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Abstract. The final part of our series of studies reports the results of a pilot study of a clinical case (patient K.), indicating 
that therapy enabling reconstruction of the genome of hematopoietic stem cells (HSCs) reduces the frequency of SNPs in 
exons of the genes associated with clonal hematopoiesis of uncertain potential in a patient with a neuroendocrine tumor 
of the small intestine in the terminal stage of progression. The fundamental principles of the therapy were as follows. 
Control samples of peripheral blood mononuclear cells (baseline) were collected from the patient. CD34+ HSCs were then 
mobilized and collected. The HSC genome was modified using a technology enabling ex vivo correction of the nucleotide 
sequences of DNA chromosomes of poorly differentiated hematopoietic progenitor cells. For this purpose, the collected 
leukocyte suspension enriched with CD34+ HSCs was treated with fragmented deproteinized genomic DNA obtained from 
approximately 100 young healthy women in labor (hDNAgr). The patient was reinfused intravenously with the treated cells. 
Five days before reinfusion, the patient received immunosuppressive therapy. Samples of peripheral blood mononuclear 
cells were also collected 4, 8, 12, and 27 months after the therapeutic intervention. Full-exome sequencing of DNA isolated 
from selected cell samples was performed. A group of commonly accepted clonal hematopoiesis genes was selected as a 
criterion demonstrating changes in the genome. The following multiplex panels were used at the initial time point as well 
as time points after 4, 8, and 12 months: MGIEasy Exome Capture V5 Probe set, Roche KAPA HyperExome, Nanodigmbio 
NEXome Plus Panel v1.0, covering the entire exome and non-coding regions of the analyzed genes adjacent to exons with 
~100× coverage. A ~1000× coated panel (Nanodigmbio NanOnco Plus Panel v3.0), including the genes with mutant alleles 
identified at the initial time point, was used to verify the identified mutations and more accurately determine their proportions 
in readings at the last stage of the analysis (27 months after the therapy). Whole-exome sequencing of hDNAgr (Roche KAPA 
HyperExome), which is used to reconstruct the genome of HSCs whose fragments collectively constitute the complete 
human genome, was also performed. Although the analysis of readings of whole-exome sequencing of DNA isolated from 
blood samples after treatment did not reveal any currently known signs of clonal hematopoiesis with uncertain potential 
in the patient K., we found a significant, within the framework of the selected criterion, decrease in the frequency range of 
SNPs to 18 % by 27 months of follow-up in 15 % cases of the heterozygous alleles (DNMT1, SF3B1(1–2)). Subsequent analysis 
of the frequency of occurrence of controlled SNPs and the corresponding data on the depth of their sequencing, performed 
using the All-FIT algorithm, indicates that by the 27th month of follow-up, the proportion of cells carrying the basic set of 
SNPs significantly decreases by 12 % (confidence interval (CI) = 5–16 %). In other words, in a mixture of cells heterozygous for 
this SNP, a population of cells carrying a homozygote without an SNP appears. Our findings may indicate that a significant 
proportion of cells underwent correction of the SNP to an alternative allele, and this correction was associated with the 
treatment of the original HSCs with hDNAgr. The detected changes in the group of clonal hematopoiesis genes suggest the 
possibility of correcting other loci throughout the HSCs genome. Therefore, the clinical manifestations in the development of 
the disease show a pronounced positive trend, which has persisted for four years, until present. It is assumed that the positive 
clinical outcome after therapy with reconstructed hematopoietic stem cells is associated with an increase in the regenerative 
potential of HSCs, which resulted from the genetic correction of unfavorable mutations in the HSCs genome.
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Концепция природной реконструкции генома.
Часть 6. Анализ изменения частот встречаемости SNP в экзонах генов, 
ассоциированных с клональным гемопоэзом неопределенного 
потенциала у пациента с нейроэндокринной опухолью тонкой кишки 
в терминальной стадии прогрессии после модификации генома 
гемопоэтических стволовых клеток препаратом hDNAgr  
(клинический случай) 
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Аннотация. В последней части цикла работ приводятся результаты пилотного исследования клинического случая 
(пациент  К.), свидетельствующие о снижении частоты встречаемости SNP в экзонах генов, ассоциированных с 
клональным гемопоэзом неопределенного потенциала у пациента с нейроэндокринной опухолью тонкой кишки в 
терминальной стадии прогрессии при применении терапии, позволяющей реконструировать геном гемопоэтических 
стволовых клеток  (ГСК). Основные принципы терапии состояли в следующем. У пациента отбирали контрольные 
образцы мононуклеаров периферической крови (нулевая точка). Затем проводились мобилизация и сбор CD34+ ГСК. 
Осуществляли модификацию генома ГСК с использованием технологии, позволяющей провести ex  vivo коррекцию 
нуклеотидных последовательностей ДНК хромосом низкодифференцированных предшественников гемопоэза. Для 
этого собранную лейковзвесь, обогащенную CD34+ ГСК, обрабатывали фрагментированной депротеинизированной 
геномной ДНК, полученной от ~100  молодых здоровых рожениц (hDNAgr). Паценту внутривенно реинфузировали 
обработанные клетки. За 5  дней до реинфузии пациент получал иммуносупрессивную терапию. Через 4, 8, 12 
и 27  мес. также забирались образцы мононуклеаров периферической крови. Было проведено полноэкзомное 
секвенирование ДНК, выделенной из отобранных образцов клеток. В качестве критерия, отражающего изменения в 
геноме, была выбрана группа общепринятых генов клонального гемопоэза. В нулевой точке, в точках через 4, 8, 12 мес. 
использовались мультиплексные панели: MGIEasy Exome Capture V5 Probe set, Roche KAPA HyperExome, Nanodigmbio 
NEXome Plus Panel  v1.0, охватывающие весь экзом и некодирующие области анализируемых генов, прилегающие 
к экзонам с покрытием ~100×. Для верификации выявленных мутаций и более точного определения их долей в 
прочтениях на последнем этапе анализа, через 27 мес. после терапии, использовалась панель с покрытием ~1000× 
(Nanodigmbio NanOnco Plus Panel  v3.0), включающая выявленные в нулевой точке гены с мутантными аллелями. 
Также было выполнено полноэкзомное секвенирование препарата hDNAgr (Roche KAPA HyperExome), используемого 
для реконструкции генома ГСК, фрагменты которого в совокупности составляют полный геном человека. Несмотря 
на то что анализ прочтений полноэкзомного секвенирования ДНК, выделенной из мононуклеаров крови после 
проведенного лечения, не позволил выявить у пациента  К. известных на данный момент признаков клонального 
гемопоэза с неопределенным потенциалом, нами обнаружено достоверное в рамках выбранного критерия  
снижение диапазона частот SNP до 18  % к 27-му  месяцу наблюдения в 15  % гетерозиготных аллелей (DNMT1, 
SF3B1(1- 2)). Последующий анализ частоты встречаемости контролируемых SNP и соответствующих данных по 
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Introduction
Regenerative medicine is currently an actively developing 
medical field. Its objective is to restore the damaged or disease-
affected tissues and organs using stem cells. Transplantation 
of mature stem cells is the key method employed in regenera-
tive medicine. Two types of stem cells are used most widely: 
mesenchymal stem cells (MSCs) and hematopoietic stem 
cells (HSCs).

Mesenchymal stem cells repair damage via various mecha-
nisms. They are activated by pro-inflammatory cytokines such 
as interferon gamma (IFN-γ), tumor necrosis factor alpha 
(TNFα), interleukin-1 beta (IL-1β), as well as by different 
ligands of toll-like receptors 3 (TLR3) and 4 (TLR4) (Water-
man et al., 2010; English, 2013). Activated MSCs secrete 
a variety of cytokines and chemokines, such as fibroblast 
growth factor 2 (FGF2), insulin-like growth factor 1 (IGF1), 
transforming growth factor beta (TGFβ), prostaglandin  E2 
(PGE2), granulocyte-macrophage colony-stimulating factor 
(GM-CSF), interleukin 6 (IL-6) and interleukin 13 (IL-13), 
and indoleamine 2,3-dioxygenase (IDO). Through the factors 
secreted by them, MSCs affect many cells of the innate and 
adaptive immunity, including macrophages, dendritic cells, 
natural killer cells, T-helper and regulatory T-cells, as well as 
B-cells, shifting the local balance toward the anti-inflammatory 
signaling to promote tissue regeneration (Yin, Heit, 2021).

