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Anatomic visualization and molecular typing of metastatic regional lymph 
nodes in breast cancer patients are a serious clinical challenge in modern 
oncology. According to the results of previous studies, [99mTc]Tc-(HE)3-G3 has 
proven to be a promising diagnostic agent in differentiating the HER2/neu 
receptor status in primary breast tumors. In that case, sensitivity and speci-
ficity for the mALN-to-background ratio were identical at 80%.
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Acute lung injury (ALI) is a specific form of lung inflammation characterized 
by diffuse alveolar damage, noncardiogenic pulmonary edema, as well as pul-
monary and systemic inflammation. The development of lipopolysaccharide 
(LPS)-induced ALI, as well as the feasibility of suppressing it by an aptamer 
targeting the proinflammatory cytokine TNF-α, was studied in a mouse model.
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Today, there exists a pressing problem related to developing safe 
and highly immunogenic next-generation vaccines against or-
thopoxvirus infections. In this study, we have created the LADA 
strain with an additional deletion in the LAD strain ati gene, 
which directs the production of a major non-virion immunogen. 
The LADA variant is attenuated and more immunogenic com-
pared to the L strain, which is used for producing the first-gen-
eration smallpox vaccine clinically approved in Russia. The A35R 
and ati genes can be considered to be a targeting insertion of de-
sired genes into DNA of the LIVP-A34R* strain when developing 
safe and efficacious polyvalent live vaccinia virus-based vaccines.

The titers of the VACV-specific IgG in the 
sera of mice immunized with the L, LAD, or 
LADA viruses
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REVIEWS

ABSTRACT As а model organism, the fruit fly (Drosophila melanogaster) has assumed a leading position in 
modern biological research. The Drosophila genetic system has a number of advantages making it a key mod-
el in investigating the molecular mechanisms of metazoan developmental processes. Over the past two dec-
ades, significant progress has been made in understanding the molecular mechanisms regulating Drosophila 
hematopoiesis. This review discusses the major advances in investigating the molecular mechanisms involved 
in maintaining the population of multipotent progenitor cells and their differentiation into mature hemocytes 
in the hematopoietic organ of the Drosophila larva. The use of the Drosophila hematopoietic organ as a model 
system for hematopoiesis has allowed to characterize the complex interactions between signaling pathways 
and transcription factors in regulating the maintenance and differentiation of progenitor cells through the 
signals from the hematopoietic niche, autocrine and paracrine signals, and the signals emanated by differ-
entiated cells. 
KEYWORDS hematopoiesis, hematopoietic organ, multipotency, hematopoietic stem cells, hematopoietic niche, 
Drosophila melanogaster, hemocytes, differentiation, signaling pathways, transcription factors.
ABBREVIATIONS HO – hematopoietic organ (lymph glands); DC – dorsal vessel; PPHs – preprohemocytes; 
PHs – prohemocytes; IPHs – intermediate prohemocytes; PSC– posterior signaling center; MZ – medullary 
zone; CZ – cortical zone; IZ – intermediate zone; PL – plasmatocytes; CC – crystalline cells; LM – lamel-
locytes; ROS – reactive oxygen species; AMP – antimicrobial peptides; ECM – extracellular matrix; UAS – 
upstream activation sequence; scRNAseq – single-cell RNA sequencing; HSCs – hematopoietic stem cells; 
SCs – stem cells; AGM – aorta-gonad-mesonephros; Odd – Odd-skiped; Crq – Сroquemort; TF – transcription 
factor; Antp – Antennapedia; NimC1 – Nimrod C1; Col - Collier; Hth – Homothorax; Tin – Tinman; Pnr – 
Pannier; FGFR – fibroblast growth factor receptor; Htl – Heartless; Dpp – Decapentaplegic; Wg – Wingless; 
Hh – Hedgehog; Ser – Serrate; Dome – Domeless; E-cad – E-cadherin; Vkg – Viking; Hml – Hemollectin; 
PPO – prophenoloxidase; Lz – Lozenge; Hnt – Hindsight; Fz – Frizzled; Dot – Dorothy; Mad – mothers 
against dpp; Sd – Scalloped; Ptc – Patched; Ci – Cubitus interruptus; EGFR – epidermal growth factor recep-
tor; TGF-beta – transforming growth factor beta; PCP – planar cell polarity; FGF – fibroblast growth factor; 
Upd1–3 – Unpaired 1–3; FoxO – forkhead box protein O; Adgf-A – adenosine deaminase growth factor-A; 
AdoR – adenosine receptor; PKA – protein kinase A.

medical research, Drosophila provided several ad-
vantages: (1) a minimal set of chromosomes of only 
four pairs, three of which (X/Y, II, III) virtually con-
tain all the genes of the organism; (2) Drosophila’s 
fully sequenced and annotated genome consists of 
approximately 13,767 genes and is characterized by 
a minimum number of duplicated genes and mini-
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INTRODUCTION 
The fruit fly (Drosophila melanogaster) is a mod-
el organism that has been widely used in genetic 
studies in cell biology, developmental biology, and 
immunology. It has been more than 100 years since 
Thomas Hunt Morgan began using this model sys-
tem in genetic research [1, 2]. For genetic and bio-
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mal gene redundancy; (3) the methods for producing 
mutant Drosophila lines have been well developed 
and include chemical, isotope, transposon (P-element) 
and CRISPR/Cas9-mediated mutagenesis, UAS/Gal4-
mediated conditional inactivation of gene expression 
through interfering RNA (RNAi) and ectopic gene 
expression, as well as lines with the visualized tis-
sues of interest [3–11]. The targeted gene inactiva-
tion methods allow one to implement the reverse 
genetics approach involving inactivation of a gene of 
interest while investigating its phenotype/function 
in a living organism. The fruit fly is perfect for ex-
tensive genetic screens using the forward genetics 
approach as a means to identify mutations and gene 
function after detection of the phenotype of interest 
[12–14], and modified genetic screens aimed at iden-
tifying the genes involved in the process of interest 
[15–17]; (4) International repository centers preserve 
extensive collections of mutant Drosophila lines, in-
cluding those with genetic deletions, point mutations 
and P-transposon, CRISPR/Cas9, promoter-Gal4, 
UAS-RNAi, and UAS-transgenes lines; (5) the fruit 
fly has a stable system for mutation maintenance, 
using balancing chromosomes and combining mu-
tations through meiotic recombination; (6) it make 
feasible phenotype studies at the organismal level in 
vivo; and (7) The fly has a short life cycle (30 days), 
and the fly stocks are convenient and relatively in-
expensive to store and maintain. The disadvantag-
es of this popular model are (1) a huge evolution-
ary distance between insects and mammals and, as 
a consequence, insufficient homology at the genetic 
and physiological levels; (2) the fruit fly’s small size 
makes it labor-intensive to process Drosophila tis-
sues; and (3) the model limits the application of bio-
chemical and immunochemical methods.

As a model system, Drosophila has been inten-
sively used over the last 50 years in almost all areas 
of modern biology, from deciphering the molecular 
mechanism of apoptosis to investigations of aging 
mechanisms [3, 18–23]. It has also been widely used 
to investigate the molecular mechanisms of hema-
topoiesis and the humoral and cellular responses of 
innate immunity. The term hematopoiesis, meaning 
a process of blood cell formation, development, and 
maturation, has historically referred to the blood 
cells of vertebrates whose hematopoiesis is main-
tained by hematopoietic stem cells (HSCs), giving 
rise to a number of multipotent and restricted he-
matopoietic progenitors that differentiate into all 
types of blood cells such as red blood cells, plate-
lets, leukocytes, and lymphocytes. In invertebrate 
coelomic organisms, to whom Drosophila belong, 
the internal body cavity contains coelomic fluid or 

hemolymph carrying hemocytes that are analogs of 
the blood cells of vertebrates [24–27]. Hematopoiesis 
in Drosophila is a process of multipotent progeni-
tor cells maintenance and differentiation into three 
types of mature hemocytes occurring in sever-
al parts during life-cycle stages. It is important to 
note that insect hemocytes are functionally homolo-
gous to the myeloid cells of vertebrate innate im-
munity, with which they have evolved in parallel 
[28].

Dipteran insects have four life cycle stages; namely 
embryonic, larval, pupal, and imago. The main bio-
logical functions of Drosophila hemocytes are defen-
sive, including the nonspecific humoral and cellular 
immune responses, participation in regenerative pro-
cesses, and scavenging dead cells during ontogenesis. 
Drosophila is known to have three lines of mature he-
molymph cells or hemocytes. They are plasmatocytes 
(PL), crystal cells (CCs), and lamellocytes (LM). The 
larval instars are characterized by significant growth 
and morphogenetic changes in the organism, accom-
panied by active defense against pathogenic micro-
organisms. During this stage, which is widely used 
to study hematopoiesis, the process of hematopoie-
sis occurs in the hematopoietic organ (HO) in which 
the temporal and spatial dynamics of progenitor cells 
maintenance and differentiation into all types of ma-
ture hemocytes can be observed. Investigations of 
Drosophila hematopoiesis have shown that the mech-
anisms that help maintain the multipotent hemocyte 
precursors of the fruit fly and of mammalian HSCs 
present significant differences. The Drosophila he-
matopoietic system does not have (or has not yet 
been identified to possess) bona fide multipotent stem 
cells that are analogous to the hematopoietic stem 
cells of vertebrates, which are maintained through-
out life. Employing the Drosophila genetic model sys-
tem has allowed for significant advances in decipher-
ing and understanding the molecular mechanisms of 
hematopoiesis. The studies performed over the last 
two decades have demonstrated that the molecular 
mechanisms to maintain progenitor cells and ensure 
their differentiation into various hemocyte lineages 
are somewhat analogous to the processes of myeloid-
cell differentiation regulation in mammals [27, 29]. 
To date, a number of comprehensive review papers 
have been published that cover many of the issues 
in this research field [27, 29–34]. This review discuss-
es the major advances in the study of the molecular 
mechanisms of hematopoiesis in the Drosophila HO; 
these include regulation of multipotent progenitor cell 
maintenance and their differentiation by transcription 
factors, signaling pathways, and metabolic and envi-
ronmental factors. 
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HEMATOPOIETIC SITES IN DROSOPHILA
In Drosophila, origin and formation of early pro-
genitor cells, or preprohemocytes (PPHs), occur in 
two independent (cephalic and dorsal) regions of the 
embryonic mesoderm. That means hematopoiesis in 
Drosophila occurs in two independent pathways or 
“waves”. In the first case, the cells of the cephalic 
mesoderm of the early embryo give rise to embryon-
ic prohemocytes (PHs), which are further maintained 
and differentiate into the mature hemocytes that 
freely circulate in the hemolymph; hence they are 
named circulating hemocytes [35–38]. PHs (and their 
derivatives) of this origin are maintained in the cir-
culating hemolymph during all subsequent stages of 
the insect’s life cycle. The second wave occurs in the 
dorsal mesoderm, where the dorsal “blood” vessel, 
or “aorta” (DV, dorsal vessel), and the HO (originally 
named lymph gland) are formed (Fig. 1). However, 
the term HO is the most accurate for this organ 
[39–41]. This is a paired tissue formation consisting 
of hemocytes and their precursors bounded by an 
extracellular-matrix sheath. At the larval instars, the 
HO is the main site for maintaining PHs and differ-
entiating them into mature hemocytes. During this 
stage, hemocytes do not leave the HO until the pupal 
stage begins. As for the circulating hemocytes, all 
their types are present in the hemolymph through-
out the larval instars. When the pupal stage begins, 
the HO disintegrates and releases hemocytes, which 
then mix with the circulating ones. In this way, the 
PHs and the hemocytes originating from both sites 
of the mesoderm coexist during the postlarval stages 
of the fly’s life cycle [36, 38, 42, 43].

