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Abstract—Modern trends in the development of health care suggest its focus on the interests of the patient
and its holistic nature, as well as deep penetration into all parts of health care information technology.
The driving force behind the ongoing changes, of course, are scientific achievements, the importance of
which in the development of new medical technologies and the creation of innovative diagnostic devices,
as well as medicines, has grown significantly in recent years. These processes provide conditions for the intro-
duction into clinical practice of a new model of medical care—personalized medicine, based on the choice of
methods of diagnosis and treatment with account for the individual characteristics of the course of the dis-
ease, as well as the patient’s lifestyle. Personalized medicine technologies, which involve the creation of an
appropriate, often expensive, infrastructure of omics technologies, should ultimately lead to an increase
in the efficiency, quality, and, most importantly, safety of medical care. In the Russian Federation, this area
is actively developing in four world-class research centers, including the Almazov National Medical Research
Center. The current state and prospects of research in the field of personalized medicine are discussed in this
article, prepared by the author on the basis of his scientific report at a meeting of the Presidium of the Russian
Academy of Sciences.
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Since the beginning of the 21st century, biomedi-
cine has developed rapidly, accumulating the achieve-
ments of basic sciences in the field of medical research
and focusing on their use in real clinical practice. Life
sciences have been included in the development pro-
grams of the world’s leading universities and have
become their main driving force. Research in the field
of mathematics, physics, chemistry, and biology has
opened up the possibility of deep penetration into the
intimate mechanisms of the occurrence of the most
significant human diseases: oncological, cardiovascu-
lar, and many hereditary. Genetic technologies are
being developed intensively, which made it possible to
identify the genetic causes of almost any pathology
and determine the sequence of the entire human
genome. Based on these data, gene therapy began to
be used in clinical practice, including genome editing
technologies, which made it possible to select meth-
ods individually for the treatment of severe hereditary
diseases [1].

Based on the achievements of synthetic biology,
genomics, proteomics, metabolomics, bioinformatics,

and other related disciplines, a new model of medical
care is being formed—personalized medicine, which
involves the choice of optimal diagnostic, therapeutic,
and preventive approaches for a particular patient,
taking into account his/her specific biomarkers
(including genetic ones), which help the doctor deter-
mine which treatment method is most effective. Per-
sonalized medicine is often called precision medicine
due to its focus on identifying key factors in the devel-
opment of the disease (thanks to biomarkers; molecu-
lar pathways of pathology; and genomics, proteomics,
and metabolomics data), as well as considering the
patient’s lifestyle and environmental factors. Since it
may be difficult to individualize treatment fully,
including for economic reasons, precision medicine
uses unique (“point”) protocols designed for stratified
patient groups. It should be emphasized that these two
concepts—personalized medicine and precision med-
icine—although not identical, are still very close in
essence due to their common focus on the most
important components of medical care for the patient,
including:

• risk assessment (genetic testing of predisposition
to diseases),

• prevention (intervention to prevent disease),
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• detection (early detection of diseases at the molec-
ular level),

• diagnostics (accurate diagnostics allows to indi-
vidualize the treatment strategy),

• treatment (improvement of outcomes due to
more accurate targets of exposure and prevention of
the side effects of therapy),

• observation (active monitoring of response to
therapy and a marker of disease progression).

This is not to say that a personalized (individual)
approach is something completely new for clinicians.
Earlier, certain morphofunctional parameters were
used for this, reflecting the level of development of
medical science and practice corresponding to the
time. It is safe to say that the principle of treating the
patient and not the disease has been known and widely
used since ancient times. However, “an integrated,
coordinated, and individualized approach to analyz-
ing the occurrence and course of diseases for each
patient,” considering environmental factors and the
lifestyle of each person, including “the development
of personalized treatments based on genomics, testing
for disease susceptibility, prevention, combining diag-
nostics with treatment and treatment monitoring” [2,
p. 4], began to form precisely from the beginning of
the current century.

It took decades to move from the dominance of the
concept of evidence-based medicine, in which the
treatment of the patient was based mainly on data from
randomized clinical trials calculated for the average
patient to a healthcare model based on personalized
care. It is this approach that makes it possible to detect
quickly the targets for the effects of drugs and thereby
achieve not only the best effect but also reduce the risk
of developing adverse events due to the selection of the
optimal drug dose. Finally, the possibility of making a
more accurate and faster diagnosis, even when using
expensive diagnostic technologies, will lead to signifi-
cant savings in health care resources. Not to mention
a significant reduction in mortality, especially among
patients with oncological, neurological, cardiovascu-
lar, and other socially significant diseases. It can be
assumed that personalized medicine will become a
strong factor in shifting the focus from the treatment
of diseases to their prevention. Faster patient access to
information and better medical care will make it pos-
sible if not to prevent the disease then certainly to
identify it at an early stage, and, in general, to increase
the patient’s adherence to treatment and interaction
with the attending physician, following his/her rec-
ommendations.

PERSONALIZED MEDICINE 
IN THE CONTEXT OF THE DEVELOPMENT 

OF MODERN HEALTH CARE
As mentioned, the penetration of personalized

medicine into real clinical practice took place at the
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beginning of the 21st century. This was manifested not
only in the acceleration of the introduction of innova-
tive technologies due to translational research. It was
during this period that the idea of a patient-centered
approach was formed in the health-care system, which
means that the interests of the patient are considered
superior to those of medical institutions and their
employees. Organizationally, an understanding of the
importance of closed-loop medical care and the con-
tinuity of all its stages has taken shape. Value-based
health-care technologies have begun to be applied,
which involve a change in emphasis in the provision of
medical care from focusing on process to results [3].
The trend of the recent decades is that trial and error
medicine, moving towards medical consensus medi-
cine, in turn, has given way to evidence-based medi-
cine, and today evidence-based medicine is already
giving way to personalized medicine. The medical
profession acquires a research character, becomes
closer to science than to art.