Due to their paracrine activity, MSCs inhibit oxidative stress 
and exhibit anti-apoptotic properties (Brown et al., 2019). 
In  vitro studies have demonstrated that MSCs can migrate 
toward specific cytokines and chemokines, such as stromal 
cell-derived factor 1 (SDF-1), platelet-derived growth factor 
AB (PDGF-AB), IGF1, TNFα, and epidermal growth fac-
tor (EGF), which are released into the extracellular space in 
response to tissue injury or ischemia, and elicit anti-inflam-
matory responses. MSCs also release extracellular vesicles 
containing various growth factors promoting angiogenesis 
and cell proliferation, as well as microRNAs, tRNAs, and 
lipids, which inhibit apoptosis, facilitate cell repair, maintain 
the multipotency of stem cells, and contribute to angiogenesis 
(Maacha et al., 2020).

Another regeneration mechanism involves direct mitochon-
drial transfer from MSCs to damaged tissue cells via tunneling 

nanotubes, thus enhancing the regenerative potential of target 
cells and stimulating the antimicrobial activity of immune 
cells (Islam et al., 2012; Li X. et al., 2014; Jackson et al., 
2016). MSCs are capable of differentiating into various types 
of connective tissue cells such as osteoblasts, chondrocytes, 
adipocytes, and myocytes. MSCs are found in the bone mar-
row, umbilical cord blood, placenta, adipose tissue, etc.; they 
can repair damaged cells and tissues and accelerate their 
regeneration (Spees et al., 2016). MSCs transplantation has 
shown promising potential in preclinical and clinical studies 
for treating numerous degenerative pathologies, including 
Alzheimer’s disease (Wang et al., 2018), Parkinson’s disease 
(Mendes Filho et al., 2018), and amyotrophic lateral sclerosis 
(Gugliandolo et al., 2019). Along with transdifferentiation, 
MSCs were shown to be able to fuse with recipient cells, 
including brain, muscle, intestinal, and hepatic cells, thus 
contributing to tissue repair in these organs (Fan et al., 2020).

The contribution of hematopoietic stem cells  (HSCs) to 
the body’s repair potential is no less significant than that of 
mesenchymal stem cells. HSCs are involved in repair of tissue 
damage, and primarily the damage related to activity of blood 
cells. HSCs are capable of differentiating into all types of blood 
and immune cells, thus ensuring their continuous turnover in 
the body. There is evidence that HSCs can transdifferentiate 
into somatic cells, including hepatocytes, cardiomyocytes, 
as well as neural, epithelial, and endothelial cells, thereby 
contributing to regeneration of respective tissues (Lee, Hong, 
2020; Li  L. et al., 2021; Yuan et al., 2023). Nevertheless, 
there is also a viewpoint that the reparative potential of HSCs 
in tissue systems other than lymphohematopoietic ones is 
more likely to be associated with paracrine activity of HSCs 
rather than true transdifferentiation. It is believed that the 
developmental potential of HSCs, like for other adult stem 
cells, is limited by the innate type of stem cells and tissue 
(Müller et al., 2016). Similar to MSCs, HSCs actively affect 
cells at injury sites by secreting various molecules, including 
cytokines, chemokines, and growth factors, thus modulating 
pro- and anti-inflammatory responses and activating repair 
mechanisms in target cells (Schwarting et al., 2008; Li N. et 
al., 2010; Wright et al., 2011; Liao et al., 2018; Fast et al., 
2021; Biermann, Reya, 2022).

глубине их секвенирования, выполненный с использованием алгоритма All-FIT, свидетельствует, что к 27-му месяцу 
наблюдения доля клеток, несущих базовый набор SNP, значимо снижается на 12 % (доверительный интервал 5–16 %). 
Иными словами, в смеси клеток, гетерозиготных по этим SNP, появляется популяция клеток, несущая гомозиготу без 
SNP. Полученные результаты могут свидетельствовать о том, что для значимой доли клеток произошла коррекция 
SNP на альтернативный аллель и эта коррекция связана с обработкой исходных ГСК препаратом hDNAgr, причем 
обнаруженные изменения в группе генов клонального гемопоэза предполагают возможность коррекции других 
локусов по всему геному ГСК. Как следствие, клинические проявления в развитии патологии болезни имеют ярко 
выраженную положительную динамику, сохраняющуюся на протяжении четырех лет, до настоящего времени. 
Предполагается, что положительный клинический эффект после проведенной терапии реконструированными 
стволовыми клетками крови связан с усилением регенеративного потенциала ГСК, произошедшего вследствие 
генетической коррекции неблагоприятных мутаций в геноме ГСК.
Ключевые слова: клональный гемопоэз; нейроэндокринная опухоль; технология реконструирования генома; 
полногеномное секвенирование; гемопоэтические стволовые клетки
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It is known that the repair potential of hematopoietic stem 
cells is primarily related to their allelic diversity, underpin-
ning normal hematopoiesis. This characteristic of HSCs is 
lost throughout life, and hematopoiesis in the aging organism 
acquires clonal features.

The classical model of  hematopoiesis, positing that differen-
tiation of HSCs into mature blood cells is a strictly hierarchical 
process, is evolving. The current understanding of hematopoi-
esis involves a concept of hematopoiesis as functioning of a 
heterogeneous pool of HSCs and committed progenitor cells, 
with numerous differentiation pathways and gradual transitions 
between states (Jagannathan-Bogdan, Zon, 2013; Velten et al., 
2017; Watcham et al., 2019). Hematopoietic homeostasis is 
ensured by an intricate network of interactions between the 
mechanisms of transcriptional regulation, epigenetic modi-
fication, and metabolic adaptation, which are influenced by 
external factors, as well as humoral and local signals from 
the bone marrow microenvironment (Pinho, Frenette, 2019). 
Aging is accompanied by quantitative and qualitative changes 
in the hematopoietic system. The proliferative activity of he-
matopoietic stem cells decreases; immune activity is shifted 
toward pro-inflammatory responses (Weiskopf et al., 2009; 
Ainciburu et al., 2023). It is believed that the development 
of clonal hematopoiesis is one of the factors contributing to 
these phenotypic changes.

Normal hematopoiesis is maintained by numerous long- and 
short-lived hematopoietic cell clones sequentially replacing 
each other. The bone marrow is a tissue proliferating most 
rapidly in the human body. The human body produces approxi-
mately one trillion mature blood cells daily (Doulatov et al., 
2012). Hematopoietic stem cells capable of differentiating into 
all mature blood cell lineages are underlie the hematopoietic 
system (Phillips, 1991; Bonnet, 2003). Clone is the progeny 
derived from a single hematopoietic stem cell (Siminovitch 
et al., 1963). The system is polyclonal upon steady-state he-
matopoiesis, meaning that numerous hematopoietic stem cells 
are simultaneously involved in maintaining normal parameters 
of peripheral blood cells (Drize et al., 1996; Goyal, Zandstra, 
2015; Carrelha et al., 2018). Fewer than 1.3 million hemato-
poietic stem cells support the formation of mature peripheral 
blood cells throughout human life (Watson et al., 2020; Peti-
nati, Drize, 2021). Clonal hematopoiesis is the disproportionate 
expansion of the progeny of several HSCs harboring specific 
mutations with respect to the remaining pool of clones. Clonal 
hematopoiesis is generally considered a biological state of the 
hematopoietic system rather than a disease per se.

The concept of clonal hematopoiesis has emerged after 
typical somatic mutations in peripheral blood cells of large 
patient cohorts had been detected (Genovese et al., 2014; 
Jaiswal et al., 2014). Mutations in a similar set of genes have 
been identified across all the studied groups; their prevalence 
was age-dependent. Over 70 different genes carrying specific 
mutations have been identified (Sleptsov et al., 2023). These 
include epigenetic regulators (DNMT3A, TET2, and ASXL1), 
DNA damage repair (DDR) genes (TP53, PPM1D, CHEK2, 
and ATM), signaling genes of cell growth (JAK2), and splicing 
factors (SF3B1 and SRSF2). DNMT3A, TET2, and ASXL1 were 
found to be the most commonly mutated genes (80–90 % of 

all the mutations detected) (Genovese et al., 2014; Jaiswal et 
al., 2014; Heyde et al., 2021; Joo et al., 2023). It is currently 
known that somatic mutations that have arisen and been fixed 
in HSCs genes, primarily those involved in regulation of 
epigenetic modifications and cell cycle control, are the key 
drivers of clonal expansion.