DROSOPHILA HEMOCYTES
The mature hemocytes of the fruit fly are represent-
ed by three morphologically distinct types. These 
are plasmatocytes, phagocytic cells that perform de-
fense, antimicrobial, and regulatory functions that 
comprise approximately 90–95% of hemocytes; crys-
tal cells, non-phagocytic cells that make up 2–5% of 
hemocytes and are involved in wound healing, innate 
immunity reactions, and hypoxia; and lamellocytes, 
which are specialized giant cells that differentiate 
only in response to a parasitic organism invasion 
or upon tissue damage (Fig. 1B`). These cell types 
have been identified by ultrastructural studies and 
then confirmed by functional activity and molecular 
markers. Extensive studies have defined the signa-
ling pathways and transcription factors that enable 
the specification, differentiation, and maintenance of 
these cell lines (see reviews [27, 29, 32]). Moreover, 
with single-cell RNA, sequencing (scRNAseq) has 
been detected in wide diversity in circulating hemo-

cyte subgroups and eight of their subgroups with 
different functions have been identified using several 
experimental approaches [44–47]. In the HO, previ-
ously undescribed cell types have also been identi-
fied, such as early precursors, or PPHs, and adipohe-
mocytes, a PL subtype [43]. To date, however, many 
recently identified hemocyte subsets remain poorly 
characterized and their molecular and functional fea-
tures require further study.

Plasmatocytes
PLs are the main type of Drosophila blood cells that 
perform defense, immune, and homeostatic functions. 
These cells are phagocytes that participate in the in-
activation of pathogens and the scavenging of apop-
totic cells during organism development [26, 48–50]. 
PLs perform phagocytosis via the Croquemort (Crq), 
Eater, and Nimrod C1 (NimC1) receptors [51–54] and 
perform defense functions by secreting antimicrobial 
peptides (AMPs) (Fig. 1B`, Table 1) [55–57]. These cells 
secrete extracellular matrix (ECM) proteins, collagen 
IV, perlecan and laminin A, contributing to tissue for-
mation [58, 59], and they synthesize peroxidasin (Pxn) 
[60], an enzyme meant to scavenge free radicals. PL 
ablation during embryogenesis engenders defects in 
organogenesis that lead to reduced embryo viability 
[61–64]. ScRNAseq-based identification of molecular 
markers has allowed researchers to distinguish four 
PL subtypes (Fig. 1B`) [43].

Crystal cells
Crystal cells are characterized by the fact that they 
contain the crystals of propenoloxidases 1 and 2 
(PPO1 and 2) that are involved in melanization. These 
cells participate in defense reactions upon tissue dam-
age, as well as in the innate immune response, pri-
marily through the activation of a biochemical mel-
anization cascade [65–68] that is functionally similar 
to the thrombosis cascade in mammals. Upon melani-
zation, damaged tissues darken and harden, which is 
also associated with the production of reactive oxygen 
species (ROS) that participate in pathogen neutrali-
zation and healing of the damaged tissues (Fig. 1B`) 
[55, 65, 66, 69]. Suppressed melanization delays wound 
healing [70–72] and reduces susceptibility to micro-
bial infections [65, 66]. CCs are unable to phagocyte; 
they express specific molecular markers and prolifer-
ate upon certain signals (see further, Fig. 1B`, Table 1). 
Using scRNAseq, two CC subtypes have been identi-
fied (CC1 and 2) [43].

Lamellocytes
Lamellocytes are large flat cells whose differentia-
tion is induced by the signals from an invaded para-



REVIEWS

VOL. 16 № 2 (61) 2024 | ACTA NATURAE | 7

Fig. 1. (A) Drosophila hematopoietic organ (lymph gland of the third larval instar) structure. The HO consists of paired 
anterior and posterior lobes, attached and interacting with DV and pericardial cells. The anterior lobes of HO are a 
model system for studying Drosophila hematopoiesis. They consist of cell populations or cellular zones of the PSC 
(hematopoietic niche); the medullary zone (MZ) involving preprohemocyte (PPH) and prohemocyte (PH) populations; 
the cortical zone (CZ), consisting of differentiated hemocytes such as plasmatocytes (PLs), crystal cells (CCs), and 
lamellocytes (LMs); and intermediate prohemocytes (IPHs) of the intermediate zone (IZ). (B) Genesis of hematopoietic 
organ. At the early embryonic stage, cardiogenic mesoderm cells or hemangioblasts (HAB) give rise to hematopoie-
tic lineage (HL) and cardiovascular precursor cells, cardioblasts (CB). At subsequent embryonic stages, three pairs of 
thoracic segments (T1–3) of cardiogenic mesoderm produce the HO’s anterior pairs. Two anterior segments (T1–2) 
fuse and give rise to PPHs and all the hemocytes of the HO anterior lobe, while the third posterior segment produces 
PSC cells (highlighted in green). At the first instar larva, the anterior lobes contain PPH, PH, and PSC cells. At the second 
instar larva, PHs begin to differentiate into IPHs, which differentiate into plasmatocytes and CCs, forming the HO’s CZ 
(these hemocyte lineages are highlighted in colors, as shown on panel B’). At the third larval stage, IPH differentiation 
into terminally differentiated hemocytes continues, accompanied by CZ growth. At this stage, MZ PHs are maintained 
in a mitotically quiescent state. (B`) Hematopoiesis occurring in the HO. Hematopoietic progenitor cells and differen-
tiated hemocyte lineages are indicated, and the abbreviations of the subtypes of the hemocyte lineages detected by 
scRNAseq are shown in parentheses
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sitic organism or an injury to tissue. The cellular im-
mune response in Drosophila is mediated specifically 
by LMs and is mainly directed toward inactivating 
the eggs of parasitic wasps (Leptopilina boulardi) 
through their encapsulation [73, 74]. Plasmatocytes 
attach to the surface of an invading foreign object 
and then differentiate into LMs [75]. Mature LMs ex-
press specific molecular markers, and they are una-
ble to divide or to phagocytize (Fig. 1B`, Table 1) [13, 
26, 30, 51, 55, 66, 75–81]. Using scRNAseq, two LM 
subtypes have been identified in the HO (LM1 and 
2) [43].

The features of the stem cells of the Drosophila 
hematopoietic system: prohemocytes
In mammals, HSCs are multipotent adult stem cells 
capable of self-renewing and differentiation into all 
blood cell types. They are maintained in a mitotically 
quiescent state, residing in the hematopoietic nich-
es in bone marrow and other sites of hematopoie-
sis, where under certain external signals they un-
dergo asymmetric division and further self-renewal 
and differentiation take place [82–85]. HSCs are ca-
pable of repopulating the niches and replenishing 
the entire blood-cell repertoire. In Drosophila, the 
stem cells capable of self-renewal throughout life 
include the male and female germlines, intestinal, 
and neuronal stem cells [86–89]. To date, no bona fide 
HSCs have been identified in the fruit fly, but ear-
ly multipotent progenitor cells or preprohemocytes 
have been identified that are maintained by signals 
from the HO hematopoietic niche and DV cells. PPHs 
actively proliferate and give rise to more differenti-
ated cells, namely prohemocytes. PHs are maintained 
in a mitotically quiescent state, and they are able to 
differentiate into all types of hemocytes [32, 38, 43, 
90, 91]. It has not been established whether PPHs 
or PHs are capable of asymmetric division [92, 93] 
resulting in stem and differentiating daughter cells. 
The fact that Drosophila’s short life span frees it 
from the need to maintain and renew a large num-
ber of blood cells speaks in favor of its hematopoiesis 
mechanism being fundamentally different than that 
of HSC-based vertebrates.

DROSOPHILA HEMATOPOIETIC ORGAN: 
ZONES, CELLS AND MARKERS

Genesis of hematopoietic organ
Clonal analysis has demonstrated that HO and DV 
progenitor cells are derived from a common progen-
itor cell, the so-called hemangioblast. These cells di-
vide into two daughter cells, one of which is a pre-
cursor of cardiovascular cells (cardioblasts) that 

differentiate into DV cells, and the other is a pre-
cursor of the cells of the hematopoietic lineage that 
gives rise to hemocytes [94]. It is plausible that a 
similar mechanism exists in the hemangioblasts of 
the vertebral aorta–gonad–mesonephros (AGM) 
region that produces hematopoietic and vascular 
cells in vertebrates [95]. The HO is formed from 
the three thoracic segments (T1–T3) expressing the 
Odd-skipped (Odd) and GATA Serpent (Srp) TFs 
(Fig. 1, Table 1) [94]. At the same time, Antennapedia 
(Antp) TF induce and specify T3 cells to form the 
so-called posterior signaling center (PSC) consisting 
of about 30–40 cells (Fig. 1B) [96]. The PSC is a he-
matopoietic niche controlling hematopoiesis in the 
larval HO [97]. The Collier TF (Col), controlled by 
Antp [96, 97], also participates in PSC maintenance. 
T1–T2 segments form primary HO lobes through 
the activity of the Homothorax (Hth) transcriptional 
cofactor (Fig. 1B) [96]. The Tinman (Tin) and GATA 
Pannier (Pnr) TF genes, Decapentaplegic (Dpp) mor-
phogen ligand, and Heartless (Htl) fibroblast growth 
factor receptor are required for HO cell formation. 
In addition, the Wnt/Wingless (Wnt/Wg) signaling 
pathway positively regulates cardiogenic mesoderm 
specification [94].