Another major factor in the breakthrough develop-
ment of personalized medicine in the last two decades
is the introduction of digital information technologies.
Improvements in bioinformatics methods, genetic
pathology registries, medical decision support sys-
tems, and artificial intelligence technologies have con-
tributed to the emergence of “big data,” the impor-
tance of which, apparently, will increase. The greatest
effect of big data should be expected in the predictive
modeling of drugs. Based on the processing of gigantic
amounts of genetic information, which are becoming
more and more accessible, doctors will be able to pre-
scribe unique drugs and apply new methods of treat-
ment. Finally, the identification of disease patterns
will improve the quality of prognostic estimates, iden-
tify risk profiles, offer effective treatment methods,
and improve prevention.

The status of personalized medicine in our country
is enshrined in the Strategy of Scientific and Techno-
logical Development of the Russian Federation,
according to which the transition to high-tech health
care promoting health protection is becoming one of
the main priorities of the state [4]. In accordance with
the national project Science, as part of the implemen-
tation of this trend, three genomic centers were cre-
ated in 2019 and four world-class research centers in
2020, the tasks of which include R&D in the field of
personalized medicine.

Impressive success with the use of new approaches
has been achieved in oncology and oncohematology
(this concerns improving patient survival). Clinical
and population studies are actively developing in car-
diology, endocrinology, neurology, and psychiatry,
which contributes to the creation of support systems
for medical decision making, the choice of specific
drugs and their doses, and the formation of individual
predictive risk scales. In pediatrics, rare (orphan) and
N ACADEMY OF SCIENCES  Vol. 92  No. 6  2022
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Table 1. Expected results of the introduction of personalized medicine in the healthcare system

Payer Institutions Patients Society

Reducing costs by at least 
a third by reducing the pre-

scription of ineffective treat-
ments and increasing the 

speed of care and its safety

Timely and accurate diagno-
sis and therapy

Fast medical care that is 
effective and safe

Decreasing the burden on the 
economy by reducing health 
care costs and indirect losses

Improving the quality of 
medical care and patient sat-

isfaction

Improving the quality and 
duration of life

Improving public health and 
public perception of the 

achievements of science and 
medical services

Development of new technol-
ogies and decision support

Decreased time spent in 
a state of illness
genetically determined diseases attract the greatest
research interest.

The choice of a personalized treatment and pre-
vention strategy, especially in acute cardiovascular
conditions, using big data will significantly increase
the accuracy of an individual prognosis. Combined
analysis of big clinical data (including images and data
from prospective observation) with the involvement of
omics technologies1 and machine learning methods
seems promising for real clinical practice. Note that
the pandemic of the new coronavirus infection
became a serious incentive for the development of per-
sonalized approaches in the treatment of patients with
infectious pathology, primarily with COVID-19 [5].
The experience accumulated over the past two years in
dealing with the pandemic indicates the greatest clin-
ical effectiveness of personalization of therapeutic
strategies.

The main vectors in the development of personal-
ized medicine in Russia are concentrated in the fol-
lowing areas:

• personalization of approaches to diagnostics,
treatment, and prevention in real clinical practice
(algorithms and the medical decision support system);

• oncogenomics;
• pharmacogenetics (including the selection of

doses of drugs using computer programs);
• genetic risk assessment;
• prenatal diagnosis;
• study of molecular mechanisms of diseases,

search for targets for therapy, study of small regulatory
molecules and microvesicles, mitochondrial DNA,
etc.;

• diagnostic panels;

1 Omics technologies are a set of modern molecular technologies
that are used to study the body at different levels, from reading
genetic information (genomics), identifying factors regulating
gene expression (epigenomics), and determining the activity of
genes (transcriptomics) and their protein products (proteomics)
to determining the composition and concentration of end decay
products (metabolomics). (Hereinafter, Ed.)
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• test systems, including those for prenatal diag-
nostics, including maternal blood diagnostics.

The process of introducing personalized methods
of diagnostics, treatment, and prevention into practi-
cal health care will take more than one decade and will
be inseparable from the development of biomedical
science, expensive omics technologies, and bioinfor-
matics. However, it is already obvious that this area has
significant socioeconomic prospects [6]. Investment
in personalized health care is expected to increase by
more than 30% in the coming years. Today, in oncol-
ogy, more than 70% of innovative drugs are targeted
drugs; their number should increase by 69% in the
next five years. From 2015 to 2020, the number of
drugs with personalized indications for their use
increased by 70%. Moreover, the likelihood that a
drug will be approved for clinical use increases signifi-
cantly if a specific biomarker is present in the mecha-
nism of its action.

The benefits from the introduction of personalized
medicine methods will affect all participants in the
health-care system without exception: taxpayers,
medical institutions, patients, and society as a whole
(Table 1).

Personalized medicine: Main development tools. The
accumulated experience suggests that rapid introduc-
tion of any new, especially expensive, technology
requires a certain infrastructure. Personalized medi-
cine involves an innovative ecosystem that includes
universities and scientific institutions engaged in
research in this area and business that creates a spe-
cific innovative product, as well as a health-care sys-
tem that puts these developments into practice. Here it
is necessary to emphasize once again the leading role
of science and scientific institutions in building such
an ecosystem. They should become a kind of academic
biomedical hub, providing a comprehensive, integra-
tive approach to the creation and promotion of medi-
cal technologies and their accessibility to the health-
care system as a whole. It is in this context that the
efforts of the state to form four world-class research
centers in Russia should be considered; one of these
 Vol. 92  No. 6  2022
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Fig. 1. Ecosystem of the Almazov National Medical Research Center.
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of policies (rules), 

accumulation of best 
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 achievements of scientific

 research into clinical practice Opportunities 
of the clinic as a base

 for research

 Infrastructure 
for innovations

(R&D)
centers, the Center for Personalized Medicine, was
created on the basis of two research centers in
St. Petersburg: the Almazov National Medical
Research Center of the Ministry of Health of Russia—
the initiator of the creation of the Center for Personal-
ized Medicine—and the Institute of Experimental
Medicine—a participant in the center (Fig. 1).