Somatic mutations in the genes of clonal hematopoiesis 
result from stochastic events; however, the accelerated pace 
of their accumulation is largely associated with age-related 
changes in HSCs, which are characterized by a decline in the 
overall regenerative potential (Geiger et al., 2013). Somatic 
mutations were found to be present in 10 % of individuals 
over 65 years of age vs. only 1 % in those aged under 50. The 
pace of mutation accumulation depends directly on the specific 
gene. DNMT3A-mutant clones appear at an early age and are 
characterized by a steady rate of emergence of new clones 
(approximately 5 % per year). Clones harboring mutations 
in splicing factor genes (SF3B1 and SRSF2) emerge at a later 
age; the rate of emergence of new ones is ~50 % per year. 
TET2-mutant clones are continuously formed and detected 
throughout life (Fabre et al., 2022).

The formation of mutant HSCs occurs as a result of the ac-
cumulation of mutations, and the cell loses its regenerative po-
tential. As a result of this process, the mutated clone acquires a 
selective proliferative advantage, leading to clonal expansion. 
Clonal hematopoiesis develops, and the hematopoietic system 
loses the ability to repair damage in the body. Elimination of 
mutant HSCs clones that have accumulated somatic mutations 
making the cell unviable is an additional mechanism promo
ting clonal expansion. This defensive mechanism reduces the 
pool of stem and progenitor cells, thus increasing the pace of 
mutation accumulation through higher proliferative burden on 
the remaining HSCs (Sleptsov et al., 2023).

Age-related telomere shortening, caused by the semi-
conservative mechanism of chromosomal DNA replica- 
tion, increases the likelihood of DNA damage, thus also 
contributing to mutation accumulation (D’Adda Di Fagagna 
et al., 2003).

Expansion of mutant clones is not necessarily accompa-
nied by abnormal blood parameters or clinical signs. In other 
words, the number of cells harboring somatic mutations in pe
ripheral blood increases even before malignant transformation 
is observed. This state is known as clonal hematopoiesis of 
uncertain potential (CHUP) (Heuser et al., 2016; Shlush, 2018; 
Steensma, 2018). The key criterion for CHUP is determining 
the variant allele frequency (VAF) (i. e., the mutational burden, 
which is proportional to the number of abnormal cells). In the 
context of clonal hematopoiesis of uncertain potential, this 
value is ≥2 % (Duncavage, Tandon, 2015).

There are external factors causing somatic mutagenesis: age, 
genetic predisposition, pharmacotherapy, and environmental 
exposure risks (Joo et al., 2023). Nevertheless, the proposed 
variants fail to fully elucidate the molecular and cellular 
mechanisms of the emergence of somatic mutations in HSCs, 
which underlie the development of clonality in hematopoietic 
progenitor cells.

Based on the previously identified mechanism of extracel-
lular DNA internalization by stem cells of different lineage, it is 
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fair to hypothesize the following pathway for the accumulation 
of unfavorable SNPs in HSCs. 

In peripheral tissues, mutations continuously emerge and are 
accumulated within cells (Shamal, 2017; Cagan et al., 2022). 
After apoptotic or necrotic death, cells harboring mutations 
release fragments containing genetic abnormalities into the 
bloodstream (Anker et al., 1999; Jahr et al., 2001; Laktionov 
et al., 2004). These fragments reach HSCs (apparently, as well 
as other types of stem cells) and are internalized by them via 
a natural mechanism due to the characteristic structure of the 
glycocalyx of HSCs, which is positively charged (Dolgova et 
al., 2014; Petrova et al., 2022; Ritter et al., 2022; Potter et al., 
2024). The extracellular fragments delivered into HSCs (and 
potentially other stem cells) initiate terminal differentiation of 
HSCs, which is characterized by the emergence of pangenomic 
single-stranded DNA breaks (Vatolin et al., 1997; Potter et al., 
2024; Ruzanova et al., 2024). This event triggers activation 
of the recombinational repair system of the cell and induces 
the so-called recombinogenic situation (Likhacheva et al., 
2008). It is hypothesized that during the development of the 
recombinogenic situation, extracellular DNA fragments can 
be engaged in recombinational interactions with genomic 
DNA and be integrated into the genome at homologous loci 
by replacing native genomic sequences (Yakubov et al., 2007; 
García-Olmo et al., 2012). Since recombination under condi-
tions of pangenomic single-stranded breaks is highly precise 
(Xu, 2015; Vriend, Krawczyk, 2017; Maizels, Davis, 2018; 
Zilio, Ulrich, 2021), this insertion is functional and will not 
disrupt the genomic sequence, except for inserting the muta-
tion. The mutations accumulated over time can result in the 
development of clonal features in HSCs, with all subsequent 
implications. This mechanism becomes more likely in the case 
of activation of apoptosis or the appearance of foci of necrotic 
destruction in any of the body’s tissues due to pathologies that 
have arisen.

Therefore, analyzing the genes associated with clonal hema-
topoiesis has naturally become the primary focus of research 
aiming to elucidate the consequences of targeted therapy. If 
the proposed concept is valid, it will be possible to detect re-
spective alterations in biomarker genes associated with clonal 
hematopoiesis in a direct experiment using treatment of HSCs 
with a preparation based on fragmented DNA (hDNAgr) as 
well as the modern whole-genome sequencing techniques. In 
the cases when clonal hematopoiesis of uncertain potential 
(CHUP) develops, the commonly accepted genes from this 
group, carrying driver mutations specific to this condition, 
can be an adequate model for detecting allele substitutions in 
the nucleotide sequences of these genes. If such changes are 
detected, the analyzed group of genes can become a marker 
platform indicative of ex vivo correction, which can then be ex-
trapolated to the entire genome. However, if none of the known 
marker events (in the known genes) of clonal hematopoiesis are 
revealed, the detected changes in SNP frequencies can actually 
attest to alterations in the clonal composition of HSCs. In turn, 
this would suggest potential correction of unfavorable alleles 
in other genes and the emergence of clones carrying a different 
set of SNP alleles responsible for the regenerative potential 
of HSCs. In the clinical context, replacing the mutant alleles 
(related either to the clonal hematopoiesis genes or to other 

diverse genes involved in maintaining the regenerative pro
perties of  hematopoietic stem cells) with alternative favorable 
alleles will indicate that the original regenerative potential of 
HSCs has been restored. 

This part of the study series reports the results of a pilot 
study of a clinical case, demonstrating that therapy with blood 
mononuclear cells enriched with CD34+ hematopoietic stem 
cells, which had been treated with a double-stranded human 
DNA preparation (hDNAgr), reduced the occurrence frequency 
of a certain set of SNPs marking the common genes associ-
ated with CHUP.

Under the selected criteria, we detected changes in the oc-
currence frequencies of certain heterozygous germline mutant 
alleles of the genes associated with clonal hematopoiesis: 
ASXL1, DNMT1, RAD21, and SF3B1(1–3). The nucleotide 
substitution frequency for them was reduced to 18 % of the 
normal distribution expected for pure heterozygous variants 
(50 %). It attests to the significant deviation from the expected 
frequency distribution for a single clonal cell lineage with 
the set of SNPs characteristic of the heterozygous state and 
the emergence of a mixture of clonal lineages harboring the 
investigated SNPs in different proportions.

Based on the data on allele frequencies of SNPs and the re-
spective sequencing depth obtained using the All-FIT platform 
(Loh et al., 2020), we assessed the proportion of cells belong-
ing to different clonal lineages harboring a specific SNP set and 
revealed statistically significant evidence for the emergence 
of 12 % (confidence interval (CI) ranging from 5 to 16 %) of 
cells carrying an alternative SNP set. Therefore, it is hypoth-
esized that the conducted therapy led to replacement of mutant 
alleles with non-mutant ones. The regenerative potential of 
HSCs, and possibly other types of stem cells such as MSCs, 
was restored, which was related not only to correction in the 
clonal hematopoiesis genes but also involved the restoration 
of other mutant loci within a significant proportion of HSCs. 
The genetic abnormalities in these loci had caused weakening 
of regenerative potential. Prominent positive clinical improve-
ment in the patient’s condition was observed.