Hematopoietic organ structure
The fruit fly’s HO is a paired organ consisting of four 
lobes located along the aorta (Fig. 1A). The main lobe 
is the largest anterior or primary lobe of HO. In this 
lobe the coordinated processes PPH and PH mainte-
nance and their proliferation and differentiation oc-
cur. The secondary, tertiary, and quaternary lobes are 
the least studied; they are several times smaller and 
serve as an additional source of hemocytes when a 
cellular immune response is activated [98]. The anteri-
or lobe that is often called HO is the most structured 
part of the organ, so it has been used as a model or 
the main object to study the molecular mechanisms of 
hematopoiesis in Drosophila [41]. 

Several zones are distinguished in the anterior 
lobe, each of them containing functionally differ-
ent types of cells that are at different stages of dif-
ferentiation: (1) the PSC that functions as a niche 
for regulating the self-renewal and differentiation 
of prohemocytes; (2) the medially located medullary 
zone (MZ), consisting of PPHs and PHs; (3) the dis-
tally located cortical zone (CZ) where differentiation 
and accumulation of mature hemocytes takes place 
(Fig. 1) [41]; and (4) the intermediate zone (IZ) lo-
cated between the medullary and cortical zones con-
taining intermediate PHs (IPHs) and expressing both 
PH and mature-hemocyte markers (Figs. 1 and 2, 
Table 1) [43, 93, 99, 100].
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Table 1. Molecular markers and genes involved in the specification and maintenance of hemocyte lineages during 
Drosophila hematopoiesis

Drosophila HO cells Hemocyte-type molec-
ular markers

Human genes homol-
ogous to hemocyte 

marker genes

Genes and factors involved in 
hemocyte-type specification 

and maintenance

Human genes 
homologous to 
Drosophila one

Embryonic  
hemangioblasts

Odd-skipped (Odd)
Serpent (Srp)

OSR2
GATA1

Odd
Srp

OSR2
GATA1

PSC cells  
(embryonic T3  

segment derivatives)

Antennapedia (Antp) 
Collier (Col)

Hedgehog (Hh) 
Serrate (Ser) 
Wingless (Wg)

Spitz (Spi)
Pvf1

HOXA7
EBF1
SHH
JAG1
WNT1
EPGN
FLT1,4

Antp 
Col
Wg
Fz2
Myc 

Robo1,2
Dpp
Dad
Mad

HOXA7
EBF1
WNT1
FZD5
MYC

ROBO1,2,3
BMP2
SMAD6
SMAD1

Hematopoietic lineage 
(embryonic T1–2 
segment PPHs)

Homothorax (Hth) MEIS1 Homothorax (Hth) 
Decapentaplegic (Dpp) 

Tinman (Tin)
Pannier (Pnr) 
Heartless (Htl) 
Wingless/Wg 

MEIS1
BMP2

NKX2-2
GATA4
FGFR3
WNT1

PPHs Dome-/Pvf2
Notch-GAL4

Su(H)-lacZ
E(spl)mβ

Hand

VEGF A–D
NOTCH1

RBPJ
HES2

HAND1,2

Odd
Pvf2/Pvr 

Notch 
Dpp 
Mad

Scalloped (Sd) 

OSR2
VEGF A–D
NOTCH1
BMP2
SMAD1
TEAD1

PHs Dome+

Е-cad
Upd3
Wg 

PTPRQ
CELSR1

–
WNT1

Patched (Ptc) 
Cubitus interruptus (Ci) 

Wg
Wnt6

β-catenin
Fz2
Col

Stat92E
AdoR
Pka-C
EGFR

PTCH1
GLI3
WNT1
WNT6

CTNNB1
FZD5
EBF1

STAT5A
ADORA2A
PRKACB

EGFR
Intermediate PHs Dome+ /Pxn+

Dome+ /Hml+
EGFR

Pointed (Pnt)
EGFR
ETS1

Plasmacytes Peroxidasin (Pxn) 
Hemollectin (Hml) 
Nimrod (NimC)

Eater 
Pvr 

PXDN
MUC5AC
SCARF1
MEGF10
FLT1,4

Thisbe (Ths)
Heartless (Htl)
Pointed (Pnt)

u-shaped (Ush)
Srp

FoxO
Pvr 

FGF8
FGFR3
ETS1

ZFPM1
GATA1
FOXO3
FLT1,4

CCs Lozenge (Lz)
Hindsight (Hnt) 

Sima/Hif-α
Frizzled2 (Fz2) 

PPO1 and PPO2 

RUNX1,3
RREB1
HIF1A
FZD5

–

Notch
Serrate (Ser)

FoxO
Fz2 

NOTCH1
JAG1

FOXO3
FZD5

LMs L1/Atilla 
Misshapen 

Myospheroid 

–
MINK1
ITGB1

EGFR
FoxO
Ph-p
E(Pc)
Col

EGFR
FOXO3
PHC3
EPC1
EBF1

Note. Columns 3 and 5 indicate the human genes homologous to the corresponding Drosophila genes indicated in col-
umns 2 and 4. The genes encoding the negative regulators of the corresponding hematopoiesis processes are marked in 
blue.
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As noted above, the PSC was the first zone to 
emerge as a distinct cell population. Its cells regu-
late PH maintenance and differentiation in the HO’s 
primary lobe throughout the larval stages. They per-
form only signaling functions and do not differentiate 
into hemocytes [43, 91, 96, 101–104]. PSC cells express 
such molecular markers as Antp, Col, the Hedgehog 
(Hh) signaling pathway ligand, the Serrate recep-
tor (Ser) ligand of the Notch (N) signaling pathway, 
and the Wg ligand of the Wg/Wnt signaling pathway 
(Fig. 2, Table 1) [96, 97, 99, 105].

Until the mid-second larval instar, only Dome+ pro-
hemocytes expressing the Domeless-Gal4 (Dome-Gal4) 
reporter and a PPH population that does not express 
this reporter are present in the anterior lobe (see 
further). The Dome+ PHs are maintained at the sec-
ond and third larval instar and differentiate into ma-
ture hemocytes forming the CZ [6, 41, 90, 91, 99, 106]. 
A given population of PHs is capable of self-renewal 
while producing mature hemocytes [90]. Clonal analy-
sis has shown that Drosophila hematopoietic “stem” 
cells can be located in close proximity to the PSC [90, 
91]. The presence of this cell population, referred to 
as PPHs, or PH1, was confirmed by scRNAseq [43]. 
However, as has been mentioned previously, the self-
renewal and asymmetric-division function charac-
teristic of mammalian HSCs has not been identified 
in the hematopoietic “stem” cells of Drosophila [92, 
93, 107]. At the first larval instar, Dome- PPHs are 
in direct contact with the dorsal aorta and the PSC. 
They are assumed to give rise to Dome+ PHs [41, 43, 
90, 91] that actively grow and divide during the first 
and early second larval instar [41, 91]. ScRNAseq has 
shown that Dome+ PHs are a heterogeneous popula-
tion consisting of two cell subtypes (PH 2,3), likely re-
flecting their differentiation hierarchy [43].

Dome+ PH proliferation significantly decreases by 
the middle of the second larval instar. At the same 
time, cells at the distal edge of the MZ begin to dif-
ferentiate, which is accompanied by decreased pro-
liferation, increased granularity, and the absence of 
E-cadherin (E-cad) expression. MZ cells, or Dome+ 
PHs, are characterized by high expression levels of 
Upd3 (JAK/STAT signaling pathway) and Wg ligands, 
E-cad and ROS [41, 99, 100, 108], and a low Col ex-
pression level [102, 109, 110]. ECM proteins, includ-
ing type-IV collagen (Viking, Vkg) and Trol perlecan, 
have preferred localization between MZ cells [106, 
111].

In the CZ, plasmatocytes express the following 
markers: Pxn, Hemollectin (Hml), Eater, and the P1 
antigen or Nimrod-C (NimC) (Fig. 1B’, Table 1) [41, 
56, 81, 99, 112, 113]. ScRNAseq has identified four 
plasmatocytes subtypes [43]. CCs express such tran-

scription factors as Lozenge (Lz), Hindsight (Hnt), 
Sima/Hif-α, the Frizzled2 (Fz2) receptor, PPO1, and 
PPO2 [65, 78, 114–116]. In the absence of exposure to 
pathogenic factors, LMs hardly ever form in the CZ. 
Two LM subtypes are differentiated in the HO, ex-
pressing L1/Atilla, Misshapen, and integrin α-PS4 and 
its partner Myospheroid (Fig. 1B`, Table 1) [10, 43, 51, 
55, 77, 80, 117].

Between Dome+ PHs and differentiating Pxn+ cells 
of the medullary and cortical zones reside a popu-
lation of cells that simultaneously express markers 
of both zones. These are the so-called intermediate 
prohemocytes (IPHs) that represent the IZ (Fig. 1, 
Table 1) [34, 93, 99, 100, 118]. IPHs express the early 
differentiation markers Hml and Pxn, but they do 
not express the mature plasmatocytes marker (P1) 
and CCs marker (PPO1 and 2) [106]. They also cease 
to express E-cad. Recent scRNAseq studies have al-
lowed for a more detailed characterization of this 
zone, which includes four stages of IPHs (PH4–6), 
early plasmatocytes (PL1), and early CCs (CC1) [43]. 
It has also been demonstrated that IPH cells are 
characterized by mitosis activation and differenti-
ate into plasmatocytes and СCs if activated by the 
Ras/Raf or Ser/Notch signaling pathways, respec-
tively [118]. The molecular mechanisms regulating 
this population are the least understood and require 
further investigations.