The purpose of the center under formation fully
meets the current ideology of biomedical research and
is aimed at building a scientific and industrial biomed-
ical ecosystem for the development and implementa-
tion of technologies for diagnosing and treating dis-
eases based on personalized medicine in health-care
practice. This activity includes genetic risk assess-
ment, pharmacogenetics and pharmacogenomics
methods, disease biomodelling, genome modifica-
tion, and the creation of drugs for gene therapy, as well
as biomedical cell products using genome editing
technologies to improve the quality of treatment and
reduce mortality in cardiovascular diseases, concomi-
tant metabolic disorders, oncohematological patholo-
gies and some types of tumors, a number of infectious
diseases, and pathologies of a genetic nature, includ-
ing rare and poorly studied ones.

The activities of the Center for Personalized Medi-
cine include four blocks that meet the main challenges
for the health-care system.

(1) Population genetics and noncommunicable dis-
eases of polygenic nature. Within this block, it is
planned to develop algorithms for assessing the genetic
risks of cardiovascular and metabolic diseases of a
polygenic nature in the Russian population and to
identify new predictors of the development of acute
complications based on omics technologies and meth-
ods of personalized prevention. It is also necessary to
develop educational programs for training specialists
in the field of personalized medicine, pharmacogenet-
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ics and pharmacogenomics, and omics data process-
ing.

Polygenic diseases are extremely diverse, but the
focus is on those that have long acquired the character
of noninfectious epidemics on a global scale—obesity,
metabolic syndrome, type 2 diabetes mellitus, and
cardiovascular pathologies. Obesity is an extremely
heterogeneous condition in which some patients
maintain good metabolic health and a favorable car-
diovascular prognosis for many years, while others
develop early dyslipidemia, arterial hypertension,
hyperuricemia, and dysglycemia with accelerated for-
mation of atherosclerotic changes and cardiovascular
diseases. Many different factors, including phenotypic
(anthropometric, behavioral, psychological, hor-
monal, etc.) and molecular genetic factors, predeter-
mine the prognosis of the health status of obese
patients.

We have studied the relationship of the obesity
phenotype with the biomarker profile and the
response to weight-reducing interventions. The rela-
tionship between the level of inflammation markers
(C-reactive protein) and the degree of obesity and the
nature of the distribution of adipose tissue was revealed—
in visceral obesity (body mass index ≥30 kg/m2,
waist/hip ratio >0.9 for men and >0.85 for women),
the median of its level was 3.48 ng/mL, while in the
peripheral one (body mass index ≥30 kg/m2, waist/hip
ratio ≤0.9 for men and ≤0.85 for women), it was
0.93 ng/mL (p = 0.023). A high level of fibrosis mark-
ers (type 3 procollagen, galectin-3) is associated with
a high risk of the development of cardiovascular dis-
eases. According to our data, the decrease in fibrosis
markers, as well as markers of inflammation during
treatment, was substrate-dependent and was observed
to a greater extent in patients with initially higher lev-
els, regardless of the body weight dynamics. This sug-
N ACADEMY OF SCIENCES  Vol. 92  No. 6  2022
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gests the presence of an obesity phenotype with a pro-
fibrogenic status, which improves with normalization
of the lifestyle, regardless of the degree of weight loss.
This statement is also supported by the data of experi-
mental studies, which have shown that a high-fat diet
is associated with a worse prognosis of ischemic myo-
cardial damage even in the absence of obesity and
other metabolic disorders [7].

The approach to the study of polygenic hereditary
traits and a number of pathologies (obesity, type 2 dia-
betes mellitus, coronary heart disease) differs to
a large extent from the study of the nature of rare dis-
eases. Polygenicity implies a small contribution of
individual DNA variants to the probability of develop-
ing a particular phenotype; therefore, it requires a
much larger volume of studies (in terms of the number
of participants), as well as the availability of detailed
clinical information about each of the participants in
the study to take into account environmental effects as
much as possible. Whole genome sequencing technol-
ogies have made it possible to detect a large array of
biomarkers associated with various polygenic pheno-
types. The search for genes associated with polygenic
diseases still remains an unsolved problem. The stan-
dard method for studying the genetics of such diseases
is the genome-wide association search (GWAS).
However, it only points to certain regions in DNA,
which can contain up to 100 genes.

To overcome this difficulty, a bioinformatic genetic
risk prediction program, GPrior [8], was developed,
which predicts the role of genes with an as yet
unknown mechanism of action. The model is based on
an ensemble of several machine learning methods and
uses the functional relationship between known, on
the one hand, and as yet undiscovered disease-associ-
ated genes, on the other. As initial data, the model uses
an array of genes with a known functional role in the
pathogenesis of coronary heart disease (CHD) (for
example, regulating cholesterol secretion), as well as
information on molecular processes (expression,
interactions between proteins, etc.). To validate the
model, 37 genes significantly associated with CHD
were studied, but the molecular mechanism of their
impact on the risk of the disease was not yet known.
Subsequent use of the algorithm to analyze registries
of patients with coronary artery disease showed that
the GPrior ensemble of classifiers predicts the pres-
ence of genes, the significance of which is subse-
quently confirmed in large-scale studies using both
GWAS and exome sequencing, which guarantees reli-
able gene detection.

The use of omics biomarkers, big data technolo-
gies, and machine learning will significantly increase
the accuracy of an individual prognosis and personal-
ize treatment strategies. An example is the model
developed in our center to predict the development of
aortic aneurysm. Atherosclerosis and other diseases of
the aorta can lead to a violation of the mechanical
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properties of its walls and the formation of an expan-
sion (aneurysm)—a condition that threatens to rup-
ture the aorta with a fatal outcome. In this case, the
disease is sometimes asymptomatic and the patient
may not receive timely surgical treatment to prevent
complications.