Materials and methods
The legal framework for conducting clinical trials. In study 
conduct, the authors adhered to the principles of the Declara-
tion of Helsinki developed by the World Medical Associa-
tion. The clinical part of the study was regulated by relevant 
treatment protocols; informed consent was obtained from the 
patient (Supplementary Material 1)1.

The hDNAgr preparation. The cells were treated using 
fragmented human genomic DNA (hDNAgr preparation, 
technical specifications TU  20.42.15-001-58179831-2023, 
Patent No. 2855434 dated February 2, 2026) obtained from 
~100 healthy women in labor. The preparation had undergone 
real-time PCR verification and several assays characterizing 
its epidemiological purity in compliance with the regulatory 
documents.

Patient. Medical history. Cancer patient K., 67 years old, 
presenting with severe cardiovascular disorders. Medical re-
cord No. 2022/0025. The patient stayed in hospital (Clinical 
1 Supplementary Materials 1–4 are available at: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Oschep_Engl_30_4.zip

https://vavilov.elpub.ru/jour/manager/files/Suppl_Oschep_Engl_30_4.zip
https://vavilov.elpub.ru/jour/manager/files/Suppl_Oschep_Engl_30_4.zip
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Hospital “NeuroVita” JSC.) from July 13, 2022 until July 29, 
2022 (a total of 16 inpatient days).

Diagnosis of the underlying medical condition: C17. A neu-
roendocrine tumor of the small intestine (T3N0M0). The 
patient had undergone small bowel resection with ileostomy. 
The histological report dated October 29, 2018 confirmed 
a G2 neuroendocrine tumor with involvement of the small 
intestine wall, with signs of lymphovascular and perineural 
invasion, but without evidence of metastases. The bowel 
resection margins were free of tumor infiltration. Comorbidi-
ties: ischemic heart disease, post-infarction cardiosclerosis, 
obliterating atherosclerosis of coronary arteries.

October 29, 2018: 1 course of polychemotherapy according 
to the XELOX scheme. Pharmacotherapy with Octreotide 
Depot (until May, 2019).

October 26, 2021: disease progression, growth of foci in 
the liver (possibly, metastases). Pharmacotherapy with So-
matuline.

November 11, 2021: chemoembolization of the segmental 
branches of the right hepatic artery with irinotecan. Novem-
ber  19, 2021: Transluminal Balloon Coronary Angioplas-
ty (TBCA) with stenting of the right coronary artery (RCA), 
left anterior descending artery (LAD), and the aorta (AO).

Hypertension grade 3, risk level  4. Cardiac rhythm and 
conduction abnormalities: paroxysmal atrial fibrillation and 
paroxysmal supraventricular tachycardia. January 31, 2022: 
radiofrequency ablation of the slow pathway of the AV junc-
tion and the cavotricuspid isthmus. First-degree atrioven-
tricular block. Supraventricular extrasystoles. Chronic heart 
failure  (CHF), stage  2a, NYHA functional class  2, in the 
subcompensation phase.

February 8, 2022: therapy with Somatuline 120 mg every 
28 days. Stabilization.

Disease complications: disseminated intravascular coagula-
tion (DIC) (May 15, 2022). Systemic inflammatory response 
syndrome (May  15, 2022), without pathogen identified. 
Liver abscess (February 16, 2022). Right lower lobe pneu-
monia (May  16, 2022), resolving. Oral cavity candidiasis 
(February 20, 2022). The patient was declared incurable by a 
council of oncologists; hospice care for cancer patients was 
recommended.

Since May 11, 2022, the patient was experiencing a per-
sistent fever (>38.0  °C). At his own discretion, the patient 
received Amoxiclav and NSAIDs, without any effect. He was 
experiencing febrile episodes (>38.0 °C) two or three times 
daily, which persisted until he had been hospitalized. He was 
admitted to the “NeuroVita” Clinic on July 13, 2022, having 
signs of fever of unknown origin. Complaints upon admis-
sion: right upper quadrant abdominal pain, general weakness, 
malaise, chest pain episodes, and arthralgia. The objective of 
hospitalization was to elucidate the etiology of the fever of 
unknown origin and to perform corrective therapy. 

The patient had an advanced malignant neoplasm exhibiting 
signs of resistance to treatment. He met the inclusion criteria 
for the “Protocol of Personalized Adoptive Gene Therapy for 
Treating Malignant Tumors” and was enrolled in the treatment 
protocol based on the histologically confirmed diagnosis of 
malignancy; evidence for disease progression despite stan-

dard therapy or resistance to therapy; and age between 18 
and 85 years.

The key phases of personalized adoptive gene therapy. 
All the therapeutic procedures were carried out in compliance 
with the protocol described in refs. (Bryukhovetskiy, Bo-
gachev, 2023; Bryukhovetskiy, Shurdov, 2024) and the Clinical 
Treatment Protocol (Supplementary Material 1). At patient’s 
discretion and with his voluntary consent, hematopoietic blood 
and bone marrow cells were harvested under the program in 
compliance with the aforementioned protocol. The initial step 
involved mobilization and collection of CD34+ HSCs. Star
ting June 22, 2022, the patient received eight subcutaneous 
injections of granulocyte-colony stimulating factor (G-CSF) 
at 10–12-h intervals during four days following the routine 
hematopoietic stimulation protocol aiming to mobilize HSCs 
into the peripheral blood. The treatment regimen was as fol-
lows: G-CSF (figrastim) injected on days 1 and 2 at a dose 
of 4.4 µg/kg per day; on days 3 and 4, 8.8 µg/kg per day. On 
the 5th day, leukapheresis was performed, and hematopoietic 
stem cells from blood mononuclear cells were collected, fol-
lowed by trephine biopsy and bone marrow sampling. The 
cellularity of the harvested material was sufficient for further 
manipulations. The proportion of CD34+ HSCs in the frac-
tion of mononuclear cells (MNCs) was ~2 %. The autologous 
MNCs concentrate was then purified to remove red blood 
cells, platelets, and granulocytes using ficoll density gradient 
centrifugation (BioloT Ltd., Russia). The purified MNCs con-
centrate (leukocyte concentrate) was cryopreserved according 
to the standard cryopreservation procedure. Dimethyl sulfoxide 
(Beijing Solarbio Science & Technology Co., Ltd, China) at 
a final concentration of 6–10 % was added to the cell suspen-
sion. The mixture was gradually frozen to –80 °C at a rate of 
1 °C/min and stored in liquid nitrogen vapor.

The clinical part of the therapy. Starting July 13, 2022: 
immunosuppression with methylprednisolone (N2) was ini
tiated; starting July 14, 2022: sirolimus (N4). On July 19, 
2022, ex  vivo gene therapy was performed via reinfusion 
of autologous HSCs restored using the medicinal substance 
hDNAgr. The sample of cryopreserved MNCs enriched with 
CD34+ HSCs was thawed. Immediately prior to reinfusion, the 
genome of the HSCs was modified using a technology enabling 
ex vivo correction of nucleotide sequences in chromosomal 
DNA of poorly differentiated hematopoietic progenitor cells. 
For this purpose, the collected leukocyte suspension enriched 
with CD34+ HSCs was washed to remove the cryoprotectant, 
resuspended in normal saline, and coincubated (60 min, 37 °C) 
with fragmented deproteinized genomic DNA (hDNAgr) ob-
tained from ~100 young healthy women in labor. The leukocyte 
suspension was then washed to remove the hDNAgr. With the 
informed consent provided by patient K., an autologous cell-
based gene therapy preparation containing 3.6×1010 autologous 
peripheral blood mononuclear cells in 100 mL of Sol. Poly-
glukini was administered intravenously via a central venous 
catheter under aseptic conditions at the intensive care unit. The 
transfusion was conducted after intramuscular premedication 
with Sol. Suprastini (2.0 mL). The hemodynamic parameters 
were monitored during the reinfusion (BP 170/70  mmHg, 
HR 62 bpm, SpO2 97 %). Sol. Dexametasoni 4.0 was infused 



Клинический случай использования  
концепции природной реконструкции генома

Д.Ю. Ощепков, В.С. Рузанова, С.Г. Ошихмина … 
Н.А. Колчанов, А.С. Брюховецкий, С.С. Богачев

2026
30 • 4

547МОЛЕКУЛЯРНАЯ И КЛЕТОЧНАЯ БИОЛОГИЯ / MOLECULAR AND CELL BIOLOGY

intravenously after the procedure to prevent hypersensitiv-
ity reactions. Hemodynamic monitoring was performed one 
hour post-infusion (BP 115/60  mmHg, HR 67  bpm, SpO2 
97–96 %). The patient underwent the procedure satisfactorily. 
No complications occurred during the procedure. Copies of 
the documents accompanying the “Protocol for Personalized 
Adoptive Immunotherapy in the Treatment of Advanced Can-
cer and Other Malignant Neoplasms” and the Patient Informed 
Consent Form are provided in Supplementary Material 1.

