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Chemotherapy-induced developmental trajectories
of monocytes in breast cancer
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Abstract. Relevance. Monocytes are circulating immune cells which are traditionally divided into three subsets. The
contribution of each subset to breast cancer pathogenesis is controversial. Moreover, there is no data regarding the programming
of monocyte subsets towards antitumor activity induced by chemotherapy. Aim. To study the trajectories of monocyte subsets
and transcriptomic changes in blood monocytes during neoadjuvant chemotherapy (NAC). Materials and Methods. Mononuclear
cells were purified from the peripheral blood of nine triple-negative breast cancer (TNBC) patients before NAC and on the 3
and 21% day after the first NAC cycle (AC regimen). Total cell concentration and viability (Calcein/DRAQ?7) were assessed by
flow cytometry. Single-cell RNA sequencing was performed on a Genolab M platform (GeneMind Biosciences) using the 10x
Genomics technology for fixed samples. Data were analyzed using Seurat, SingleR, and the dynverse R package for trajectories.
Results and Discussion. The trajectory analysis indicated that monocytes were clustered into three subsets: classical, non-classical,
and intermediate. Classical monocytes were characterized by high expression of CD14, CSF3R, S100A8, S100A9, VCAN,
LYZ, SELL, and GRN genes, whereas non-classical monocytes expressed FCGR3A, MTSS1, TCF7L2, CSF1R, SPN, EVL, and
LYN. The developmental trajectories of monocytes were significantly affected by chemotherapy. Transcriptionally, classical
monocytes were subdivided into two clusters: one characterized by proliferative signals and the other by stress signals. By day
21% after NAC, developmental trajectories of monocytes and their subset composition were observed to recover. Chemotherapy
promoted the pro-inflammatory activity of monocytes. Conclusion. Peripheral blood monocytes of TNBC patients are capable
of recovering their subset composition after NAC by the 21 day after the first cycle of chemotherapy.
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Introduction

Monocytes are immune effector cells belonging to
the myeloid lineage of leukocytes. They are primarily
generated from a common myeloid progenitor
(CMP) in the bone marrow, a source they share with
neutrophils and conventional dendritic cells (DCs). In
inflammatory conditions, such as cancer, monocytes
can be produced and released extramedullary by the
spleen, a large peripheral reservoir of monocytes [1].
Monocytes comprise approximately 10 % of circulating
blood cells and contribute to innate immunity by
phagocytosis, secretion of mediators, recruitment of
lymphocytes, etc. However, the primary function of
monocytes is to migrate to tissue and mediate immune
defense, mostly by differentiating into tissue-resident
macrophages [2—4].

Based on their morphology and surface expression
of CD14 and CD16 receptors, monocytes are divided
into three main subsets: classical (CD14™ CD16"),
intermediate (CD14"* CD16%), and non-classical
(CD14°CD16") [5]. Classical monocytes constitute
90 % of the circulating monocyte pool, whereas the
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remaining 10 % consist of intermediate and non-
classical subsets [6]. Functionally, monocyte subsets
significantly differ from each other. Classical monocytes
have immunoregulatory properties, as they can migrate
to the site of inflammation to maintain or resolve it. In
the blood, they mostly exhibit pro-inflammatory activity,
producing TNFa, IL-6, IL-1[3, and other cytokines [7].
Non-classical monocytes can strongly adhere to the
endothelium and thus are involved in patrolling and
repair of vasculature [8]. They have a longer lifespan
lasting seven days, compared to classical monocytes
which circulate in the blood for approximately a day
[9]. Classical monocytes are thought to differentiate into
non-classical through an intermediate state triggered
by signals from the vascular endothelium [10-12].
Microarray and flow cytometry data demonstrate that
intermediate monocytes share the vast majority of gene
transcripts and proteins with classical and non-classical
monocytes, thereby representing a bridge linking the
two subsets [6].