Often, an aortic aneurysm is found incidentally on
an ultrasound of the heart for other indications.
Today, based on the analysis of data from more than
78000 echocardiographic studies, we have developed
a predictive model using machine learning methods
that allows us to predict the detection of an aortic
aneurysm during a repeat echocardiographic study
with 82% accuracy, if the results of the previous one
and the main clinical characteristics of the patient
(gender, age, comorbidities) are known. Thus, based
on the data of an echocardiographic study performed
for any reason in patients without signs of aortic aneu-
rysm, it is possible to predict with high accuracy the
risk of developing this disease in the future and plan
the further follow-up accordingly.

The use of the proposed prognostic model will
improve the efficiency of screening for the detection of
aortic aneurysm and prevent the development of fatal
complications, as well as reduce the need for expen-
sive and high-risk emergency cardiac surgery on the
aorta [9].

Such models are being developed to predict recur-
rent cardiovascular events and the development of dia-
betes mellitus and to choose the optimal therapy.

(2) Unknown, rare, and genetic diseases. The tasks of
this block involve the development of a set of technol-
ogies and the creation of a world-class scientific and
educational infrastructure for personalized diagnosis
and treatment of diseases of a genetic nature, includ-
ing rare, poorly studied, and even unknown ones, the
identification of molecular mechanisms, and the
determination of new targets for personalized therapy,
including the creation of innovative gene therapy
drugs.

The main problems of pathologies of a genetic
nature, most of which are rare, are associated, first,
with their low prevalence, which leads to a lack of
knowledge and experience on the part of specialists,
and second, with their chronic, progressive, and life-
threatening nature. That is why today they require spe-
cial attention. The specificity of the approach to their
study lies in the need to form a single patient-oriented
structure, to create and maintain registers of patients
with rare and genetically determined diseases, and to
implement fundamental projects aimed at identifying
new specific genetic determinants of rare and
unknown pathology. An indispensable attribute of
these projects should be the discovery of the molecular
mechanisms of diseases of a genetic nature and the use
of experimental cellular and animal models both for a
deeper study of pathogenetic mechanisms and for the
creation and testing of new gene therapy drugs.
 Vol. 92  No. 6  2022
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One of the priority areas is the creation of a registry
of genetically determined cardiomyopathies. The
focus of our research is on the study of atypical, rare
phenotypes with the search for features of mutations
that led to the formation of such unique phenotypes.
We mean a group of patients with rare forms of hyper-
trophic cardiomyopathy (mutations in poorly studied
sarcomere protein genes and mutations in nonsarco-
mere genes and genes of various signaling cascades)
and patients with rare forms of cardiomyopathy and
rhythm disturbances.

Whole-exome sequencing and sequencing of tar-
geted cardiopanels developed by us (a panel of genes
for hypertrophic cardiomyopathy and its rare pheno-
copies—39 genes, as well as a panel including the full
sequence of the giant titin gene and titin complex
genes—four genes) turned out to be highly effective in
determining the genetic basis of rare forms of heredi-
tary myocardium diseases. Thus, we have identified
a new variant of the RBM20 gene as the cause of the
development of isolated arrhythmias. Usually, muta-
tions in RBM20 are associated with myocardial
remodeling, in particular, leading to the development
of cardiomyopathic phenotypes, which is mainly asso-
ciated with impaired splicing of the titin gene (TTN)
and other sarcomere proteins. We described a rare
association of the pathogenic RBM20 variant with
isolated arrhythmias [10].

Within this block of studies, much attention is paid
to the study of arrhythmogenic cardiomyopathy/right
ventricular dysplasia, a rare hereditary myocardial dis-
ease characterized by a severe form of arrhythmia, the
development of progressive heart failure, and a high
risk of sudden cardiac death, the genetic and molecu-
lar cellular bases of the pathogenesis of which remain
poorly understood. A study was made of the spectrum
of microRNA molecules in the pericardial f luid of
patients with a verified diagnosis of this disease (using
high-throughput sequencing of small RNAs). As a
result of bioinformatic analysis, it was possible to
determine the full spectrum of miRNAs in samples of
the pericardial f luid of patients, as well as to identify
five differentially expressed types of miRNAs in
patients with arrhythmogenic cardiomyopathy com-
pared with the control group (hsa-miR-1-3p, hsa-
miR-21-5p, hsa-miR-122-5p, hsa-miR-206, and hsa-
miR-3679-5p). Analyzing the enrichment of a set of
differentially expressed miRNAs made it possible to
prove their association with other cardiovascular dis-
eases and myopathies (including chronic atrial fibril-
lation, coronary artery disease, arrhythmia, hyperten-
sion), as well as to determine the main affected signal-
ing pathways and biological processes (including the
cell cycle, the development and differentiation of heart
and skeletal muscle cells, and cell proliferation and
apoptosis). Identification of specific extracellular
miRNAs makes it possible to better understand the
processes underlying pathogenesis and, in the long
term, to identify biomarkers for more accurate and
HERALD OF THE RUSSIA
timely diagnosis and prognosis of the course of the
disease [11].

Considering the specifics of many rare and little-
studied diseases, the identification of their pathoge-
netic, including molecular, mechanisms, as well as the
development of platforms for the creation and testing
of drugs, is impossible without the use of biomodeling
technologies for pathological processes. All leading
medical centers in the world use this kind of genetic
technology. Preclinical models of selected human dis-
eases in vitro, ex vivo, and in vivo have already been
created and described for further analysis. The most
widely used are genetically modified model systems
(rodents and zebrafish). An increase in the number of
lines of transgenic animals that would have unique
characteristics in terms of solving the problems of car-
diology, neurology, oncology, and other research
areas is a necessity dictated by the high level of medical
research in the world and the personalized approach to
treating patients.