Patient. Follow-up of October 28, 2022. The patient feels 
satisfactorily and reports having hiked in the mountains and 
swum in a mountain lake. Contrast-enhanced CT revealed 
no findings indicative of cancer progression. Retroperitoneal 
lymph nodes were enlarged by 1–2 mm. The patient’s overall 
condition was interpreted as cancer stabilization.

Patient. Follow-up of April  10, 2023. On April  10, 
2023, the patient was admitted to hospital for inpatient ex-
amination. His condition was satisfactory. Contrast-enhanced  
CT/PET imaging of the thoracic, abdominal, and pelvic organs 
revealed no evidence of disease progression. No abnormal tu-
mor markers were identified. Cardiac condition had improved. 
Although having heart failure, ischemic heart disease, and 
stents in coronary arteries, the patient had experienced no 
chest pain over the past six months (whereas prior to therapy, 
he was seeking emergency care 3–4 times per week). Gout 
has resolved (the patient was having painful gout attacks over 
the past five years); hemorrhoids have become compensated. 
Patient’s hair color has recovered; hair has become thick and 
silky. The patient’s facial complexion has normalized. He is 
having a normal everyday life. The patient would feel abso-
lutely healthy if he had not undergone colostomy.

Whole-genome sequencing. Cell material was collected to 
analyze alterations in hematopoietic stem cells after the therapy 
(reinfusion of mononuclear cells enriched with autologous 
HSCs restored using the hDNAgr preparation). Control bone 
marrow and peripheral blood samples were collected prior to 
HSCs mobilization and MNCs harvesting. Bone marrow and 
peripheral blood samples were also collected 4, 8, 12, and 
27 months post-intervention. Whole-exome sequencing (WES) 
of DNA extracted from the collected samples of MNCs was 
performed. Furthermore, whole-exome sequencing was con-
ducted for the hDNAgr preparation used to reconstruct the 
HSCs genome, whose fragments collectively represent the 
complete human genome sequence.

Genomic DNA was extracted from all the collected biologi-
cal specimens; alterations in the genes associated with clonal 
hematopoiesis were analyzed by next-generation sequencing 
(NGS).

Targeted paired-end sequencing was conducted using an 
MGISEQ-G400 sequencing platform (MGI, China) utilizing 
multiplex panels MGIEasy Exome Capture V5 Probe Set, 
Roche KAPA HyperExome, Nanodigmbio NEXome Plus 
Panel  v1.0, or Nanodigmbio NanOnco Plus Panel  v3.0 (as 
specified in the “Test kit” column in the tables provided in 
Supplementary Material 2). The sequencing aimed to identify 
germline mutations and clonal somatic mutations in the genes 
associated with clonal hematopoiesis (AKT1, ASXL1, ASXL2, 
BCOR, BCORL1, BRCC3*, CBL, CTCF, CUX1*, DNMT1, 

DNMT3A, DNMT3b, ETNK1*, GNAS, GNB1*, IDH1, IDH2, 
JAK2, KIT, KRAS, MPL, MTOR, MYD88, NLRP3*, NRAS, 
PPM1D, PTEN, PTPN11, RAD21, RUNX1, SETBP1*, SF3B1, 
SOX2, SRSF2, TET2, TP53, U2AF1, UBA1*). The genes 
marked with an asterisk are not included in the Nanodigmbio 
NanOnco Plus Panel v3.0; in the table, the “ND” (no data) 
index is given for them. The targeted coverage depth is ×100 
for exome panels (MGIEasy Exome Capture V5 Probe Set, 
Roche KAPA HyperExome, and Nanodigmbio NEXome Plus 
Panel v1.0) (Schema for Exome Probesets – Exome Capture 
Probesets and Targeted Region, n. d.), and ~×1000 or higher 
for the Nanodigmbio NanOnco Plus Panel  v3.0 (NanOnco 
Plus Panel v3.0, n. d.).

Two bioinformatics pipelines were employed for analyzing 
the sequencing data: the first one was optimized for germline 
mutation detection; the second one, for somatic mutation 
detection.

The following software tools were used for the germline 
pipeline: BWA-MEM2 v2.2.1 for aligning to the human 
reference genome (GRCh37); StreamMD v4.3.0 for marking 
and removing PCR duplicates; Sambamba v1.0.1 for filter-
ing mapped variants; GATK Picard for quality control and 
mapping metrics assessment; Google DeepVariant v1.6.1 for 
nucleotide variant identification; BCFtools  v1.20 for vari-
ant filtering; and Ensembl Variant Effect Predictor (VEP) 
release 112 for variant annotation.

The software used for the somatic pipeline was as follows: 
BWA-MEM2 v2.2.1 for aligning to the human reference ge-
nome (GRCh37); StreamMD v4.3.0 for marking and removing 
PCR duplicates; Sambamba v1.0.1 for filtering mapped vari-
ants; GATK v4.4.0.0 for quality control and mapping metrics 
assessment; GATK Mutect 2 for nucleotide variant identifica-
tion; FINGS v1.7.2 for variant filtering; and Ensembl Variant 
Effect Predictor (VEP) release 112 for variant annotation.

The coding and non-coding genetic variants are listed in 
individual tables in Supplementary Material  2. The coding 
genetic variants include those residing within the protein-
coding region of the gene, including synonymous variants, 
as well as the variants of donor and acceptor splice sites. The 
variants residing outside the protein-coding regions of the 
gene, excluding variants of donor and acceptor splice sites, 
were classified as non-coding genetic variants.

The risk of pathogenicity was assessed in compliance with 
the ACMG (SF v2.0)/Medical and Genetic Research Center 
guidelines, including the following criteria: low population 
frequency (variant frequency in 1,000 genomes and/or ExAC 
C NM_015338.6 <0.01); a damaging effect (nonsense, frame-
shift); information about the variant is contained in locus-
specific databases, etc.

The data on variant allele frequency (VAF) are reported in 
Supplementary Material 2 and constitute the official report 
on the analysis performed at the P.A. Herzen Moscow Cancer 
Research Institute, a branch of the National Medical Research 
Radiological Centre of the Ministry of Health of the Russian 
Federation. The data are provided in tabulated values. The data 
on variant allele frequencies in exons and adjacent regions 
listed in the summarized table are visualized using a green 
gradient scale.
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Analysis of the frequency of occurrence of SNPs using 
the All-FIT software (Loh et al., 2020). The analysis was 
carried out using default program settings. The input data 
were the SNPs identified at the previous stage, along with 
sequencing depth data (Supplementary Material 2, Table 1). 
The total number of SNPs was 15. Data without removal of 
germline SNPs, LOH (Loss of Heterozygosity), or subclonal 
SNPs were included in the analysis, since the clonality set of 
HSCs was not supposed to contain malignant tissue variants. 
Only the coding SNPs for which the VAF data were available 
at both the initial (pre-treatment) and final (27 months post-
treatment) points were used for the computation using the 
All-FIT software. Therefore, the sets of SNPs selected for 
computation did not differ, and any differences in the results 
were attributable exclusively to variations in frequencies, but 
not the set of SNPs.

Statistical analysis was conducted using the Statistica 8 
software (StatSoft, Tulsa, USA). Statistical significance was 
assessed using the Mann–Whitney U test; the differences were 
considered statistically significant at Pv < 0.05.