As macrophage precursors, monocytes are known
to be critical regulators of the antitumor immune
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response and tissue regenerations [9]. They orchestrate
immune reactions in the tumor microenvironment,
affecting disease outcomes and anticancer therapy
efficiency [3]. However, the involvement of
monocyte subsets in cancer varies. Thus, classical
monocytes contribute to phagocytosis, promotion of
angiogenesis, remodeling of the extracellular matrix,
recruitment of lymphocytes, and their differentiation
into macrophages and DCs in cancer tissue [13].
Monocyte-derived macrophages mostly provide
tumor-supporting activity [1,3]. On the other hand,
the role of non-classical monocytes in cancer formation
is less clear. They are able to extravasate during
inflammation and display anti-inflammatory properties
[9]. Nonetheless, their role is widely described as
protective as they can scavenge endothelium-derived
cellular debris, pathogens, and even cancer cells [14].
Higher non-classical monocyte percentages correlate
with a favorable overall survival in lung cancer, while
the prevalence of classical monocytes correlates with
shorter overall survival [15]. In a mouse model of
melanoma, a high concentration of non-classical
monocytes in the lung vasculature is linked to reduced
tumor metastasis to the lungs [16]. Although the
intermediate state of monocytes is fluid, these cells
are also believed to play a protective role. There is
data about their involvement in the inhibition of cancer
metastasis by promoting NK cell activation through
FOXO1 and interleukin-27 [10].

The initial monocyte ratio is an important parameter
of antitumor immunity. Due to the diverse activities of
monocyte subsets, they may specifically impact tumor
progression. However, their functionality may be altered
by cancer treatment, especially chemotherapy. It is
known that monocytes are reprogrammed by treatment,
which can change their total amount, subset composition,
subsequent differentiation to macrophages, and other
characteristics [3]. However, there is still no data on how
the subset differentiation and transcriptional profiles of
monocytes are affected during chemotherapy. Here we
applied single-cell sequencing of blood mononuclear
cells to reveal, in high resolution, the development
trajectories and transcriptional changes in monocytes
of TNBC patients undergoing chemotherapy.

ONCOLOGY

Materials and methods

Patients

Nine patients with triple-negative breast cancer
(TNBC), treated at the Cancer Research Institute of the
Tomsk NRMC between February 2022 and June 2023,
were enrolled in the study. All patients had histologically
confirmed TNBC (invasive ductal carcinoma of the IA-ITIB
stage) and received neoadjuvant chemotherapy (NAC). All
patients received eight cycles of chemotherapy comprising
four rounds of adriamycin with cyclophosphamide
followed by four rounds of platina and taxanes. The
detailed clinical information is given in Table 1.

Table 1
Patient cohort details

CaselD | Age |Stage | TNM exprigsion exprZZsion ex;'rgzon Ki67,%
1 64 lIA {T2NOMO 0 0 1+ 13
2 69 A [TINTMO 0 0 1+ 70
3 63 IIA {T2NOMO 0 0 0 70
4 48 lIA {T2NOMO 2+ 2+ 0 95
5 53 B | TANTMO 0 0 0 Q0
6 55 I |T2N1MO 0 3+ 0 80
7 40 lIA  {T2NOMO 0 0 0 30
8 42 IIA {T2NOMO 0 0 0 90
9 31 lIA  {T2NOMO 0 0 2+ 80

Note: ER — estrogen receptor, PR — progesterone receptor,
HER2 — tyrosine-protein kinase erbB-2 receptor, Ki67 — protein,
tumor proliferation marker.

Blood samples were collected before the first cycle
of adriamycin with cyclophosphamide and then on the
3 and 21 days after the first full course of NAC, with
informed consent signed by patients. All experiments
were performed following the guidelines and regulations
of the Local Committee for Medical Ethics of the Cancer
Research Institute of Tomsk NRMC, and according to
the guidelines of the Declaration of Helsinki and the
International Conference on Harmonisation’s Good
Clinical Practice Guidelines (ICH GCP) with written
informed consent from all subjects. The study was
approved by the review board of the Cancer Research
Institute of the Tomsk NRMC on 29 August 2022 (the
approval protocol #16).

429



Tepawenxo T.C. u dp. Bectuk PYITH. Cepua: Meguuyna. 2024. T. 28. Ne 4

PBMC isolation and storage

Mononuclear cells were purified from peripheral
venous blood using Ficoll density gradient
centrifugation. Total cell concentration and viability
(Calcein/DRAQ?7) were assessed by flow cytometry
(Cytoflex, Beckman Coulter). The total number of live
blood cells in an aliquot was up to 8x10° cells. Cell
suspensions were frozen in 90 % fetal bovine serum
(FBS) + 10 % DMSO freezing medium (Helicon,
Russia) for seven days at -80 °C, then transferred
to liquid nitrogen for long-term storage at -196 °C
(up to six months). At the time of the experiment,
collected single-cell suspensions from the biobank
were thawed and fixed following the Fixation of
Cells & Nuclei for Chromium Fixed RNA protocol
Profiling CG000478 | Rev A. The tubes containing
cell suspensions were stored short-term at +4 °C until
single-cell library preparation.