As part of the work in this area, the Center for Bio-
modeling of Pathological Processes, has developed a
biotechnological platform at our center to create new
organoid and transgenic (mice, rats, fish) models that
mimic various pathological processes—atheroscle-
rotic, neurodegenerative, cardiological, endocrine,
etc. The project uses the latest technologies of trans-
genesis (introduction of artificial genetic information
into animal embryos by various methods). We get ani-
mals with desired properties (this can be a Cre/Lox
system for genetic tracing, the introduction of muta-
tions that turn off a gene or cause the replacement of
one gene by another, and, finally, Crispr-Cas9,2 which
makes it possible to obtain zebrafish and rodent
mutants already in the first generation). Unique lines
of transgenic animals were created, in particular new
transgenic lines of mice (Sox10, PLP, CHAT, DTA,
ASCL, WNT) and lines of zebrafish (Sox10Cre:
Zebrabow-S), which were used to study the mecha-
nisms of formation of the nervous system and molec-
ular genetic basics of the pathogenesis of neurodegen-
erative diseases [12].

We have shown that embryonic glial precursor cells
in the early development of embryos of transgenic
lines of mice and fish perform important functions
associated with the correct development of individual
organs and animals as a whole. These cells have prop-
erties reminiscent of the pluripotent properties of the
neural crest and, depending on their location in the
body, can transform into various cell types in periph-
eral tissues, including neurons. In addition, using the
method of genetic tracing of a transgenic zebrafish
line, it has been shown that neurons of the autonomic
nervous system, as well as some populations of neu-
rons of the central nervous system, originate not only

2 CRISPR/Cas is a system of adaptive acquired immunity of bac-
teria and archaea, aimed at destroying foreign DNA that has
entered the cell, for example, phages or plasmids.
N ACADEMY OF SCIENCES  Vol. 92  No. 6  2022
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from neural crest cells but also from Schwann progen-
itor cells, which can be considered as a new cellular
material for regenerative medicine and a cellular
source of mature neurons in case of their loss in neu-
rodegenerative diseases accompanied by a cata-
strophic loss of neurons in the human central nervous
system [12].

Diseases associated with excess calcification are
widespread, especially in aging populations. Vascular
calcification worsens the course and prognosis of dis-
eases of the cardiovascular system, and calcification of
the aortic valve leads to disruption of the heart. How-
ever, there are still no therapeutic approaches for the
medical treatment of these diseases in the world, and,
for example, about half a million expensive operations
to replace a calcified valve are performed annually for
the treatment of aortic stenosis alone. One of the most
important limitations for the development of appro-
priate therapies is the lack of adequate platforms for
testing promising compounds. To solve this problem,
our world-class research center has developed a
unique technological platform, on the basis of which
potential compounds and genetically engineered con-
structs capable of suppressing excessive calcification
can be tested [13]. When creating the platform, a col-
lection of more than 100 samples of primary cell cul-
tures from patients with aortic valve calcification was
used. A technology for growing and testing the calcifi-
cation potential (osteogenic potential) of these cells is
proposed. Using the platform during cell cultivation,
the expression of a number of genes associated with
calcification was checked, and to obtain a more com-
plete characterization of the pathological process, an
analysis of the proteome of differentiating cells was
carried out.

The platform allows testing substances and genetic
constructs with potential anticalcification effects, as
well as studying the molecular and cellular basis of
pathological calcification, which, in turn, serves as an
integral step in the search for therapy. During the
approbation of the technological platform, we man-
aged to identify the compound krenigacetate, which
has an anticalcifying effect. Further, for all promising
compounds, we study the mechanism of action using
proteomics and the analysis of these data in the con-
text of information about the patient.

Another striking example of the implementation of
the principles of personalized medicine is the scien-
tific project Creating a Register of Unknown, Rare,
and Genetically Caused Diseases, which includes
patients with pathologies the development mecha-
nisms of which are not known or little studied, and
diagnostics and therapy are not supported by standard
protocols. Today, the register covers more than
200 children with 68 extremely rare nosologies. Using
the sufficiently large clinical experience in managing
patients with hereditary and rare diseases, the formed
multidisciplinary teams of medical specialists, the
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possibility of applying the most state-of-the-art labo-
ratory and genetic diagnostic equipment, and the
means for implementing scientific projects using
experimental studies, the foundation was prepared for
the creation of a competence center Hereditary, Rare,
and Little-Studied Diseases, which opened in 2021.

(3) Oncology. For this block, the task was to develop
technologies and create a set of centers of competence
for personalized diagnosis and therapy of cancer,
including oncohematological diseases, tumors of the
brain and gastrointestinal tract, and neuroendocrine
tumors and to propose theranostic3 approaches and
a set of personalized drugs for the treatment of onco-
logical diseases based on genetically modified cells of
the immune system.

The scientific significance of fundamental devel-
opments in the field of oncology is determined by the
use of the latest expression analysis technologies,
including single cell genomic analysis in combination
with epigenetic profiling and high throughput
sequencing. In addition, data on the genomic struc-
ture of solid tumors and tumors of the hematopoietic
system, obtained using the material of existing and
future bioresource collections, combined with the
possibility of detailed phenotyping of patients, will
allow the development of new criteria that determine
the chemo- and radiosensitivity of tumors, the cre-
ation of genetic diagnostic systems, and new geneti-
cally engineered drugs for the treatment of cancer and
to determine new genetic markers for personalized tar-
geted therapy for a number of tumors.

From the point of view of oncology, it is equally
important to study the fundamental mechanisms of
action of drugs based on the creation of chimeric anti-
gen receptors, to use genetically modified immune
cells, and to search for methods for obtaining biomed-
ical cellular products of this kind.