Results

The summarized whole-genome sequencing data. 
Choosing the genome sequencing platform to analyze 
changes in the frequency of occurrence of SNPs
Patient K. with a neuroendocrine tumor of the small intestine in 
the terminal stage of progression (stage IV, metastatic spread to 
the liver, lymph nodes, and the left kidney) underwent therapy 
with autologous MNCs enriched with HSCs treated with the 
hDNAgr preparation. Patient K. presenting with signs of fever 
of unknown origin was admitted to the “NeuroVita” clinic. 
The patient was declared incurable by a council of oncolo-
gists; hospice care for cancer patients was recommended. The 
objective of hospitalization was refining the etiology of fever 
of unknown origin and performing corrective therapy. The 
patient had an advanced malignant neoplasm exhibiting signs 
of resistance to treatment. During the corrective therapy, he 
was found to meet the inclusion criteria for the “Protocol of 
Personalized Adoptive Gene Therapy for Treating Advanced 
Cancer and other Malignant Tumors” and was enrolled in the 
treatment program.

After the therapy, patient K. experienced a rapid and steady 
improvement of his condition. Remission of the underlying 
disease has been observed for four years to date. It was as-
sumed that the favorable changes in clinical manifestations of 
the underlying disease and comorbidities in patient K. were 
related to the therapeutic effect on hematopoietic stem cells 
present within MNCs. We have put forward a hypothesis that 
this impact had resulted in genetic correction of the mutant 
loci in hematopoietic progenitor cells (Ruzanova et al., 2024, 
2025), restoring the regenerative repair potential of HSCs, 
which was the reason behind the prominent clinical effect.

It is known that MNCs therapy, whether administered as 
monotherapy or in combination with physical (e. g., ultraviolet 
irradiation) (Andreu et al., 1994; Greinix et al., 2000) or hu-
moral interventions (e. g., interleukin-2) (Dummer et al., 1993; 
Mendelenko et al., 1997; Pal’tsev et al., 2000), or through 

using MNCs conditioned medium (Beer et al., 2016), elicits 
an anti-inflammatory response at multiple levels. This effect 
is attributed to factors released during MNCs apoptosis and 
to activation of anti-inflammatory properties in macrophages 
residing in various tissues (Beer et al., 2016). Furthermore, 
MNCs transfusion stimulates angiogenesis, which is currently 
extensively studied in the context of tissue tropism impair-
ment in patients with type 1 diabetes mellitus, cardiovascular  
diseases (including ischemic myocardial infarction), and 
stroke. This effect is believed to be related to activation of 
endothelial progenitor cells present within the leukocyte con-
centrate (Zhang, Huang, 2012; Vahidy et al., 2016; Gurusamy 
et al., 2018; Yunir et al., 2021). However, we have failed to 
find any additional cases of long-lasting and diverse clinical 
effects of MNCs therapy aside the one observed for patient K. 
in the academic literature available through PubMed. As pre-
viously noted, we attribute the restoration of the regenerative 
potential of HSCs to correction of somatic mutations fixed in 
the HSCs genome. The recovered ability of HSCs to effectively 
repair various types of injury in different tissues and organs 
is additive and synergistic with respect to the regenerative 
potential reported for the mononuclear cell fraction, where 
this tissue regeneration effect may also be related to activated 
(but not reconstructed) HSCs, explaining the limited scope of 
the observable regenerative effects of MNCs therapy per se.

The fundamental elements of adoptive cell therapy (gene 
therapy) involve the following manipulations. As mentioned 
previously, the initial step includes mobilization of hemato-
poietic progenitor cells using granulocyte colony-stimulating 
factor. The therapeutic procedure entails treating MNCs with 
the hDNAgr preparation, exhaustive elimination of extraneous 
extracellular DNA from the cells, followed by reinfusion of 
the treated mononuclear cells into the patient’s bloodstream. 
The reinfused mononuclear cell fraction largely remains in 
its original state, except for the fact that HSCs present in the 
leukocyte concentrate have internalized extracellular dsDNA 
fragments, and processes within the cells leading to genetic 
reconstruction have been initiated. 

The DNA fragments in the hDNAgr preparation collectively 
constitute a complete human genome, encompassing a broad 
allelic representation of healthy variants across all the genomic 
sequences. Following treatment, these dsDNA fragments of the 
hDNAgr preparation are naturally internalized by HSCs, there-
by inducing the development of a recombinogenic situation 
(Likhacheva et al., 2008; Ruzanova et al., 2024). According to 
the concept of natural genome reconstruction, an exchange of 
homologous sequences between extrachromosomal fragments 
and the genomic DNA takes place via the mechanism known as 
single-strand assimilation (ss assimilation) (Leung et al., 1997; 
Langston, Symington, 2005; Symington, 2014; Yakubov et al., 
2024). This exchange results in substitution of mutant alleles 
in the genome with alleles derived from the fragments. If the 
alleles within these fragments are normal, healthy variants, 
corrective restoration of the mutant loci will take place. These 
considerations suggest that the prominent clinical effect of the 
therapy was primarily attributable to the genetic correction of 
HSCs rather than to activation of undefined factors within the 
integral population of mononuclear blood cells.
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In this study, we have put forward a hypothesis that as a 
result of stochastic genome reconstruction, hematopoietic stem 
cells have restored the regenerative potential lost throughout 
their life and because of the developed pathology, eventually 
expanding this potential to the entire body.

We conducted whole-exome sequencing (WES) of DNA 
extracted from the patient’s MNCs to test the hypothesis that 
treatment with HSCs within MNCs will be accompanied by 
SNP correction and the emergence of HSCs clones with non-
mutant alleles, ultimately restoring the regenerative potential 
of HSCs and contributing to the observed clinical effects. 
Only the results of sequencing blood-derived MNCs samples 
were analyzed. Control samples were collected prior to the 
therapeutic intervention. MNCs samples were collected again 
4, 8, 12, and 27 months post-treatment. DNA was extracted 
from these samples, and WES was conducted. Multiplex 
panels (MGIEasy Exome Capture V5 Probe Set, Roche KAPA 
HyperExome, and Nanodigmbio NEXome Plus Panel v1.0), 
targeting the entire exome with ~100× coverage (Schema for 
Exome Probesets – Exome Capture Probesets and Targeted 
Region, n. d.), were used at the initial time point and 4, 8, 
and 12 months post-treatment. A targeted panel with ~1,000× 
coverage (Nanodigmbio NanOnco Plus Panel v3.0) (NanOnco 
Plus Panel v3.0, n. d.), which included the genes harboring 
mutant alleles detected at the initial point, was employed to 
verify the identified mutations and more accurately quantify 
their proportions at the final stage of follow-up 27 months 
post-therapy. Non-coding regions adjacent to the exons were 
additionally sequenced. Furthermore, whole-exome sequenc-
ing of hDNAgr preparation, Roche KAPA HyperExome, which 
is used for reconstructing the HSCs genome whose fragments 
constitute the complete human genome, was also performed 
(Supplementary Material 2, Fig. 1). The utilization of multiple 
multiplex panels was a technical solution; their specificity 
for the selected coverage sufficiently aligned with the criteria 
required for SNP analysis (target, off-target, and duplications), 
making this approach adequate for assessing SNP frequencies 
(Schema for Exome Probesets – Exome Capture Probesets and 
Targeted Region, n. d.; Belova et al., 2025).

A set of genes associated with clonal hematopoiesis of un-
certain potential (CHUP) was selected for analyzing genomic 
alterations after the treatment. This genetic platform was 
chosen because changes affecting the specified genes consti-
tute the molecular foundations for the mechanism of clonal 
expansion of mutated HSCs clone. The resulting dominance 
of such clones is a key factor in the development of clonal 
hematopoiesis of uncertain potential compromising the body’s 
defense function.

It was hypothesized that dominant clones had been formed 
in the hematopoietic system of patient K., which could have 
been a confounding factor for the underlying pathology.