SIGNALING PATHWAYS INVOLVED IN MAINTENANCE 
AND DIFFERENTIATION OF PREPROHEMOCYTES
At the beginning of the first larval stage, the HO 
contains a population of multipotent PPHs, repre-
senting the earliest postembryonic population of he-
matopoietic progenitors that most likely disappear 
later than the first larval instar [91]. These cells are 
characterized by the lack of Dome PH marker ex-
pression, a low level of Dorothy (Dot)-marker ex-
pression, the activated Notch signaling pathway 
(Notch-GAL4, Su(H)-lacZ) and its target gene en-
hancer of split mβ (E(spl)mβ) (Fig. 1, Table 1) [43, 91]. 
In addition to Notch, maintenance of these cells is 
regulated by the Dpp ligand secreted by PSC cells. 
Dpp inactivation in the PSC or suppression of the 
mothers against the dpp (Mad) function in Notch+ 

PPHs causes a significant reduction in the HO size 
by the 3rd larval instar. In other words, activation of 
the Notch and Dpp signaling pathways is required 
for PPH proliferation. During the 2nd and 3rd lar-
val stages, Dome- PPHs begin to express the Hand 
and Scalloped (Sd) TFs [119]. These cells have been 
found to express the Pvf2 ligand of the Pvr recep-
tor (human PDGF/VEGF receptor homolog), and its 
expression is dependent on Sd activity. Pvf2 inacti-
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vation in these cells leads to a suppression of their 
proliferation and a significant subsequent reduction 
in HO size. At the same time, ectopic Pvf2 expres-
sion in these cells restores the proliferative defect in 
the HOs that have experienced partial loss of the Sd 
function [119].

The calcium/calmodulin signaling pathway acti-
vated through the ionotropic γ-aminobutyric acid 
receptor (GABABR) has also been shown to be in-
volved in the maintenance of early Dome+ PHs. 
GABABR is expressed in the PSC cells where the 
calcium/calmodulin pathway participates in the reg-
ulation of PPH proliferation at early larval stag-
es without affecting hemocyte differentiation at 
the third larval instar. The disruption of the cal-
cium/calmodulin pathway in PSC causes a signifi-
cant decrease in PPH proliferation [120]. These data 
indicate there are several signaling pathways in-
volved in the maintenance and proliferation of early 
Dome- PPHs, in particular Notch, Dpp, and Pvf2/Pvr 
(Fig. 2). The involvement of several pathways in 
the regulation of one process may be indicative of 
a complex regulation system and a possibility of 
mutual compensation. It should be noted that the 
technical difficulties in working with the HO at the 
first larval instar and the lack of markers make it 
difficult to study the Dome-Sd+ and Dome-Notch+ cell 
populations [91].

SIGNALING PATHWAYS INVOLVED IN MAINTENANCE 
AND DIFFERENTIATION PROHEMOCYTES
As previously mentioned, PHs are multipotent pre-
cursors of all hemocyte types. The multipotency 
and mitotic quiescence of these PHs is maintained 
through a variety of signals that come from three 
different sources (Fig. 2). The first type is the sig-
nals of the cytokines and growth factors secreted by 
the hematopoietic niche cells of the PSC. The second 
type is the autocrine or paracrine signals produced 
and received by the same population of cells in the 
HO’s MZ. The third type is signals from differenti-
ated cells in the CZ that are controlled by the main-
taining and differentiating MZ PHs. The addition-
al fourth type includes systemic signals originating 
from various tissues outside the HO that are mediat-
ed mainly through PSC in response to environmen-
tal factors.

A characteristic feature of PHs is a strictly co-
ordinated control of their proliferation. At the first 
and early second larval instar, practically all HO 
cells, excluding PPHs and PSC cells, are Dome+ 
PHs (Fig. 1B). At these stages, prohemocytes in-
tensively and asynchronously proliferate. Then, 
when differentiated cells begin to appear at the late 

phase of the second larval instar, PH proliferation 
slows down abruptly. Further, during CZ formation, 
Dome+ PHs practically cease to proliferate, while 
IZ and CZ cells continue at a higher proliferation 
rate throughout the entire third larval instar [41]. 
Therefore, a low proliferation rate and control over 
it correlate with maintenance of the prohemocyte 
multipotent state. As already mentioned, the four 
types of signals are necessary to maintain PHs in 
Drosophila: autocrine signals and signals coming 
from the PSC, differentiating cells, as well as sig-
nals from other tissues of the organism. Absence of 
any of these signals leads to the loss of PH multi-
potency and causes their proliferation and, conse-
quently, differentiation [96, 103]. An important fea-
ture of PHs is correlation of their proliferation with 
an ability to differentiate. To date, a growing body 
of evidence seems to suggest that only proliferating 
PHs are able to accept differentiation signals, while 
resting PHs do not perceive them. Investigating the 
mechanisms regulation of the proliferative activity 
of intermediate PHs should contribute to a better 
understanding of this issue.

PSC SIGNALS REGULATE MAINTENANCE AND 
DIFFERENTIATION OF PROHEMOCYTES 

Central role of the Hh/Ptc/Ci signaling pathway 
in maintaining a PH multipotent state 
PSC cells act as a hematopoietic niche in the HO to 
secrete a number of signaling ligands or growth fac-
tors while they do not express corresponding recep-
tors. At the same time, the receptors of these ligands 
are expressed in prohemocytes and the inactivation 
of corresponding ligands in PSC cells inhibits pro-
hemocyte maintenance and causes them to differ-
entiate.

The Hh ligand binding to its receptor Patched 
(Ptc) activates TF Cubitus interruptus (Ci). Hh is 
expressed exclusively in PSC cells during the sec-
ond and third larval instar (Fig. 1, Table 1). While 
Ptc and activated Ci are expressed at a high level 
in Dome+ prohemocytes, Hh inactivation does not 
affect PSC cells, but it stimulates the differentiation 
of Dome+ PHs to differentiate into all three types 
of hemocytes [96, 97, 102–104, 121–124]. Besides, 
a suppressed Ci function causes PH differenti-
ation, similar to the Hh inactivation in PSC cells 
(Fig. 2) [96, 121]. This process is enabled, among 
other things, due to the morphological features of 
PSC cells, whose prolong extended pseudopodia 
pass through several PH layers and allows delivery 
of the ligand deep inside the MZ [96, 102]. It has 
also been shown that PSC-cell ablation by apoptosis 
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both cases, ROS removal by mitochondrial super-
oxide dismutase 2 (SOD2) or catalase suppresses 
LM formation in the HO and circulation. In addi-
tion, activation of the Akt kinase signaling pathway 
(Akt1)/FoxO in PSC cells enhances the antioxidant 
response that abolishes LM generation. ROS have 
been shown to activate the epidermal growth factor 
receptor (EGFR) signaling pathway, enabling lamel-
locyte differentiation. Inactivation of Spitz (EGFR 
ligand) in PSC cells or the EGFR function in hemo-
cytes suppresses LM formation (Fig. 2) [129]. The 
functions of the Star and Rhomboid proteins di-
rectly involved in the transport, cleavage, and ac-
tivation of the Spitz ligand (its conversion into a 
soluble form), are necessary for LM induction. In 
addition, high ROS levels activate the Toll signaling 
pathway in PSC cells, which also contributes to LM 
induction in response to a parasitic wasp infestation 
[130]. Loss of the Toll signaling pathway compo-
nents through inactivation of Dif and pelle disrupts 
LM formation. Along with many questions about 
the nature of ROS generation in PSC cells and sig-
naling in response to a parasitic invasion, the ques-
tion of interaction of the Spitz/EGFR and Toll/Dif 
signaling pathways in PSC cells in the regulation of 
LM differentiation remains unresolved.

LOCAL SIGNALS TO SUPPORT THE MULTIPOTENT 
PROPERTIES OF PROHEMOCYTES

Wg/Wnt/β-catenin signaling pathway
One of the important pathways involved in the 
maintenance of multipotency and self-renewal of 
mammalian hematopoietic stem cells is the Wnt/β-
catenin signaling pathway. The Wnt ligand signals 
act in the both autocrine and paracrine ways. In 
the latter case, ligands are secreted from hemato-
poietic niche cells and contribute to HSC identity 
maintenance. In Drosophila, as in mammals, sev-
eral genes encoding the Wnt ligands (Wg, Wnt-2, 
-3/5, -4, -6, -8, -10) and two genes encoding their 
receptors Fz and Fz2 are known. Ligands binding 
to the receptors cause activation of either the ca-
nonical pathway through the activation of β-cat-
enin TF (Armadillo, Arm) or the non-canonical pla-
nar cell polarity signaling pathway, which activates 
transcription via JNK. The canonical Wg/Wnt/β-
catenin signaling pathway is involved in the main-
tenance of the PH multipotent state (Fig. 2, Table 1) 
[99]. The Fz2 receptor that transduces signaling 
through the canonical pathway is expressed at a 
high level in Dome+ PHs. Enhanced activation of 
the Wg/Wnt/β-catenin signaling pathway in Dome+ 
PHs due to the overexpression of the Wg ligand 

induction does not cause the expected prohemocyte 
differentiation observed with the Hh inactivation 
[109, 110, 121]. However, it has been found that the 
Dome+ PH population is heterogeneous. As such, a 
portion of the cells (Odd+ Col-) respond to the Hh 
signal, whereas Odd+ Col+ cells are not sensitive to 
it [110, 121]. In this regard, PSC-cell ablation is as-
sumed not to affect certain prohemocytes. It is pos-
sible that Col+ cells are a separate PH population 
that is controlled by signals from DV cells [91, 119]. 
It has also been found that the DV serves as an 
additional niche. Thus, the Branchless (Bnl) ligand 
(homologous to the fibroblast growth factor, FGF) 
produced by DV cells activates the FGF signaling 
pathway in PHs. When activated, it regulates the 
level of the intracellular calcium and contributes to 
PH maintenance in an undifferentiated state [125].