Embryonic tumors are a common morphological
form of malignant neoplasms of the central nervous
system, with the number of high-risk patients being
about 70%. The unsatisfactory survival rates of
patients in high-risk groups, determined by the refrac-
toriness of the tumor to the therapy and its high toxic-
ity, necessitate the development of other strategies for
antitumor treatment. Within this vector, using whole-
exome sequencing of the new generation in embryonic
tumors of the central nervous system, the effectiveness
of therapy with drugs with a targeted mechanism of
action is being studied based on the detection of iden-
tical molecular disorders. Carrying out a comparative
analysis of DNA sequences in tumor cells and normal
tissue of each patient makes it possible to isolate
pathogenic mutations that are significant for the prog-

3 Theranostics is an approach to the creation of pharmaceutical
compositions, which consists in a comprehensive solution of
therapeutic and diagnostic problems by creating drugs that are
both an early diagnostic tool and a therapeutic agent.
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Fig. 2. Creation of a unified technological and scientific platform for the development of cellular immunotherapy for oncological
diseases.
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nosis of the disease and serve as a potential therapeutic
target.

As an additional option for patients of the studied
prospective cohort with an unsatisfactory response to
treatment after the completion of an intensive pro-
gram or the development of a relapse of the disease, we
use a metronomic chemotherapy regimen in combi-
nation with targeted therapy. In contrast to the stan-
dard, the proposed method is based on low-dose com-
bination chemotherapy (etoposide + cyclophospha-
mide) in combination with antiangiogenic (sirolimus)
and anti-inflammatory therapy (celecoxib) in a con-
tinuous mode. Our approach eliminates the need for
long-term inpatient treatment. Reducing the intensity
of therapy makes it possible to avoid the development
of side effects, usually those associated with severe
hematological toxicity and infectious complications.
This reduces the cost of treatment.

The study of neuroendocrine tumors (NETs),
which cause severe metabolic disorders, is aimed at
solving the problem of diagnosing and predicting the
recurrence of NETs of the pituitary and adrenal and
parathyroid glands after surgical treatment. We are
searching for new germinal (congenital) and somatic
mutations responsible for the development of NETs of
the adrenal and parathyroid glands and determining
the recurrent or malignant course of these diseases.
Optimal diagnostic approaches are being developed to
predict the clinical course, response to therapy, and
malignant nature before the development of metasta-
ses, including omics technologies, as well as modern
imaging methods, such as PET/CT with various inno-
vative radiopharmaceuticals. The search for targets for
antitumor therapy is underway. As a result of study,
markers of the prognosis of the course and response to
therapy will be identified and a program will be formu-
lated to assist in making decisions in the diagnosis and
treatment of these diseases, which will reduce the time
for diagnosis and improve prognosis—increase sur-
vival and reduce mortality.

Within the framework of the project, a target panel
for sequencing genes responsible for the development
of NETs was created using a next generation sequenc-
ing method. In patients with malignant pheochromo-
cytoma, a germline mutation in the ZNRF3 gene, pre-
viously associated with the development of adrenocor-
tical cancer, was detected for the first time. New
HERALD OF THE RUSSIA
methods of topical diagnostics of neoroendocrine
tumors of the pituitary and parathyroid glands have
been developed and tested. Data have been obtained
that PET/CT with 11-C methionine can detect para-
thyroid adenoma in cases where traditional methods
do not give a positive result. A technique for detecting
MRI-negative adrenocorticotropic hormone-secret-
ing pituitary adenomas has been developed and tested.
According to the data obtained, 18F-FDG PET
(radiopharmaceutical 18F-fluorodeoxyglucose) can be
used to localize MRI-negative adrenocorticotropic
hormone-secreting pituitary adenomas. According to
our data, its use made it possible to increase the num-
ber of patients who achieved remission of hypercorti-
solism after transsphenoidal adenomectomy [14].

One of the new promising tools for cell therapy of
malignant diseases is the technology of using CAR
NK cells. Unlike CAR T cells, these effectors provide
not only specific CAR-dependent destruction of
tumor cells expressing target surface proteins but also
anticancer activity due to a wide range of activating
receptors characteristic of NK cells. On the way to cre-
ating an optimal platform for CAR NK cell therapy
(Fig. 2), we performed a systematic analysis of feeder
cells expressing combinations of activating-receptor
ligands, in particular, CD40L, CD27, 4-1BBL,
mbIL15, mbIL21, mbIL18, and mbIL12. In order to
chart the direction of genetic modification of NK
cells, an in-depth analysis of the transcriptome of sin-
gle NK cells was carried out in comparison with T cells
[15]. Unlike T cells, in which the dominant activation
mechanism is controlled by the T cell receptor, NK
cells do not have such a “nodal” receptor, so overex-
pression of activating receptors or their combinations
in NK cells to stimulate their antitumor activity seems
very promising.

Only a few coreceptors, such as CD5, CD27, and
CD28, are expressed by T cells, and they are practi-
cally absent in NK cells. Interestingly, despite the lack
of CD28 expression in NK cells, second-generation
CD28-based CARs show stronger activity in NK cells
than first-generation CARs. This may be due to the
fact that the main elements of the signaling apparatus
are present in NK cells at levels comparable to those of
T cells. Surprisingly, NK cells express more CD3zeta
(CD247) than T cells, so a side-by-side comparison of
N ACADEMY OF SCIENCES  Vol. 92  No. 6  2022
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Fig. 3. Development of the peptide drug RAS70 against membrane-bound Hsp70 on cancer cells for targeted intraoperative diag-
nosis of malignant neoplasms.
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cytotoxic activity induced by first-generation CARs in
T and NK cells would be interesting [15].

Malignant brain tumors, both primary neuroepi-
thelial tumors (Grade III and Grade IV) and second-
ary intracerebral tumors (brain metastases), are one of
the main causes of death from oncological pathology
in adult and pediatric populations. A promising
method for their treatment is the use of targeted drugs
directed to the membrane-bound form of the heat
shock protein Hsp70 to visualize the neoplasm and
target delivery of antitumor agents (including radio-
isotopes).