Construction of single-cell RNA libraries
and sequencing

Fixed samples (n=15) were hybridized with probes
and pooled in two pools according to the Chromium
Next GEM Single Cell Fixed RNA Sample Preparation
User Guide (10x Genomics CG000527 | Rev D). Single-
cell emulsions were obtained using Chromium X. RNA
Gene expression libraries were produced following
the manufacturer’s recommendations. Quality control
was performed on Qsep 400 (BiOptic Inc., China).
A total of 311 to 6,388 cells were targeted per sample,
with a minimum of 9,648 reads/cell. Libraries were
sequenced using Genolab M (GeneMind, China),
with paired-end sequencing and dual indexing, in the
following regime: 28 cycles, 10 cycles, 10 cycles, and
90 cycles for Read 1, i7 index, i5 index, and Read 2,
respectively.

Data processing, cluster annotation,
and data integration
Count matrices were obtained using the cell ranger
multipipeline (version 7.0.0, 10x Genomics). The raw
count data were imported into R (version 4.1.2) and
analyzed with the Seurat R package (version 5.0.0) [17].
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Low-quality cells in each sample were identified and
excluded from the analysis based on thresholds for the
number of genes and UMIs, which were determined
visually using VInPlot. Cells with a high mitochondrial
content (>10 %) were also excluded.

Following quality control, all samples were merged
into an integrated Seurat object. Gene expression
counts were normalized using the SCTransform
Seurat function. SCTransform also identified highly
variable genes, which were used to generate principal
components (PCs). Data integration of different samples
was performed using the Harmony package. After
integration, dimensionality reduction and cell clustering
were performed using the RunUMAP, FindNeighbors
(top 30 PCA vectors), and FindClusters (resolution 1.0)
functions. Trajectory inference was calculated using
the MST method implemented in the dynverse R
package (version 0.1.2). The starting point was defined
automatically by the expression of two marker genes,
CD14 and CD11b. The heatmap was plotted using the
plot_heatmap function from the dynverse R package.
The top 20 features were selected automatically [18].

Results and Discussion

Single-cell RNA sequencing identifies three
distinct monocyte clusters in breast cancer
patients

We conducted single-cell RNA sequencing (scRNA-
seq) of 15 mononuclear cell samples from nine breast
cancer patients (some probes were presented only in
one or two time point) undergoing the first cycle of
chemotherapy. Blood samples were collected across
three time points: before chemotherapy and then 3
and 21 days after chemotherapy. To study monocyte
development and transcriptional changes during NAC,
we isolated the monocyte cluster from mononuclear
cells using Seurat functions. The UMAP visualization
identified a cluster of monocytes with three subsets
(Fig. 1). We analyzed 5,721 monocyte cells in total,
among them 4,426 were classical monocytes (CD14*,
CD167), 331 — intermediate monocytes (CD14*CD16%),
and 964 — non-classical monocytes (CD16*, CD14~.
Intermediate and non-classical monocyte counts in
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the blood of breast cancer patients reached 22 %,
exceeding the 15 % seen in healthy donors [6, 9, 19].
It is consistent with previous data on higher levels of
CD16 monocytes in the blood of cancer patients [20, 21]

Monocytes develop from the classical
to the non-classical phenotype through
an intermediate form

To explore the trajectory of monocyte differentiation
in breast cancer patients, we conducted scRNA-seq
analysis of peripheral blood mononuclear cells before
chemotherapy (Fig. 2). Based on the expression of
canonical monocyte development markers CD11b,
CD14, and CD16, trajectory analysis indicated the
starting differentiation point among classical monocytes
(Fig. 2A). Both classical and non-classical monocytes
divided into several clusters with an intermediate
subset in between (Fig. 2B). We defined seven distinct
transcriptional profiles in classical monocytes and two
profiles in non-classical monocytes (Fig. 2B).

Transcriptional patterns of classical and non-
classical monocyte subsets differed from each other
significantly. Classical monocytes were characterized
by high expression of CD14, CSF3R, S100A8, S100A9,
VCAN, LYZ, SELL, GRN, and some other genes (Fig. 2C).
Non-classical monocytes expressed FCGR3A (CD16
protein), MTSS1, TCF7L2, CSF1R, SPN, EVL, LYN,
while lacking some classical monocyte markers: CD14,
CSF3R, S100A8, S100A9, and others. The intermediate

subset showed more similarities with the classical
phenotype, despite exhibiting a decreased expression
of classical markers accompanied by an expression of
non-classical marker genes, such as CSF1R, SPN, and
EVL (Fig. 2C). No specific transcription markers of the
intermediate subset were detected.