A suppressed Roundabout (Robo) gene function in-
creases the number of PSC cells, and it also causes 
them to spread deeper into the HO. These events 
correlate with decreasing PL and CC differentiation 
[126]. At the same time, in response to a pathogenic 
invasion, the activity of the NF-kappaВ Relish factor 
of the Imd signaling pathway is suppressed in PSC 
cells. The Relish inactivation manifests in the disrup-
tion of the PSC-cell cytoskeleton due to Jun-kinase 
activation, which leads to Hh-ligand retention thus 
disrupting the prohemocyte maintenance and caus-
ing their premature differentiation and activation of 
the cellular immune response [127]. It has also been 
shown that suppression of Ca2+ signaling or disruption 
of intercellular contacts between PSC cells affects 
their function and causes premature PH differentia-
tion [128].

ROS regulate lamellocyte differentiation 
through the activation of the Spitz/EGFR and 
Toll/Dif signaling pathways in PSC cells
In addition to hematopoiesis regulation in the HO, 
PSC cells regulate lamellocyte differentiation inside 
and outside the HO. In this way, PSC-cell ablation 
through Col inactivation or apoptosis induction pre-
vents differentiation of lamellocytes in response to 
a parasitic wasp infestation [97, 109]. Genetic meth-
ods have proved that this infestation leads to a sig-
nificant increase in the ROS level in the PSC and 
that ROS are the key signal that induces lamel-
locyte differentiation [129]. ROS are not normally 
detected in PSC cells, but their level sharply in-
creases when infected by parasitic wasps. Artificial 
increase in the ROS level in PSC cells due to the 
suppression of the mitochondrial respiratory chain 
also leads to a large-scale increase in the number 
of lamellocytes in the circulation and HO [129]. In 
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or the constitutively active form of β-catenin pre-
vents these cells from differentiating and stimulat-
ing their maintenance in an undifferentiated state 
[99]. In turn, inhibition of this signaling pathway 
using a combination of dominant-negative forms 
of the Fz and Fz2 receptors in Dome+ PHs causes 
disruption of HO zonation; i.e., clusters of differen-
tiated cells “intermingle” with PH clusters (Fig. 2). 
Simultaneous expression of the dominant-negative 
forms of Fz and Fz2 increases the number of inter-
mediate prohemocytes [99]. This suppresses E-cad 

expression, a protein that is directly involved in 
PH maintenance. E-cad suppression in PHs caus-
es their differentiation, while E-cad overexpression 
promotes PH maintenance [41, 131]. Activation of 
the Wg/Wnt/β-catenin signaling pathway in Hml+ 
cells of the CZ has also been shown to suppress the 
expression of the Tig ECM protein and affect plas-
matocyte maturation [132, 133], which is additional 
indication of the function of this signaling path-
way in the IZ cells. Recent studies have demon-
strated that the Wnt6 ligand, whose expression is 

Fig. 2. Schematic representation of the participation and interaction of the main signaling pathways and TFs in the reg-
ulation of HO hematopoiesis in the fruit fly. PSC-cell (in green) maintenance and proliferation are positively and nega-
tively controlled by the respective Wg/Fz2/Myc and Dpp/TGFβ signalling pathways. PPH (in grey) maintenance and 
proliferation are positively controlled by the Dpp, Notch, and Pvf2/Pvr signals. PH (in blue) maintenance (PН, blue) 
is positively controlled by the Hh/PKA/Ci signals from the hematopoietic niche, autocrine signals Wnt/Fz/Fz2 and 
Ca2+ and negatively controlled by the Adgf-A signal originating from differentiated CZ hemocytes (in orange). PSC cells 
positively control Adgf-A expression through activation of Pvr and STAT in differentiated CZ hemocytes, being a link in 
the equilibrium signals between PSC cells and the mature hemocytes that control PH maintenance. IPHs are marked in 
yellow. PL differentiation and proliferation is positively regulated by FGF/Htl/Ras and ROS/JNK/FoxO: those of CC, 
by Ser/Notch; and those of LM, by Spi/EGFR, Jak/Stat, and ROS/JNK/FoxO (see details in the text)
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controlled by the Hh signaling pathway, is also ex-
pressed in prohemocytes [134]. It is important to 
note that Wnt6 transmits signals through the new 
noncanonical Wnt-pathway mediated by the LRP6 
receptor and suppressing β-catenin activity. The 
interaction of cytosolic β-catenin with E-cadherin 
suppresses the EGFR signaling pathway in PHs. 
Therefore, activation of the Wnt6/LRP6 pathway 
leads to cell cycle delay in the G2 phase, thus pre-
venting prohemocytes from responding to signals 
for differentiation [134]. However, activation of the 
EGFR signaling pathway in intermediate prohemo-
cytes of the IZ relieves cell cycle blockade by acti-
vating beta-catenin and allows cells to differentiate 
through Pointed (Pnt) TF activation [134]. Thus, ac-
tivation of the signaling pathways – canonical Wg/
beta-catenin and non-canonical Wnt6 – is important 
for maintaining PHs in a multipotent state, possibly 
in different PH populations, including that of IZ in-
termediate prohemocytes.

Calcium/calmodulin signaling pathway
The calcium/calmodulin signaling pathway is in-
volved not only in the PSC-dependent regulation of 
preprohemocyte proliferation, but also in the main-
tenance of Dome+ PHs (Fig. 2). Suppression of cal-
cium signaling in prohemocytes leads to an increase 
in the number of differentiated hemocytes. On the 
contrary, activation of calcium signaling in PHs pro-
motes their maintenance and proliferation, reducing 
significantly the number of formed mature hemo-
cytes [120].

Collier factor activity
The Col TF is expressed in Dome+ PHs, and its in-
activation in these cells leads to their differentia-
tion into plasmatocytes and CCs (Table 1) [109, 110]. 
The expression of this transcription factor in PHs is 
not controlled by signals from the PSC. At the same 
time, Col negatively regulates lamellocyte differenti-
ation as well. A decrease in the level of Col has been 
observed during enhanced lamellocyte differentia-
tion, while its ectopic expression in PHs prevents the 
formation of these cells. It remains unclear which 
signaling pathway activates the Col function in pro-
hemocytes.

The FGF and Gbb/TGF-beta signaling pathways
Unlike Wnt, activation of the FGF signaling path-
way in Dome+ PHs differentiates them into mature 
hemocytes of all three types. Inhibition of the FGF 
signaling pathway causes a significant prohemocyte 
growth and the suppression of their differentiation. 
Interestingly, FGF ligand Thisbe (Ths) and the Htl 

receptor are expressed in PHs and in some, prob-
ably, IPHs expressing peroxidasin. Ectopic expres-
sion of the FGF-targeted transcription factors Pnt 
and Ush promotes prohemocyte differentiation [135]. 
Therefore, FGF signaling through Htl, Ras/MAPK, 
Pnt, and Ush promotes prohemocyte differentiation 
(Fig. 2). It has also been shown that the TGF-beta 
signaling pathway, through the Glass bottom boat 
(Gbb) ligand, is involved in the negative regulation of 
lamellocyte and plasmatocyte differentiation in the 
CZ through the suppression of the EGFR and JNK 
signaling pathways [136].

JAK/STAT signaling pathway
The Unpaired 1–3 (Upd1–3) cytokines acting 
through the Dome receptor activate the JAK ki-
nase and Stat92E TF, inducing the transcription of 
target genes [102, 137]. It has been shown that the 
JAK/STAT signaling pathway is activated in Dome+ 
prohemocytes to maintain their identity and pre-
vent differentiation [41, 119, 137]. The Stat92E TF 
activity in PHs is much lower than that in differen-
tiated CZ hemocytes [138]. However, the Stat92E TF 
function is essential for PH maintenance. Stat92E 
inactivation by a temperature-sensitive mutation 
leads to PH differentiation [102]. At the same time, 
the inactivation of JAK/STAT signaling pathway 
components such as Dome or JAK kinase (hop-
scotch, hop), or Stat92E in MZ prohemocytes, does 
not affect their maintenance [103, 139]. The Ush TF 
regulated by JAK/STAT signaling has been shown 
to promote the expression of E-cad and Ptc in PHs, 
thus participating in their maintenance and differ-
entiation suppression [131, 140]. The Asrij (Arj) pro-
tein is involved in the phosphorylation and activa-
tion of STAT. Arj inactivation partially phenocopies 
the temperature-sensitive Stat92E allele that sup-
presses PH maintenance and induces their differen-
tiation [141, 142]. In addition, the JAK/STAT signal-
ing pathway positively regulates PH differentiation 
into lamellocytes upon cellular immune response 
induction (Fig. 2, Table 1) [137].

ROS are involved in the maintenance 
of prohemocytes
The main ROS sources in the cell are the mi-
tochondrial respiratory chain and membrane 
NADPH-oxidases (NOX). They generate superox-
ide anion radicals which then are converted into 
hydrogen peroxide by superoxide dismutases. The 
main cellular ROS forms are hydrogen peroxide 
and a superoxide anion radical. ROS are powerful 
oxidizing agents, so upon their high concentrations 
and when a cellular antioxidant system is disturbed, 
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they cause irreversible changes in macromolecules, 
provoking cell aging and death. However, sublethal 
and physiological ROS concentrations serve as im-
portant signaling mediators involved in posttrans-
lational modifications of signaling pathway proteins 
and transcription factors, thereby regulating vari-
ous processes in the cell [143, 144]. Unexpectedly, it 
has turned out that increased ROS levels are nor-
mally maintained in the Dome+ PHs, being in mi-
totic quiescence if compared to differentiated CZ 
hemocytes (Fig. 2, Table 1) [100]. By analogy with 
quiescent mammalian HSCs, it can be assumed that 
these cells have low mitochondrial/respiratory activ-
ity and, consequently, low ROS levels. At the same 
time, mammalian myeloid precursors are known 
to have significantly higher ROS levels than that 
in HSCs, which also increases during differentia-
tion of myeloid lineage cells. The mechanism used 
to generate increased ROS levels in prohemocytes 
remains unclear. ROS have been shown to function 
as signaling molecules during prohemocyte differ-
entiation. Expression of antioxidant enzymes re-
duces the basal ROS level in Dome+ PHs and sup-
presses mature hemocytes formation. At the same 
time, induction of ROS excess and oxidative phos-
phorylation attenuation by the inactivation of mi-
tochondrial respiratory chain complex I through 
the JNK signaling pathway in prohemocytes lead 
to their differentiation into the three types of ma-
ture hemocytes [100]. The increased ROS level in 
PHs also leads to a decrease in E-cad expression 
through the activated JNK signaling pathway and 
TF Srp [145]. Ectopic expression of the FoxO TFs 
of the JNK pathway in PHs causes their differ-
entiation into plasmatocytes and crystal cells [100, 
145]. Simultaneous FoxO activation and inactiva-
tion of the chromatin proteins Polyhomeotic prox-
imal (Ph-p) and the Enhancer of polycomb (E(Pc)) 
causes PH differentiation into lamellocytes (Fig. 2, 
Table 1). Therefore, a moderately high but physio-
logically controlled ROS level is necessary for PH 
maintenance. However, increased production of mi-
tochondrial ROS in PHs causes their differentia-
tion by activation of the JNK/FoxO signaling path-
way. It is noteworthy that in this context the FoxO 
function does not mediate antioxidant genes regu-
lation. It has also been found that the putative PHs 
of the Drosophila larval circulation outside the HO 
produce high levels of ROS. These PHs have not 
yet been well characterized and are referred to as 
progenitors by analogy with the HO prohemocytes 
expressing increased levels of ROS and the Wg li-
gand [17]. These cells are generated in large ex-
cess due to the activity of the oncogenic chimeric 