According to the data we obtained, using the
method of inverted confocal microscopy, the expres-
sion of the membrane-associated heat shock protein
Hsp70 on tumor cells of the central nervous system in
adult patients (including astrocytoma, glioblastoma,
ependymoma) was demonstrated for the first time.
This result provides a scientific rationale for the devel-
opment of anticancer theranostic drugs that recognize
mHsp70-positive cancer cells. It was shown that
expression of the Hsp70 protein is observed in viable
cells of glioblastoma multiforme of adult patients but
not in cells of the necrotic zone (Fig. 3). A positive
correlation was noted between the level of Hsp70
expression and the invasive potential of tumor cells.
The data obtained indicate the possibility of targeting
anticancer drugs specifically to the population of via-
ble mHsp70-positive tumor cells.
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To date, the development of a protocol for assess-
ing the expression of membrane-bound Hsp70 on
tumor cells obtained from biopsy material has been
completed and Hsp70 has been analyzed on cancer
cells obtained from neurooncological patients. In the
course of a separate stage of research, in order to
increase the theranostic properties of agents (antibod-
ies, RAS70 peptide), the latter were conjugated with
nanosized gold preparations (AuNPs) or superpara-
magnetic iron oxide nanoparticles (SPIONs), which
permit, on the one hand, a diagnostic effect and, on
the other, suppress tumor growth [16]. High-Z gold
nanoparticles (AuNPs) conjugated to a target antibody
can help improve tumor control in radiation therapy
while minimizing radiotoxicity to adjacent healthy tis-
sue. To evaluate the behavior of nanoparticles in vivo,
we developed a pharmacokinetic model that mimics
the uptake and distribution of AuNPs in mice. Multi-
scale Monte Carlo simulations were performed for
AuNPs and SPIONs in tumor cells at the cellular and
molecular levels to determine the increase in radiation
dose and the formation of chemical radicals in the
vicinity of AuNPs [17]. A biologically based mathe-
matical model has been developed to predict the bio-
logical response of AuNPs to radiation amplification.
Although simulations of AuNPs showed a clear
increase in dose, simulations associated with the for-
mation of chemical radicals and the induction of DNA
strand breaks caused by aggregates of AuNPs showed
only a slight increase in dose. Differences in the mod-
 Vol. 92  No. 6  2022
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eled changes at the molecular and cellular levels indi-
cate that further research is needed to understand bet-
ter the impact of physical, chemical, and biological
parameters in preclinical experimental settings prior to
the transition of these AuNPs models into cancer
radiotherapy.

In more than 80% of cases, after radical treatment
of breast cancer, regardless of the chosen methods of
antitumor treatment, postmastectomy syndrome
inevitably occurs and develops progressively. We have
created a database “Data of Anamnesis, Complaints,
Neuropsychological Examination, Neurological Sta-
tus, and the Value of Biomarkers (ICAM1, PECAM1)
in Patients with Postmastectomy Syndrome,” which
allows us to analyze the state of the central and periph-
eral nervous system and endothelium depending on
the method of treatment and to develop a personalized
treatment rehabilitation approach.

With the help of functional MRI, we obtained new
data on changes in the working networks of the resting
brain in patients with postmastectomy syndrome,
which correlate with clinical manifestations in the
form of lymphedema, chronic pain syndrome, verte-
brobasilar insufficiency, and depression, which is nec-
essary for a more accurate diagnosis of the severity
neurological disorders, as well as a personalized com-
prehensive treatment and rehabilitation approach [18].

We also found for the first time a significant
increase in the expression of adhesion molecules
ICAM-1, PECAM-1 and the content of neuron-spe-
cific enolase, a decrease in antibodies to NMDA
receptors (in comparison with a group of healthy vol-
unteers) and did not differ from groups of patients with
chronic cerebral ischemia, which indicates a violation
of the functions of the blood–brain barrier, suffering
of brain tissue, and disruption of autoregulation pro-
cesses in it and reflects a subclinical pathological pro-
cess and the presence of endothelial dysfunction [19].

(4) Infectious diseases, microbial and antimicrobial
therapy. The task that we solved in this block together
with the Institute of Experimental Medicine was to
develop personalized technologies for determining the
risks of infectious diseases, including COVID-19, a set
of vaccines and approaches to personalized infection
prevention, and also the creation of a line of autopro-
biotic preparations for modifying the microbiota in
autoinflammatory, cardiovascular, and oncological
diseases.

Several vaccine candidates are being developed
under this project, in particular, innovative vaccines
for the prevention of infectious complications in
patients with chronic obstructive pulmonary disease
(COPD). The goal is to obtain live vaccines based on
beneficial strains of probiotic bacteria that carry pro-
teins of pathogenic microorganisms on their surface.
During the project, two new probiotic vaccine candi-
dates against the influenza virus were developed, in
which the antigens of the virus were exposed on the
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surface of the bacterium Enterococcus faecium L3.
Vaccination of mice with them stimulated the forma-
tion of humoral and cellular immune responses.
A protective efficacy study showed that mice with
antibodies against viral antigens were best protected
against lethal doses of the influenza virus, particularly
pandemic influenza A/South Africa/3626/13(H1N1)
pdm09 [20].

The goal of the other project we are implementing
is the development of oral live bacterial vector vaccines
based on the probiotic Enterococcus faecium L3 strain,
the genome of which is modified with inserts of DNA
fragments encoding SARS-Cov-2 proteins. In the
course of this work, two vaccine candidates were cre-
ated that demonstrated safety and immunogenicity in
experiments on laboratory animals. Currently, pre-
clinical studies on protection are being completed.
Vaccine candidates under development have a number
of competitive advantages over the existing SARS-Cov-2
vaccines: they can be administered orally as a fer-
mented milk product and stored at +4°C; the manu-
facturing process is extremely simple; and the finished
product does not require purification. In addition,
vaccine technology can be quickly adapted to new
pathogen variants [21].