We found that monocyte populations were
characterized by differential expression of myeloid
markers. Thus, classical monocytes uniquely expressed
a set of neutrophil-associated genes: CSF3R (receptor
for granulocyte colony-stimulating factor, G-CSF-R),
S100A8, S100A9, SELL, which highlighted their similarity
to common myeloid progenitor cells. In contrast, non-
classical monocytes highly expressed the macrophage
lineage receptor CSF1R gene (macrophage colony-
stimulating factor receptor). This may indicate that
classical monocytes belong to the early developmental
period, as monocytes diverge from neutrophils at the
myeloblast stage in the bone marrow. Meanwhile, CSF1R
expression in non-classical monocytes suggests their
similarity to macrophages and their terminal position in
the developmental lineage. Notably, prior studies using
flow cytometry and microarray analysis have identified
high expression of CSF3R in the classical subset and
CSFIR in the non-classical subset of blood monocytes
[6, 22]. In addition, the expression of SELL (CD62L),
which characterizes the degree of monocyte maturation
from progenitors to fully differentiated cells, has been
observed only in the classical subset [23] (Fig. 2C).

Figure 1. A. UMAP visualization of monocyte clustering. Monocyte subsets are labeled in colors of the corresponding UMAP
clusters. Each dot on the UMAP represents a single cell. B. Percentages of monocytes at three time points: before NAC, the 31
day after NAC, and the 21¢t day after NAC

ONCOLOGY
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Figure 2. Monocyte assay using blood samples from TNBC patients before chemotherapy. A. Developmental trajectory
of monocytes. B. Clustering of monocyte subsets; C. Heatmap of differentially expressed genes (DEGs, logFC > 0.25)
in M1-M10 clusters of classical, intermediate and non-classical monocyte subsets

Our data shows a transcriptional shift in the
monocytes’ profile, confirming that the developmental
trajectory of monocyte subsets proceeds from classical
to non-classical. Additionally, a study of monocyte
kinetics demonstrated that three monocyte subsets
differentiate sequentially, beginning from the classical
phenotype, and are circulate simultaneously at different
stages of maturation [24].

432

Chemotherapy disrupts the monocyte
developmental trajectory and divides
it into two transcriptionally distinct branches
Administration of adriamycin and cyclophosphamide
in TNBC patients led to a decrease in both the relative
blood monocyte count and the percentage of classical
monocytes (Fig. 1B). Although monocytes are mature
cells not undergoing further differentiation, chemotherapy
is known to activate monocyte migration into the tissue,
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promote their differentiation to M2 macrophages, and
alter cytokine secretion patterns [25-27]. Our data
indicated that chemotherapy significantly affected the
transcriptional profiles of monocytes alongside their
developmental trajectories.

Overall, conventional developmental trajectories
were disrupted. Monocytes, starting from the
classical subset, separated into two expressional
clusters. Each matured independently, giving rise
to the corresponding non-classical forms (Fig. 3A,
B). The first cluster (groups M1-M5) demonstrated
a proliferative activation and was characterized by high
expression of genes mediating proliferation (NR4A3,

MAP3KB), metabolic processes (ATP13A3, SLC7A5),
regulation of transcription (ZNF331), and inhibition
of B cells (SAMSN1). Meanwhile, the second cluster
of monocytes (groups M6-M8) showed a response to
environmental stress. The monocytes actively expressed
genes associated with apoptosis (FOS), downregulation
of cellular proliferation (DUSP1), tumor suppression
(KLF6), and cellular motility (S100A4). The first,
proliferative cluster likely represents a pool of renewed
monocyte populations emerging from the bone marrow,
whereas the second cluster of monocytes in a stressed
state comprises chemotherapy-altered cells.

Figure 3. Monocyte assay using blood samples of TNBC patients on the 3 day after the 1% course of chemotherapy.
A. Developmental trajectory of monocytes. B. Clustering of monocyte subsets. C. Heatmap of differentially expressed genes
(DEGs, logFC > 0.25) in M1-M8 clusters of classical, intermediate and non-classical monocyte subsets
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Monocyte subset composition recovers by 21 days
after chemotherapy administration

By day 21 after adriamycin and cyclophosphamide
administration, the subset composition of monocytes
recovered and was close to normal (the time point before
NAC). The developmental trajectory unfolded directly
from the classical subset through the intermediate
state to the non-classical subset (Fig. 4A, B). It likely
occurred due to the short lifespan of monocytes in
peripheral blood and the potential for enhanced renewal
of the circulating monocyte pool from bone marrow
progenitors. However, we observed that intermediate
monocytes did not have such a renewal potential. Their
relative number significantly decreased from 5 % at
baseline to 2 % after NAC (Fig. 1B).