AML1-ETO protein forcefully expressed in Hml+ 
hemocytes. High ROS levels in such circulating PHs 
contribute to their maintenance and increased pro-
liferation. The ectopic expression of the antioxidant 
enzyme SOD2 or catalase (Catalase, Cat), as well 
as of FoxO that activates their expression, is able 
to suppress the generation and excessive prolifera-
tion of hemocytes and their progenitors, all caused 
by the AML1-ETO oncogene [17]. In this case, it is 
most likely that the Akt1/FoxO signaling pathway 
canonically regulates antioxidant genes expression. 
Thus, similarities and significant differences can be 
observed in the regulation of the maintenance of 
the HO PHs and circulating PHs by ROS.

It has recently been shown that nitric oxide syn-
thase (Nos) is particularly expressed in prohemo-
cytes and that, through the production of nitric 
oxide (NO), it is involved in the posttranslational 
S-nitrosylation of the proteins on cysteine residues 
[146]. S-nitrosylation of proteins, together with cyto-
solic calcium, activates the Ire1-Xbp1-mediated un-
folded protein response (UPR) necessary to maintain 
PHs in a mitotically inactive state by maintaining 
them in the G2 phase of the cell cycle [146]. As al-
ready mentioned, such a cell cycle block makes pro-
hemocytes refractory to the paracrine factors in-
ducing differentiation. It has also been shown that 
EGFR S-nitrosylation temporarily inactivates this 
receptor and, thus, renders the PHs unresponsive to 
the relevant signals. It is important to note that the 
Nos expressed in prohemocytes does not contain a 
reductase domain but is capable of generating NO 
[146]. In turn, since these cells have high ROS levels, 
this form of Nos can utilize ROS to synthesize NO. 
For that reason, it has been suggested that the inter-
action between ROS and NO may participate in the 
maintenance of appropriate levels of ROS by gener-
ating NO, and, thereby, protecting PHs from exces-
sive ROS production.

In general, it has become evident that there is a 
complex network that regulates PH maintenance 
and differentiation in the HO and that involves sev-
eral signaling pathways for local regulation of these 
processes. At the same time, there might be com-
plex network interactions between the components 
of these signaling pathways in certain time inter-
vals of Drosophila hematopoiesis. Different signal-
ing pathways are able to induce cell differentiation, 
which may be indicative of the increased plasticity 
of Drosophila hematopoietic progenitor cells. Apart 
from these signals and the signals from the PSC, 
prohemocyte maintenance is controlled by signals 
from differentiated cells. This will be discussed in 
the next section. 



16 | ACTA NATURAE | VOL. 16 № 2 (61) 2024

REVIEWS

EQUILIBRIUM SIGNALS BETWEEN PSC CELLS 
AND MATURE CORTICAL HEMOCYTES 
REGULATE PROHEMOCYTE MAINTENANCE
The Drosophila genetic system has been used to 
identify a unique mechanism that regulates pro-
genitor-cell maintenance. It has been found that 
prohemocyte maintenance and differentiation are 
controlled “in equilibrium” by two mechanisms: 
(1) directly by a signal from PSC cells; and (2) by 
the signal of differentiated daughter cells, which is 
also controlled by an additional signal originating 
from the same hematopoietic niche. PSC cells regu-
late not only the maintenance of the PH multipotent 
state, but also the maintenance and differentiation 
of CZ hemocytes (Fig. 2). This process is regulated 
by the Pvf1/Pvr signaling pathway [103]. The Pvf1 
ligand is secreted in PSC cells, while the Pvr re-
ceptor is expressed at high levels in cortical-zone 
cells. Inactivation of Pvf1 in PSC cells does not af-
fect their proliferation and number, but it suppress-
es PH maintenance, causing their differentiation. A 
similar effect is observed when the Pvr receptor 
function is suppressed in differentiated hemocytes 
of the CZ, causing extensive PH differentiation [103, 
119]. It is important that the Pvf1 ligand is trans-
ported for long distances across multiple cells by 
transport vesicles that include bound-but-not-signa-
ling complexes of Pvf1 and Pvr on the prohemocyte 
plasma membrane.

With the use of genetic methods it has been 
demonstrated that Pvf1, when interacting with 
Pvr of cortical hemocytes, activates the STAT-
dependent expression of secreted adenosine de-
aminase of growth factor-A (Adgf-A) (Fig. 2). This 
enzyme deaminates adenosine, converting the ex-
tracellular signaling molecules of adenosine into 
inert inosine [147, 148]. Deletion of adenosine by 
Adgf-A in CZ hemocytes leads to the suppression 
of the corresponding signaling pathway through the 
adenosine receptor (AdoR) located in PHs. As a re-
sult, the activity of cAMP-dependent protein ki-
nase A (PKA) is reduced, which, in turn, activates 
the transcription factor Ci that mediates the PH 
maintenance in a multipotent state. It is important 
to note that the activation of the Hh/Ptc signaling 
pathway from the PSC also inhibits PKA activity 
in PHs, which leads to Ci activation. Therefore, the 
Hh-dependent signal from PSC cells and the ad-
enosine signal from differentiated CZ hemocytes 
synergistically inhibit PKA activity and activate Ci, 
promoting prohemocyte maintenance in the MZ [96, 
103]. These data could be a sign that a similar equi-
librium signal may also operate in the mammalian 
hematopoietic system.

SIGNALING PATHWAYS MAINTAINING 
THE PSC-CELL FUNCTION 
The Antp and Col TFs are expressed in PSC cells 
throughout all larval instar. These cells proliferate 
during the early larval instar and form a cluster of 
30–40 cells that is maintained during the third lar-
val instar (Fig. 1). Antp directly controls the speci-
fication, maintenance, and growth of these cells and 
activates the expression of Col, which in turn is in-
volved in the maintenance of Antp expression [96, 
97, 116]. The Serrate ligand of the Notch receptor 
is expressed later in a certain population of PSC 
cells and is required for CC differentiation in the 
CZ [96, 97, 105]. Two signaling pathways, Wg and 
Dpp, antagonistically regulate PSC-cell prolifera-
tion [99, 123]. All components of the Wg signaling 
pathway, Fz2, β-catenin/Arm, and Disheveled (Dsh)
are expressed in the PSC. Wg activation is neces-
sary to increase the number of PSC cells (Fig. 2, 
Table 1). Blocking the Fz2 function significantly de-
creases the number of PSC cells, while the ectopic 
expression of Wg leads to a significant increase in 
their number [99]. In contrast to Wg, suppression of 
the Dpp/TGF-beta signaling pathway increases the 
number of PSC cells [123]. Activation of the TGF-
beta signaling pathway through the Dpp ligand ec-
topic expression activates the Daughters against 
the dpp (Dad) and Mad TFs expressed in PSC 
cells [123, 149]. The number of PSC cells signifi-
cantly increases when this pathway is suppressed 
through inactivation of the Dally like (Dlp) heparan 
sulfate-proteoglycan-binding protein and pMad in 
these cells (Fig. 2). Simultaneous suppression of the 
Wg and Dpp signaling pathways restores the PSC 
to its wild-type size. The regulation of the num-
ber of PSC cells by Wg is Myc-dependent, since 
Myc inactivation reverses the increase in PSC cells 
caused by ectopic Wg expression [123]. In its turn, 
the Jumu TF of the fork head family is involved 
in Myc regulation while the last regulates PSC-cell 
proliferation [150]. Further studies are required for 
a detailed understanding of how these signaling 
pathways interact for the regulation of PSC-cell 
proliferation and functioning.

Studies have shown that the developed network 
of extracellular matrix proteins between PSC cells 
and PHs is important for the regulation of Dpp 
and Wg signaling during hematopoiesis in HO an-
din response to stress [151]. It has been found that 
the septated contacts between PSC cells are de-
stroyed upon activation of the Toll or Imd signal-
ing pathways or in response to a bacterial infec-
tion. Usually, the PSC-cell cluster is impermeable 
to large-molecule dyes. However, inactivation of 



REVIEWS

VOL. 16 № 2 (61) 2024 | ACTA NATURAE | 17

the dense septated intercellular contact proteins 
Coracle (Cora) or Neurexin IV (Neurexin IV, 
NrxIV) leads to PSC-cell permeabilization. The in-
creased permeability increases the number of PSC 
cells, decreases that of PHs, and promotes plas-
matocyte and crystal cell differentiation. Losing 
such a barrier impairs Wg and Dpp ligand signal-
ing [151] both within the niche and signaling to 
PHs. It has been shown that gap junctions (GJ) and 
the Ca2+-signaling pathway are involved in the reg-
ulation of Hh secretion [128].

In addition, the signals from the DV cells adjacent 
to the PSC have been proven to regulate prolifera-
tion, function, and localization of PSC cells. So, the 
glycoprotein Slit is secreted in the DV cells, whose 
receptors Roundabout 1 and 2 (Robo 1 and 2) are 
expressed on PSC cells. The interaction of Slit with 
Robo 1 and 2 regulates PSC-cell proliferation and 
localization [33, 126, 152]. Suppression of the Robo 
function in PSC or Slit expression in DV cells in-
creases the number of PSC cells and causes them 
to expand deep into the HO, including through sup-
pressed E-cad expression [126]. In turn, Robo acti-
vates the Dpp/TGF-beta signaling pathway, which 
suppresses the Myc TF expression and PSC cell pro-
liferation (Fig. 2) [33, 123, 126].