It was assumed that the assessment of SNP frequency 
reduction within the selected gene group could had been one 
of the criteria attesting to the potential changes in the HSCs 
genome after treatment. The advantages of this approach are 
related to the ease of detecting changes in the exome by next-
generation sequencing (NGS), the relative cost-effectiveness 
of the technique, and the availability of bioinformatics tools 

enabling targeted analysis of this specific gene set. If genetic 
alterations are found in the analyzed genes, it would suggest 
that there are high chances that similar events have occurred 
across the entire genome. Importantly, restoration of the re-
generative potential of HSCs is more likely to be related to 
the recovery of other mutated loci (in which the mutations had 
initially weakened the regenerative potential) rather than solely 
to correction of mutations within the genes associated with 
clonal hematopoiesis. The detection of these genetic changes 
will be a marker of enhanced regenerative potential of the 
hematopoietic system and simultaneously, a marker of ex vivo 
correction per se. Furthermore, it is hypothesized that similar 
processes can occur for other types of stem cells (MSCs and 
endothelial progenitor cells) that are present in the leukocyte 
concentrate and internalize extracellular fragments (Dolgova et 
al., 2014), which will also be a factor significantly enhancing 
the overall regenerative potential of the body.

Whole-exome sequencing revealed no known driver SNPs 
included in the established list of genes associated with clonal 
hematopoiesis and responsible for its development (Genovese 
et al., 2014; Jaiswal et al., 2014; Heyde et al., 2021; Joo et al., 
2023). It means that the patient had no systemic changes in 
hematopoiesis that would be detectable by genomic analysis. 
According to the available literature, no dominant clones of 
HSCs with disrupted mechanisms responsible for their rege
nerative potential had been formed. In other words, the clonal 
hematopoiesis in its classical form was not detected in this 
patient. Simultaneously, this fact suggests that the prominent 
positive changes in the patient’s condition observed after treat-
ment are associated with genetic alterations in other mutant 
alleles of the HSCs genes directly involved in the aforemen-
tioned regenerative mechanisms.

Nevertheless, the analysis identified SNPs associated with 
the common clonal hematopoiesis genes, but these genes do 
not correspond to driver alleles and appear to have a germline 
origin (100 % occurrence frequency for a homozygote; ~50 % 
occurrence frequency for a heterozygote) (Supplementary 
Material 2, Table 1).

Primary analysis demonstrated that the frequency of some 
of the detected germline SNPs at the final follow-up point 
was significantly lower compared that at the initial point. This 
could mean that during the interaction between extracellular 
DNA fragments and hematopoietic stem cells, some SNPs 
affecting the regenerative potential of HSCs in the genome 
were replaced with an alternative allele; the hDNAgr prepara-
tion was the only possible source. In other words, a somatic 
correction occurred. Due to correction of mutant SNPs, a new 
clonal HSCs lineage could have emerged, differing from the 
pre-treatment one.

An important implication of this observation is that alleles 
of the HSCs genes harboring germline SNPs were affected. 
The presence of germline SNPs suggests that all the cells in 
the body have only this genotype, and there are no other he-
matopoietic stem cell populations harboring alternative alleles. 
This fact efficiently eliminates the questions related to the 
potential activation of HSCs that had existed in the quiescent 
state since the embryonical development, which could be 
triggered by the treatment. In other words, if new SNPs have 
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Fig. 1. The frequency of SNPs of the analyzed genes at the final follow-up point 27 months post-intervention.
A, The diagrams illustrating the overlapping of the total percentage error values for the SNP allele frequencies of three heterozygous genes at the initial 
and final follow-up points. B, Changes in the frequencies of SNPs in the selected heterozygous genes at the initial and final follow-up points; frequencies 
at the initial point fluctuate around 50 % (three SNP alleles). The median allele frequencies are compared with allowance for the total percentage error 
of the values obtained using different multiplex panels. * Statistically significant differences ( Pv < 0.05) as determined using the Mann–Whitney U test.
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appeared or existing ones have disappeared, these changes 
could only have occurred during the postgerminal period and 
resulted from somatic processes.

We needed to find approaches that would demonstrate the 
validity of these changes; assessment of the variant allele 
frequencies of the identified SNPs could be the main one. 

Analysis of the frequency of occurrence of SNPs
Two approaches were selected to assess the frequencies of 
SNP occurrence: (1) comparative analysis of changes in SNP 
frequencies in selected genes at the initial and final follow-up 
points (27 months), and (2) the All-FIT algorithm (Loh et al., 
2020) (Supplementary Material 2, Table 2).

Analysis of changes in the frequencies of SNP occurrence 
in selected genes at the initial and final follow-up points 
(27 months). A specific approach was used in this part of the 
study to prove that replacement of SNPs with alternative al-
leles had occurred. This approach consisted in the analysis of 
changes in allele frequencies within the exons of heterozygous 
genes. The results were initially normalized to the existing li
terature data, which incorporated findings obtained in different 
laboratories, at different time points, and employing different 
NGS platforms. The average error in estimating the distribution 
of allele frequencies within exons and adjacent non-coding 
regions of heterozygous genes was determined at the second 
stage, based solely on the findings of the present study (the 
“internal” experimental error). These analyses employed 
four different NGS platforms (Supplementary Material  2,  
Table 3).

Six genes (ASXL1, RAD21, DNMT1, SF3B1-1, SF3B1-2, 
and SF3B1-3) were selected for the comparative analysis; the 
frequency of SNP occurrence in these genes was ~40–60 %, 
suggesting that these alleles were heterozygous. The occur-
rence frequencies of  homozygous SNPs were close to 100 % at 
all the analysis points. The comparison revealed a statistically 
significant reduction in the frequency of SNPs in three of the 
selected genes (ASXL1, DNMT1, and SF3B1-2) at the final 
follow-up point according to the selected criterion (Fig. 1). 
The logic and the main steps of the analysis are outlined in 

Supplementary Material 3. It means that the observed reduction 
in SNP frequency is probably associated with genetic correc-
tion of SNP that had resulted from homologous exchange of 
mutant genomic sequence with a non-mutant allele present in 
extracellular DNA fragments within the hDNAgr preparation.

The All-FIT (allele-frequency-based imputation of tu-
mor purity) algorithm. The second approach employed the 
All-FIT bioinformatics platform. According to the algorithm 
proposed by the authors, this method allows one to determine 
the proportion (the “purity” according to ref. (Loh et al., 2020)) 
of cancer cells and accompanying somatic tissue (cells) in 
the resected tumor sample with a respective confidence in-
terval (CI) using the weighted least squares method through 
iterative steps based on variant allele frequencies (VAF) of 
SNPs detected in target clinical high-throughput sequencing 
data and the sequencing depth for each selected allele. The 
simulated and clinical data were used to demonstrate the ac-
curacy and improved performance of the All-FIT approach 
compared to other leading computational methods. The pro-
gram was validated for specific clinical samples and showed 
high predictive effectiveness (Loh et al., 2020).

Following the core concept of the platform, the proposed 
algorithm can be used to determine the ratio between the 
proportion of cells harboring different SNP sets by analyzing 
changes in variant allele frequencies of a limited number of 
SNPs available for analysis as well as the sequencing depth, 
which shows the reliability of frequency estimates. The 
reduced frequency of the analyzed alleles compared to the 
marker (anchor) frequencies ascertained by the algorithm 
would attest to a decline in the number of cells carrying the 
generalized set of selected SNPs, being fully consistent with 
the objectives of our study.

The study analyzed the frequencies of SNPs in the genes 
associated with clonal hematopoiesis based on the initial 
hypothesis regarding the presence of CHUP. The findings 
demonstrated that the patient had no clonal hematopoi-
esis. However, the limited number of SNPs available for 
VAF analysis (together with sequencing depth data), re-
lated only to the genes of this group, allows one to conduct  



Клинический случай использования  
концепции природной реконструкции генома

Д.Ю. Ощепков, В.С. Рузанова, С.Г. Ошихмина … 
Н.А. Колчанов, А.С. Брюховецкий, С.С. Богачев

2026
30 • 4

551МОЛЕКУЛЯРНАЯ И КЛЕТОЧНАЯ БИОЛОГИЯ / MOLECULAR AND CELL BIOLOGY

All-FIT analysis, which will reliably reveal any significant 
change in the occurrence frequency of controlled SNPs if it 
is detected.

