo D, Beerman |, Maloney WJ, Rossi DJ,
et al. Human bone marrow hematopoietic stem cells are increased
in frequency and myeloid-biased with age. Proc Natl Acad Sci
USA. 2011; 108 (50): 20012-7. DOI: 10.1073/pnas.1116110108.
Epub 2011 Nov 28. PMID: 22123971; PMCID: PMC3250139.
Yamamoto R, Nakauchi H. In vivo clonal analysis of aging
hematopoietic stem cells. Mech Ageing Dev. 2020; 192: 111378.
DOI: 10.1016/j.mad.2020.111378. Epub 2020 Oct 3. PMID:
33022333; PMCID: PMC7686268.

Ross JB, Myers LM, Noh JJ, Collins MM, Carmody AB, Messer RJ,
et al. Depleting myeloid-biased haematopoietic stem cells
rejuvenates aged immunity. Nature. 2024; 628 (8006): 162-170.
DOI: 10.1038/s41586-024-07238-x. Epub 2024 Mar 27. PMID:
38538791; PMCID: PMC11870232.

Kovtonyuk LV, Fritsch K, Feng X, Manz MG, Takizawa H. Inflamm-
Aging of Hematopoiesis, Hematopoietic Stem Cells, and the

26.

27.

28.

29.

30.

31.

Bone Marrow Microenvironment. Front Immunol. 2016; 7: 502.
DOI: 10.3389/fimmu.2016.00502. PMID: 27895645; PMCID:
PMC5107568.

Bleve A, Motta F, Durante B, Pandolfo C, Selmi C, Sica A.
Immunosenescence, Inflammaging, and Frailty: Role of Myeloid
Cells in Age-Related Diseases. Clin Rev Allergy Immunol. 2023;
64 (2): 123-44. DOI: 10.1007/s12016-021-08909-7. Epub 2022
Jan 15. PMID: 35031957; PMCID: PMC8760106.

Pappert M, Khosla S, Doolittle M. Influences of Aged Bone Marrow
Macrophages on Skeletal Health and Senescence. Curr Osteoporos
Rep. 2023; 21 (6): 771-78. DOI: 10.1007/s11914-023-00820-8.
Epub 2023 Sep 9. PMID: 37688671; PMCID: PMC10724341.
Hou J, Chen KX, He C, Li XX, Huang M, Jiang YZ, et al. Aged
bone marrow macrophages drive systemic aging and age-
related dysfunction via extracellular vesicle-mediated induction
of paracrine senescence. Nat Aging. 2024; 4 (11): 1562-81.
DOI: 10.1038/s43587-024-00694-0. Epub 2024 Sep 12. PMID:
39266768; PMCID: PMC11564114.

de Mera-Rodriguez JA, Alvarez-Hernan G, Gafian Y, Martin-
Partido G, Rodriguez-Ledn J, Francisco-Morcillo J. Is Senescence-
Associated B-Galactosidase a Reliable in vivo Marker of Cellular
Senescence During Embryonic Development? Front Cell Dev
Biol. 2021; 9: 623175. DOI: 10.3389/fcell.2021.623175. PMID:
33585480; PMCID: PMC7876289.

Severino J, Allen RG, Balin S, Balin A, Cristofalo VJ. Is beta-
galactosidase staining a marker of senescence in vitro and in vivo?
Exp Cell Res. 2000; 257 (1): 162—71. DOI: 10.1006/excr.2000.4875.
PMID: 10854064.

Coppé JP, Desprez PY, Krtolica A, Campisi J. The senescence-
associated secretory phenotype: the dark side of tumor
suppression. Annu Rev Pathol. 2010; 5: 99-118. DOI:
10.1146/annurev-pathol-121808-102144. PMID: 20078217;
PMCID: PMC4166495.