Another important discovery has been that out-
side signals, namely from the nervous and humoral 
systems, directly affect the state and function of 
PSC cells. Insulin-like peptides expressed in neu-
rons, glia, and fat body cells [153] regulate the pro-
liferation and growth of PSC cells through insulin 
signaling pathway activation [31, 32, 104, 122, 154]. 
Inhibition of this pathway through inactivation of 
its various components such as the insulin recep-
tor (InR), Akt1, phosphoinositide-dependent kinase 
1 (Pdk1), and phosphoinositide-3-kinase (PI3K) re-
duces the number of PSC cells. It has also been dis-
covered that activation of the rapamycin signaling 
pathway is involved in this process. Further studies 
will investigate the interactions between the detect-
ed signaling pathways and their role in the regula-
tion of maintenance and functioning of the cells of 
the hematopoietic niche, which is central in regu-
lating hematopoiesis in Drosophila’s hematopoietic 
organ. 

CONCLUSION
Over the past 20 years, significant progress has 
been made in our understanding of the molecu-
lar mechanisms regulating hematopoiesis in the 
fruit fly. As the most genetically advanced model 
system, Drosophila has allowed us to describe the 
complex interactions between signaling pathways 

and the TFs involved in the regulation of the main-
tenance and differentiation of multipotent hemo-
cyte precursor cells, namely preprohemocytes and 
prohemocytes. These cells differentiate during lar-
val development into three types of mature hemo-
cytes: plasmatocytes, crystal cells, and lamellocytes. 
It has been shown that in insects, as in mammals, 
the main role in the maintenance and regulation of 
the differentiation of hematopoietic progenitor cells 
is played by hematopoietic niche cells – PSC cells. 
Determination of these cells’ fate occurs in parallel 
with the specification of hematopoietic progenitors 
in the HO. Throughout the larval instar, PSC cells 
coordinate prohemocyte maintenance and differ-
entiation through secreted ligands (Hh, Pvf1, Ser, 
Wg/Wnt), activating the appropriate signaling path-
ways in hemocyte precursors. These signals are in-
volved, among others, in the maintenance of the 
autocrine and paracrine signals (Wnt/ beta-catenin, 
calcium signaling, AFC, Stat92E) in prohemocytes, 
activating or inhibiting their maintenance in an un-
differentiated state. Prohemocytes are maintained 
in a mitotically quiescent state in the MZ of the 
hemopoietic organ. In addition, a two-way equilib-
rium regulation of prohemocyte maintenance has 
been proven to take place through signals from 
differentiated (Pvr, Adgf-A, AdoR, PKA) and PSC 
cells (Hh, Pvf1). Recent studies using single-cell 
transcriptome sequencing have shown the presence 
of intermediate stages of prohemocyte differenti-
ation and uncharacterized populations of mature 
hemocytes. Prohemocyte differentiation occurs in 
the so-called intermediate zone, where cells begin 
to divide and become susceptible to differentiation 
signals. But this mechanism requires further in-
vestigation. In addition, recent studies have shown 
that DV cells also serve as a type of hematopoi-
etic niche, participating in prohemocyte mainte-
nance. To date, HSCs capable of self-renewal by 
asymmetric cell division have not been identified 
in Drosophila. However, the most naive preprohe-
mocyte population has been identified. These cells 
are regulated by PSC cells via the activation of the 
Notch, Dpp, and Pvf2/Pvr signaling pathways. In 
addition to maintaining hemocyte precursors, PSC 
cells participate in the regulation of the cellular im-
mune response and the cells mediating melaniza-
tion and inactivation of pathogenic objects through 
the Spi/EGFR, Toll, and Ser/Notch signaling path-
ways. Based on the results of the reviewed studies, 
a unique picture of the interaction of the molecu-
lar mechanisms regulating hematopoiesis in one of 
the representatives of arthropods has emerged. The 
genetic model of Drosophila has allowed us to de-
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ABSTRACT Anatomic visualization and molecular typing of metastatic regional lymph nodes in breast cancer 
patients are a serious clinical challenge in modern oncology. According to the results of previous studies, 
[99mTc]Tc-(HE)3-G3 has proven to be a promising diagnostic agent in differentiating the HER2/neu recep-
tor status in primary breast tumors (p < 0.05, Mann–Whitney test). In this regard, the purpose of this study 
is to explore the possibilities of using [99mTc]Tc-(HE)3-G3 to determine the HER2/neu receptor status in the 
metastatic axillary lymph nodes (mALNs) of breast cancer patients. The study was conducted using clinical 
material from 20 breast cancer patients (T2-4N1-3M0-1) before systemic therapy (10 patients with positive 
and 10 patients with negative HER2/neu expression in mALNs) who underwent SPECT/CT scan 4 h after 
the administration of [99mTc]Tc-(HE)3-G3.  Morphological and immunohistochemical studies of mALNs with 
assessment of the HER2/neu status were performed on all patients. We found that mALN-to-background and 
mALN-to-latissimus dorsi muscle ratios for [99mTc]Tc-(HE)3-G3 uptake 4 h after its administration may be 
used for typing of the HER2/neu status in mALNs of breast cancer patients (p < 0.05, Mann–Whitney test). 
In that case, sensitivity and specificity for the mALN-to-background ratio were identical at 80%, with the 
threshold value being > 12.25.
KEYWORDS breast cancer, lymph node metastasis, DARPinG3, HER2/neu, radionuclide diagnostics.
ABBREVIATIONS BC – breast cancer; US – ultrasound; CT – computed tomography; HER2/neu – human epi-
dermal growth factor receptor-2; RP – radiopharmaceutical; mALN – metastatic axillary lymph node; IHC – 
immunohistochemistry; FISH – fluorescence in situ hybridization; ASCO/CAP – American Society of Clinical 
Oncology and College of American Pathologists; SPECT – single-photon emission computed tomography; 
LDM – latissimus dorsi muscle; SUV – standardized uptake value.

INTRODUCTION
The condition of regional lymph nodes in breast can-
cer (BC) is an important prognostic factor that is sig-
nificant both in choosing the modality of local and 
systemic therapies for these patients and in assess-
ing the prognosis of the disease [1]. Unfortunately, 

traditional diagnostic methods, such as ultrasound 
(US), mammography, magnetic resonance imaging, 
and computed tomography (CT), are not characterized 
by high sensitivity and specificity levels in differen-
tiating normal and metastatic lymph node structures, 
which leads to a large number of false-positive and 
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false-negative results in preclinical cancer staging [2, 
3]. However, there is a need not only for anatomical 
detection, but also for assessing the molecular profile 
of all identified metastatic foci, which is an important 
factor in the evaluation of the tumor spread and the 
determination of indications for prescribing directed 
(targeted) therapy in BC patients, an approach that 
significantly improves overall and relapse-free sur-
vival rates [4, 5].

In recent years, there has been an active effort to 
investigate targeted radionuclidic imaging techniques 
that could help detect a specific molecular target [6, 
7]. A particular example is the results of studies us-
ing alternative scaffold proteins that are labeled with 
various radioisotopes and targeted at human epider-
mal growth factor receptor-2 (HER2/neu) [8, 9]. These 
constructs offer optimal characteristics in delivering 
a diagnostic isotope to a target antigen: high speci-
ficity and affinity, low toxicity, and rapid elimination 
from the patient’s body, which significantly reduces 
the time from agent injection to the onset of a diag-
nostic procedure [10–12].

For example, the data of phase I clinical tri-
als of the agents [99mTc]Tc-ADAPT6 (ClinicalTrials.
gov Identifier: NCT03991260 and ClinicalTrials.gov 
Identifier: NCT05412446) and 99mTc-ZHER2:41071 
(ClinicalTrials.gov Identifier: NCT05203497) per-
formed at the Department of Radionuclide Therapy 
and Diagnostics of the Cancer Research Institute 
of the Tomsk National Research Medical Center 
(CRI TNRMC) demonstrated that it is possibile to de-
termine HER2/neu status in the primary tumor [13, 
14] and metastatic lymph nodes in BC patients [15]. 
Another agent promising for targeted radionuclide 
diagnosis of HER2-positive breast cancer is a de-
signed ankyrin repeat protein (DARPinG3) molecule 
that is constructed on the basis of 14 to 21 kDa an-
kyrin proteins and exhibits a high tropism for epi-
dermal growth factor receptor type 2 [16]. The data 
of preclinical in vitro studies of [99mTc]Tc-(HE)3-G3 
[17] demonstrated its rapid binding to the HER2/neu 
receptor and slow internalization in SKOV3 and 
BT-74 cell lines, as well as a higher uptake in 
HER2-positive SKOV3 xenografts compared with that 
in HER2-negative Ramos xenografts and a low liv-
er uptake in in vivo studies. A phase I clinical tri-
al of [99mTc]Tc-(HE)3-G3 (ClinicalTrials.gov Identifier: 
NCT05695859) at a dose of 3,000 μg showed that it 
was safe for BC patients and highly specific in assess-
ing the HER2/neu status in the primary tumor using 
SPECT without CT [18].

The purpose of this study was to investigate the 
possibility of the clinical use of the radiopharmaceu-
tical [99mTc]Tc-(HE)3-G3 in order to determine the 

HER2/neu status in the metastatic axillary lymph 
nodes of BC patients and identify optimal parameters 
for determining the receptor’s positive and negative 
status.

EXPERIMENTAL

Protein production
DARPin(HE)3-G3 (amino acid sequence: MRGSH
EHEHEGSDLGKKLLEAARAGQDDEVRILMANG
ADVNAKEYGLTPYLATAHGHLEIVEVLLKNGA
DVNAVDAIGFTPLHLAAFIGHLEIAEVLLKHGA
DVNAQDKFGKTAFDISIGNGNEDLAEILQKLN) 
was synthesized at the Institute of Biological 
Chemistry.