In modern medical practice, the concept of ther-
apy for an infectious disease, aimed at the destruction
of the pathogen, must be replaced by a set of therapeu-
tic measures aimed at restoring the natural microbio-
cenosis characteristic of a particular individual. The
first step towards achieving this goal should be an
accurate diagnosis of the causative agent of the disease
and its genetic characteristics, including the study of
the presence of antibiotic resistance genes, virulence
genes, and the nature of their expression. Only after
that, in order to achieve an effective result, can one
proceed to personalized therapy, aimed either at
reducing the percentage of the pathogen in the micro-
biocenosis or replacing it with a bacterial variant of the
same species with a low pathogenicity potential.

Today, we are implementing two projects related to
personalized therapy, which uses probiotic and auto-
probiotic (that is, isolated from a particular patient)
bacteria. As part of one of them, an approach is being
developed to improve the long-term results of treat-
ment of cancer patients. In the course of our research,
the features of the intestinal microbiota in patients
with different tumor locations were revealed, and the
effectiveness of the use of autoprobiotic and probiotic
support in the perioperative and early postoperative
periods of treatment for colorectal cancer and gastric
cancer was evaluated. As a result of studies of the feces
of patients with colorectal cancer, it was shown that in
100% of cases there is dysbiosis, which is aggravated
after surgical treatment. The use of autoprobiotics or
the probiotic Enterococcus faecium L3 led to a decrease
in the content of opportunistic bacteria, including
bacterial tumor markers. With this maintenance ther-
N ACADEMY OF SCIENCES  Vol. 92  No. 6  2022
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Table 2. Infrastructure required for the introduction of genomic medicine into healthcare practice

Reliable and standardized diagnostic methods, data presentation formats, and quality control

Fast and relatively cheap sequencing methods certified for clinical use. Availability of centers capable of clinical interpretation

Databases containing available genetic variants associated with phenotypes, genotype-phenotypic interactions, and evi-
dence-based data

Financing mechanisms and inclusion in recommendations and standards, tariffs for assistance

Concentrated educational strategy and requirements for specialists. Professional competencies. Vocational education and 
popularization

Introduction of special information services into medical information systems of organizations and unified circuits for 
data collecting, recording, and monitoring
apy, a rapid recovery of the functions of the gastroin-
testinal tract was observed and the patients showed
compliance (adherence to treatment).

In another project, personalized microbial therapy
was used to correct somatic pathologies (metabolic
syndrome and type 2 diabetes). The technology we
have used in applying the components of our own
microbiota (autoprobiotics), which has world priority,
has undeniable advantages due to the adaptation of
indigenous bacteria to the host organism, immuno-
logical tolerance to our own microbiota, and mutually
beneficial conditions for the existence of components.
In the course of study, already after the first course of
autoprobiotics, against the background of the disap-
pearance or reduction of opportunistic pathogenic
bacteria, there was a tendency to increase the number
of enterococci, lactobacilli, and fecalibacteria, a decrease
in fasting glucose and glycated hemoglobin, a steady
tendency towards normalization of the lipidogram,
and a decrease in the weight of patients [22].

It should be noted that for therapeutic purposes we
use not only probiotic and autoprobiotic strains of
bacteria but also conditionally pathogenic microor-
ganisms. Thus, one of the projects is devoted to the
development of oncolytic bacterial strains, and on
their basis, recombinant proteins for the treatment of
neoplasms of the intestine, pancreatobiliary zone, and
brain tumors.

In the course of research, the in vitro cytotoxic
effect of various bacterial strains of Streptococcus pyo-
genes was evaluated in relation to PANC02 pancreatic
cancer cell lines, C6 glioma, human astroglioma
U251, and hepatoma 22a. Two strains of the S. pyo-
genes M49 serotype with pronounced oncolytic prop-
erties were found. The cytotoxic efficacy of S. pyogenes
was compared with the effect of standard chemother-
apy drugs, nerve growth factor (NGF), and cathelici-
dins LL37, PG-1 on the brain tumor cell culture. The
absence of a cytotoxic effect of oncolytic S. pyogenes
on normal cells was shown.
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* * *

An analysis of even the first results of the work of
a world-class Scientific Center suggests that the pres-
ence of significant state support with a high degree of
readiness of scientific teams can become a decisive
factor in accelerating the generation of new scientific
data and creating innovative technologies in the field
of personalized medicine. However, it would be naive
to believe that this will happen quickly. It is likely that
the process of bringing more and more diseases into
the orbit of personalized treatment will turn out to be
gradual and, as already mentioned, will require more
than a dozen years. Here, apparently, the most diffi-
cult thing will be the formation of infrastructure and
training of highly qualified personnel for the introduc-
tion of personalized medicine technologies into
healthcare practice. The list of such proposals is not
limited to those presented in Table 2, and with further
work in this direction—the development of biomedi-
cine and artificial intelligence technologies—it will be
significantly adjusted. First of all, this will apply to the
technologies of regenerative medicine and adaptive
immunotherapy, the use of personal vaccines, neuro-
interfaces, and bioprosthetics made from autologous
materials. However, even today one can see how big
the gap is between innovations and the willingness of
the professional community to accept them.

To reduce this gap, it is important to develop pro-
fessional education, in which more than university
training is important, where most programs already
contain courses in personalized medicine, pharmaco-
genetics, and digital technologies in medicine. It is nec-
essary to implement the teaching of new technologies
as part of the retraining of doctors and their advanced
training in areas such as oncology, cardiology, endo-
crinology, pediatrics, neurology, and psychiatry, in
which the demand for knowledge in pharmacogenet-
ics and the use of genetic testing results is extremely
high.

The future of personalized healthcare lies in quality
education, collaboration between scientists and prac-
titioners, and a patient-centered approach, which
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682 SHLYAKHTO
assumes that the medical problems of our citizens will
be solved effectively using the most modern technolo-
gies.
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