Transcriptional profiles of classical and non-
classical monocytes began to return to normal as well
(Fig. 4C). Interestingly, a set of genes, including LYZ,
VCAN, CD14, S100A8, S100A9, CSF3R, S100A12, and

GRN, was highly expressed by classical monocytes
before chemotherapy and during the 1% cycle of
treatment. MTSS1, RHOC, TCF7L2, and CSF1R
were non-classical markers, which were expressed
before treatment and recovered by the 21 day after
chemotherapy. As markers of monocyte subsets, these
genes demonstrated a stable expression during treatment.
On the other hand, genes like CD36, SELL, TREM1,
and PXN in classical monocytes and IFITM2, LRRC25,
LST1, and MS4A7 in non-classical monocytes had fluid
expression patterns that changed throughout treatment.
It is worth noting that on the 21 day after NAC,
classical monocytes were enriched in TREM, a pro-
inflammatory gene that amplifies immune responses,
while non-classical monocytes overexpressed IFITM2
and LRRC25 associated with interferon production and
inflammatory response [28—-30]. We hypothesize that
both classical and non-classical monocytes enhance
their pro-inflammatory activity after chemotherapy.

Figure 4. Monocyte assay using blood samples from TNBC patients on the 215t day after the 1%t cycle of chemotherapy.
A. Developmental trajectory of monocytes. B. Clustering of monocyte subsets. C. Heatmap of differentially expressed genes
(DEGs, logFC > 0.25) in M1-M7 clusters of classical, intermediate and non-classical monocyte subsets
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Conclusion

Systemic chemotherapy is a cytotoxic treatment
that affects both circulating monocytes and their
progenitor cells in the bone marrow. In TNBC patients,
administration of the first cycle of NAC resulted in
a splitting of the classical monocyte pool into two
clusters, with a prevalence of proliferative signals in
the first cluster and stress response activation in the
second. The subset composition recovered by the 21
day post-treatment, accompanied by an activation
of pro-inflammatory monocyte activity. This study
revealed changes in the developmental trajectory and
transcriptional profile of monocytes during the first cycle
of NAC. However, it remains unclear how a complete
chemotherapy course, typically including 4-8 cycles,
can impact the biology of monocytes. Further studies
are required to clarify the transcriptional dynamics and
fate of monocyte subsets throughout the entire course
of NAC treatment.
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N3meHeHue TpaeKTOpVIFI pa3BuTUA MOHOLUUTOB NoAa AeACTBUEM
XUMUoTepanmm 'y 60NbHbIX PaKoOM MOJIOYHOMN Xene3bl

T.C. I'epameHko’
A.I1. ®unaroBal

A.A. ®epopos!

, M.A. BocTpukoBa'

, II.C. fImmukoB!

E, M.P. IlarbimieBa’ ', A.A. ®egopenko’?

, O.1. Bparuna' ',

, E.B. Jlenucos’

! HayuHo-1CC/1e/10BaTeIbCKUA MHCTUTYT OHKOJIOTMY, TOMCKUM Hal[MOHA/TBHBIN UCCIeA0BATEIbCKUN MEIUIIMHCKUM [IEHTD
Poccuiickoii akagiemMuu Hayk, 2. Tomck, Pocculickas @edepayusi
2 HarroHa/bHBIN HMCCeioBaTe/TbCKU TOMCKUI roCyaapCcTBeHHbIN yHUBepCHTeT, e. Tomck, Pocculickas @edepayus
> t_gerashchenko@oncology.tomsk.ru