HSCs within peripheral blood mononuclear cells were 
treated with the hDNAgr preparation containing a pool of 
~100 different DNA samples encompassing all the sequences 
in the human genome (100 ×). According to the concept of 
natural genome reconstruction and the results of its experimen-
tal validation, DNA fragments internalized by HSCs undergo 
stochastic and homologous recombination with the accessible 
homology regions of genomic DNA. An assumption was made 
that a detected reduction in frequency of identified SNPs will 
imply that some SNPs, including those outside the analyzed 
SNP set, had been replaced with alternative alleles via the 
aforementioned homologous recombination. This genetic 
correction has altered the ratio between VAFs of the analyzed 
SNPs, which can potentially be detected by computations using 
the All-FIT algorithm. Extracellular dsDNA fragments inter-
nalized by HSCs within the MNCs are the best-substantiated 
source of this correction. Figure 2 shows the results of the 
comparison.

The analysis revealed that the purity (the proportion of 
cells carrying the initial SNP set) at the initial point was 0.99 
(CI, 92–99 %), which actually means that there is a single 
“clone”. After 27-month follow-up, the purity decreased to 
0.88 (CI, 84–95 %). It means that ~12 % of cells having a 
different set of SNP alleles (CI, 5–16 %) have emerged. A ho-
mozygous SNP-free clonal cell lineage appears in the pool of 
heterozygous cells with analyzed SNPs. The most plausible 
explanation to these values is that some SNP alleles have 
been replaced with alternative alleles present in the hDNAgr 
preparation, which have become fixed in some HSCs lineages 
and are characterized by an enhanced regenerative potential.

The data obtained using the two independent approaches re-
inforce the conclusion that the proposed mechanism of interac-
tion between extracellular dsDNA fragments and chromosomal 
DNA does actually exist. In other words, the hypothesized 
concept of natural genome reconstruction is viable.

The hypothetical scenario of events taking place during 
reinfusion of reconstructed HSCs to patient K. is provided in 
Supplementary Material 4. 

Discussion
Overall, our findings are consistent with the proposed concept 
of genome reconstruction via a natural mechanism (Ruzanova 
et al., 2024, 2025; Yakubov et al., 2024). The key questions 
of the entire study address the feasibility of non-homologous 
integration into the genome and the accuracy of homologous 
integration. The clinical applicability of the concept depends 
on the answer to this question.

Undoubtedly, certain events take place within the nucleus, 
leading to potential recombinational repair interactions 
between the extrachromosomal fragments of extracellular 
dsDNA and chromosomal DNA. It is supported by the data 
reported below.

We have previously demonstrated that telomeric DNA 
content increases upon internalization of dsDNA fragments 
by HSCs, which can be associated with both true integration 

of telomeric repeats into the genome and with alternative 
lengthening of telomeres (Ruzanova et al., 2025). Furthermore, 
circular DNA is formed, consisting of extrachromosomal 
extracellular fragments looping into circles and giving rise to 
multiple associates with chromosomal DNA strands, which 
persist until the metaphase and can be detected by FISH or by 
direct analysis of the distribution of fluorescent-labeled DNA 
probes (Ruzanova et al., 2025).

The results of this study suggest that mutant alleles of the 
genes of hematopoietic stem cells  (HSCs) are apparently 
restored, which is interpreted as projection of the core idea of 
the concept: stochastic substitution of various chromosomal 
DNA segments with homologous sequences derived from 
extrachromosomal fragments internalized by HSCs. An im-
portant factor in this context is that according to the findings 
of whole-genome sequencing conducted in (Oshikhmina et 
al., 2026), there is no evidence for non-homologous probe 
integration, indicating that homologous allele replacement is 
more likely to occur.

Vital tests demonstrate that syngeneic reinfusion of mouse 
and rat HSCs treated with heterologous human DNA (hDNAgr) 
causes neither immediate nor long-term (one year) pathologi-
cal sequelae. They also suggest that there is no illegitimate 
integration of foreign extrachromosomal DNA into active 
genomic loci; therefore, there are no genetic abnormalities 
manifesting themselves as an immediate functional response 
(Ruzanova et al., 2025).

The most important result of our study is the reported 
clinical case involving patient K. Long-lasting stabilization 
of cancer progression was achieved, accompanied by positive 
clinical manifestations. Along with stabilization of disease 
progression, there were explicit favorable effects on the 
cardiovascular system. The phenomenon of new hair growth 
demonstrates that stem cells migrated to hair follicles and were 
fixed in them. However, the key aspect of this clinical case is 
that genetic alterations in the mutant heterozygous germline 
alleles have been detected. In other words, our study revealed 
the phenomenon of somatic correction in hematopoietic stem 
cells, which occurred naturally through internalization of 
extracellular dsDNA fragments by hematopoietic progeni-
tor cells.

The primary critical question concerning the entire technol-
ogy, including the reported clinical case, is whether extracel-
lular DNA fragments that had originally been internalized by 
HSCs can be preserved in their progeny for a long time (up to 4, 
9, 12, and 27 months) and whether this DNA (SNPs) can be de-
tected in leukocyte concentrate cells by whole-exome sequenc-
ing after time passes. We believe that this outcome (namely, 
long-term preservation of extrachromosomal extracellular 
DNA in the progeny of hematopoietic cells), which may give 
rise to the corresponding artifact, is highly unlikely. Our fin
dings demonstrate that activated HSCs treated with dsDNA 
preparation continuously proliferate, at least during 15-day 
follow-up (Ruzanova et al., 2024). After eight months, blood 
cells potentially containing extracellular fragments inherited 
from the maternal HSCs, which is capable of internalizing up 
to 1 % of the haploid genome (Dolgova et al., 2013, 2016; 
Potter et al., 2024), will either be eliminated based on their 
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Fig. 2. Presentation of the results of All-FIT analysis for the detected clonal hematopoiesis gene variants (Loh et al., 2020). An analysis 
focused on the allele frequencies of SNPs within the exons of the clonal hematopoiesis genes evaluated at two time points: at the 
initial (point 1) and the final follow-up points (2) (27 months post-therapy).
A, The contribution of each variant to the sum of probabilities. B, The sum of probabilities across all the variants and the 2σ curve (the brown dashed 
line). The points of intersection between the 2σ curve and the tangent to the log of the sum of probabilities at its minimum (the gray dashed line) 
define the confidence interval (CI) around the calculated purity parameter p. C, The distribution of observed allele frequencies. The dashed lines are the 
expected allele frequencies in the included mutation models for the hypothesized p. D, The distribution of the proportion of clones (cancer cell fraction, 
CCF) for the hypothesized p. E–H, The results after unfiltered heterozygous germline variants had been excluded from analysis. I–L, The results after 
excluding the subclonal somatic variants. The legends to the figures show the mutated genes and the VAF of each detected variant.
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lifespan or will constitute an extremely small proportion of the 
blood cell population, so that their detection will be infeasible 
from a quantitative perspective. Furthermore, our unpublished 
data indicates that extracellular DNA material is no longer 
detectable within cells ~22 days post-treatment. Therefore, 
the results of whole-exome sequencing of mononuclear cell 
samples derived from patient K. 4, 8, 12, and 27 months after 
the therapy reflect the real situation with genomic alterations 
and the emergence of genetically reconstructed renewed he-
matopoietic stem cell clones.

An interesting observation was that homozygous germline 
alleles of the genes have not been corrected, suggesting they 
are under selective pressure. Heterozygous alleles not being 
under selective pressure have undergone correction; the rege
nerative potential of the therapy has statistically significantly 
increased. The emergence of extracellular DNA fragments 
within the intracellular space of HSCs is accompanied by ho-
mologous correction and simultaneously initiates cell division 
(Potter et al., 2024; Ruzanova et al., 2024). The progenitor 
cells divide both symmetrically and asymmetrically (Potter 
et al., 2024; Ruzanova et al., 2024). Their progeny, resulting 
from both symmetric and asymmetric division, circulate in 
peripheral blood. It is fair to hypothesize that the genes re-
sponsible for tissue regeneration have undergone correction, 
thus restoring the original regenerative potential of the HSCs, 
and that these cells, which have acquired a new status, have 
caused the extensive systemic regeneration in patient K.

Conclusions
Overall, the technology of natural genome reconstruction using 
the therapeutic hDNAgr (Patent No. 2855434 dated February 2, 
2026) can be employed for treating patients with diseases of 
civilization and elderly patients without evident pathologies. 
Nonetheless, serious experimental studies of all subtleties of 
the molecular and cellular processes triggered upon interaction 
between a stem cell (and HSC in particular) and extracellular 
DNA fragments need to be conducted.
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