AnHoOTanysA. AKmyanbHOCmb. MOHOIUTH] — [UPKY/IMPYIOIIHe IMMYHHBIE KJIeTKH, KOTOPbIe TPaAULIMIOHHO AesATCs Ha TPU
cybnonysayy. Bkiag Kaxkaol cy6ronyisuy B aToreHe3 paka MOJIOUHOM JKeie3bl 10 CUX MOpP 0CTAeTCsl POTHBOPEUHBLIM.
Kpome Toro, 0TCyTCTBYIOT JJaHHbIE O IIPOrPaMMUPOBAHKY CYOMOIMY/IALI MOHOLIUTOB B CTOPOHY IIPOTUBOOITYX0J/1eBOI aKTUBHOCTH
1o JeficTBUeM XUMHUOTepanvu. [fenb. VI3yunTh TpaeKTOpUU pa3BUTHs CyONOMy/IsiLivi MOHOLIMTOB KPOBU U MX TPAHCKPUIITOMHbIE
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W3MeHeHUs B X0fle HeoaibloBaHTHOU xumuoteparuu (HAXT). Mamepuanbi u MemoObl. MOHOHYK/IeapHble KJIeTKU ObUTH MOy YeHbI
13 niepuQeprueckoil KPOBH JIEBSTH MAL[HEHTOK C TPYIK/IbI HETaTUBHBIM pakoM MosiouHoi xene3sl (TNBC) go Hauama HAXT,
Ha 3-i1 1 21-ii jeHb T0CJIe NIepBOTo LMK/IAa HeoaZbioBaHTHOM xumuoTepanuu (pexkuM AC). KoHrieHTpanysi ¥ )KU3HeCII0CoOHOCTh
kietok (Calcein/DRAQ?7) 6bl1a oljeHeHa MeToZioM npoTouHoi uromerpun. CekBeHrpoBaHue PHK eMHUUHBIX KTETOK MPOBO-
qu Ha iatgopme Genolab M (GeneMind Biosciences) c ucrons3oBanueM TexHosoruu 10x Genomics i GMKCUPOBaHHBIX
06pa3srioB. [laHHbIe ObLIN TPOAHATM3UPOBAHBI C TIOMOIIBIO Seurat, SingleR u makera dynverse R [i/1s1 oripe/iesieHust TpaeKTOPUi
pasBuTusi. Pe3yabmamsl u 0bcyxcOeHue. AHanM3 TpaeKTOpUiA Pa3BUTHS MOKa3asl, YTO MOHOLUTHI IPYIIUPYIOTCS B TPH CyOmomy-
JISILIMK: K/JIacCUUYecKUe, HeKylacCHUecKre U poMe)XyTouyHble. Kiaccuueckrie MOHOLIMTHI XapaKTepU3YOTCsl BBICOKOM 3KCIIpeccueit
reHoB CD14, CSF3R, S100A8, S100A9, VCAN, LYZ, SELL v GRN, Torja Kak Heknaccuueckue skcripeccuposaiv FCGR3A,
MTSS1, TCF7L2, CSF1R, SPN, EVL u LYN renbl. X¥MUOTeparusi CyLeCTBEHHO B/IWsIeT Ha TPAeKTOPUX Pa3BUTUSI MOHOLIMTOB.
Ha ocHOBaHHM TPaHCKPUIITOMHOTO aHa/lM3a YCTAaHOBJIEHO, UTO CyOIOMyJISILiKs K/IacCUYeCKUX MOHOLIMTOB TIOJpa3ziessieTcst
Ha /jBa K/1acTepa: OfMH XapaKTepu3yeTcsl akTUBalel CUrHa/IbHBIX MyTel rponvdepalyy, Apyroil — aKTUBaLieil CTPeCCoOBBIX
CUTHAJIOB, CBSI3aHHBIX C aKTUBAIlMeH aronTo3a, CHWKeHHeM KJIeTOYHOU niposvdeparyy 1 noasmwkHocTy. K 21-My aHio mocie
Heoa/IbI0BAaHTHOW XMMHUOTeparnvy HabmioiaeTcst BOCCTAHOBJIEHHE TPAaeKTOPUI Pa3BUTHSI MOHOLIMTOB 1 UX CyOMOMysISILIMOHHOTO
cocraBa. XMMHOTeparys ClI0COOCTBYET MOBBIILIEHHUIO TPOBOCIA/INTEIbHON aKTUBHOCTH MOHOLIUTOB. Bbi800bl. MOHOLIUTHI
niepudeprueckoii KpoBr 60mpHbIX THPMIK criocoOHbI BOCCTaHABIMBAThH CBOM CyOMOMY/ISIIMOHHBIN COCTaB K 21-My /IHIO rocie
MepBOro LUK/a XMMUOTeParuy.

KiroueBbIe cj10Ba: pak MOJIOUHOM >kese3bl, cekBeHHpoBaHue PHK enuHnuHbIX Ki1eToK (SCRNA seq), MOHOLIUTBI, XUMHU-
oTepanus, TPaeKTOPUU PasBUTHS
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