Characterization of clinical material
This was an open, non-randomized, and prospective 
study that started after registration at ClinicalTrials.
gov (Identifier: NCT15122022), approval by the bioeth-
ical committee of CRI TNRMC, and the completion of 
an informed consent form by patients before admin-
istration of the radiopharmaceutical. The study in-
cluded 20 BC patients with metastatic axillary lymph 
nodes (mALNs) (T2-4N1-3M0-1) before the start of 
systemic or local treatment. Human epidermal growth 
factor receptor HER2/neu expression in mALNs was 
positive in 10 patients (n = 10) and negative in 10 pa-
tients (n = 10). The mean age of the patients included 
in the study was 49.6 years.

At the preclinical stage, all patients underwent a 
comprehensive clinical and instrumental examina-
tion according to the 2023 Russian Society of Clinical 
Oncology (RUSSCO) protocols. The presence, anatom-
ical location, and size of tumor nodes in the mammary 
gland and axillary region were determined using US. 
The mean primary tumor size was 24 ± 5 mm, and 
the mean metastatic axillary lymph node size was 
20 ± 3 mm.

Morphological and immunohistochemical studies
In all the cases, morphological and immunohistochem-
ical (IHC) studies of the biopsy and/or surgical mate-
rial of metastatic axillary nodes were performed to 
determine the HER2/neu status of the largest lymph 
node using standard methods. The surgical mate-
rial of patients who had started treatment directly 
from the surgical stage was studied. Metastatic lymph 
nodes were marked for IHC analysis under US guid-
ance by placing a localization mark before surgical 
treatment. HER2/neu expression with IHC 3+ or IHC 
2+ and a positive FISH (fluorescence in situ hybrid-
ization) was considered positive, and that with IHC 0 
or 1+ was considered negative, which corresponded 
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Table 1. [99mTc]Tc-(HE)
3
-G3 uptake in mALNs (SUV

max
) and reference organs and mALN-to-reference organ ratios in BC 

patients

SUVmax
(mALN)

SUVmax
(background 

mALN)

mALN/
background

SUVmax
(liver)

SUVmax
(LDM)

SUVmax
(spleen)

mALN/
liver

mALN/
LDM

mALN/
spleen

HER2-positive mALNs

1 1.8 0.3 6.7 9.1 0.3 4.0 0.2 6.2 0.5

2 2.6 0.2 15.2 5.2 0.3 2.5 0.5 8.6 1.04

3 2.2 0.2 13.5 3.0 0.3 1.3 0.7 6.2 1.7

4 10.7 0.3 33.3 4.7 0.4 2.5 2.3 26.0 4.3

5 8.7 0.3 34.9 5.7 0.4 2.1 1.5 21.3 4.2

6 2.4 0.4 5.9 4.1 0.2 1.7 0.6 10.9 1.5

7 14.0 0.3 41.2 2.9 0.5 3.1 4.9 25.9 4.5

8 6.5 0.1 50.3 8.7 0.4 4.2 0.8 17.7 1.6

18 8.7 0.4 23.5 3.4 0.3 4.4 2.6 27.2 1.9

19 4.8 0.1 36.9 6.9 0.3 0.1 0.7 15.0 4.8

6.2 ± 4.2 0.3 ± 1.1 26.1 ± 15.4 5.4 ± 2.2 0.34 ± 0.1 2.6 ± 1.4 1.5 ± 1.4 16.5 ± 8.3 2.6 ± 1.6

HER2-negative mALNs

9 3.9 0.5 8.6 6.3 0.5 2.1 0.6 8.4 1.8

10 3.1 0.4 8.5 15.2 0.2 8.1 0.2 21.1 0.3

11 1.2 0.1 11.0 0.6 0.3 4.9 2.2 4.5 0.2

12 0.5 0.2 2.3 2.7 0.0 0.4 0.2 13.2 1.3

13 3.8 0.3 13.7 9.7 0.7 5.6 0.4 5.2 0.7

14 6.8 0.4 18.9 6.2 0.6 1.9 1.1 11.4 3.5

15 6.8 0.7 10.4 10.3 0.8 3.7 0.7 8.7 1.8

16 1.0 0.7 1.5 13.8 0.5 6.6 0.1 2.1 0.1

17 5.6 0.5 10.8 10.1 0.6 2.5 0.6 9.5 2.3

20 1.7 0.4 4.5 1.5 0.3 0.9 1.2 5.6 1.8

3.4 ± 2.4 0.4 ± 0.2 9.0 ± 5.3 7.6 ± 5.0 0.5 ± 0.2 3.7 ± 2.6 0.7 ± 0.6 8.9 ± 5.4 1.4 ± 1.1

Note: mALN is a metastatic axillary lymph node; LMS is the latissimus dorsi muscle.
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to the 2018 ASCO/CAP (American Society of Clinical 
Oncology and College of American Pathologists) cri-
teria [19, 20]. IHC was a reference method, and its 
data were compared with data from the radionuclide 
analysis.

Preparation of the radiopharmaceutical
The radiopharmaceutical [99mTc]Tc-(HE)3-G3 in a dose 
of 3,000 μg was prepared immediately before intra-
venous administration to patients at the Department 
of Radionuclide Therapy and Diagnostics of CRI 
TNRMC using the protocol described previously 
[18]. [99mTc]Tc-(HE)3-G3 was purified by size-exclu-
sion chromatography using sterilized NAP-5 columns 
(Sephadex G-25, GE, Healthcare, Chicago, IL, USA) 
pre-equilibrated and eluted with a sterile sodium 
phosphate buffer. The purified fraction was brought 
to a volume of 10 mL using a sterile isotonic NaCl 
solution. A 2 μL aliquot of the compound solution was 
used for pH determination and radiochemical purity 
analysis. The pH of the radiopharmaceutical solutions 
was determined using pH test strips. Radiochemical 
purity was analyzed using instant thin layer chro-
matography (Agilent Technologies, Santa Clara, CA, 
USA).

Radionuclide study protocol
[99mTc]Tc-(HE)3-G3 uptake was assessed by measur-
ing the maximum standardized uptake (SUVmax) in 
mALNs, the projections of contralateral axillary lymph 
nodes, and those of reference organs, such as the liver, 
latissimus dorsi, and spleen 4 h after its administration. 
Additionally, parameters such as mALN-to-background 
and mALN-to-reference organs were calculated for 
each patient (Table 1). SUVmax was determined in the 
largest mALN based on the anatomical location corre-
sponding to the US description and biopsy sampling.

Radionuclide studies in BC patients 4 h after ad-
ministration were performed on a Siemens Symbia 
Intevo Bold gamma camera equipped with a low-
power and high-resolution collimator. In all cases, 
SPECT/CT of the chest and upper abdomen with re-
construction was performed using the xSPECT pro-
tocol (Siemens). The images were processed using the 
Syngo.via software (Siemens).

Statistical methods
Data were analyzed and visualized using the Prism 
10 software (GraphPad). Values are presented as a 
mean ± standard deviation (M ± SD) or median and 
interquartile range (Me(Q1–Q3)). The differences in 
organ uptake at different time points were analyz-
ed using the one-way analysis of variance (ANOVA). 
The nonparametric Mann–Whitney test was used to 

evaluate the significance of the differences between 
the parameters of HER2-positive and HER2-negative 
tumors. ROC analysis was performed to evaluate the 
predictive values of the parameters. All criteria were 
two-sided, and the differences were considered signif-
icant at p < 0.05.

RESULTS

IHC studies
The immunohistochemical analysis revealed that the 
HER2/neu receptor status was identical in the prima-
ry tumors and mALNs of all BC patients included in 
the study.

[99mTc]Tc-(HE)3-G3 labeling and radionuclidic studies
Labeling of the radiopharmaceutical (Fig. 1) and ra-
dionuclidic imaging in all BC patients included in the 
study were performed according to the protocols de-
scribed in the Experimental section. The radiochemi-
cal purity of [99mTc]Tc-(HE)3-G3 was 98.7 ± 1.8%. The 
mean administered dose activity was 435 ± 138 MBq.

[99mTc]Tc-(HE)3-G3 uptake in metastatic 
and contralateral axillary lymph nodes
mALNs were visualized in all BC patients, regardless 
of the HER2/neu status (Fig. 2). Quantitative data on 
[99mTc]Tc-(HE)3-G3 uptake in anatomical structures 
are shown in Table 1.

There were no differences in SUVmax among BC 
patients with different HER2/neu statuses in mALNs 
(6.2 ± 4.2 for positive expression and 3.4 ± 2.4 for 
negative expression) (p = 0.1230, Mann–Whitney 
test). However, there were statistical differences in 
the mALN-to-background ratios: it was higher in the 
subgroup of patients with a HER2-positive mALN 
status (26.1 ± 15.4) than in the subgroup with a 

Fig. 1. Schematic of the labeling of technetium-99m with a 
DARPinG3 molecule using the tricarbonyl technique
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HER2-negative mALN status (9.0 ± 5.3) (p = 0.0115, 
Mann–Whitney test) (Table 1, Fig. 3).

[99mTc]Tc-(HE)3-G3 uptake in reference organs 
and mALN-to-reference organ ratio
The SUVmax of [

99mTc]Tc-(HE)3-G3 in the liver, LDM, 
and spleen was 5.4 ± 2.2, 0.4 ± 0.1, and 2.6 ± 1.4 and 
7.6 ± 5.0, 0.5 ± 0.2, and 3.7 ± 2.6 for HER2-positive 
and HER2-negative mALNs, respectively. There were 
no statistical differences in the [99mTc]Tc-(HE)3-G3 
uptake in each organ for the positive and negative 
HER2/neu statuses (p > 0.05, Mann–Whitney test).

Calculations of mALN-to-reference organ ratios 
revealed that the mALN-to-LDM ratio was high-

er in HER2-positive mALNs than in HER2-negative 
mALNs (16.5 ± 8.3 and 8.9 ± 5.4, respectively) 
(p = 0.035, Mann–Whitney test) (Table 1, Fig. 4).

Determining the most informative parameter 
in assessing the HER2/neu status in mALNs 
of BC patients using [99mTc]Tc-(HE)3-G3
The most informative parameter for assessing the 
HER2/neu status in mALNs using [99mTc]Tc-(HE)3-G3 
was determined by ROC analysis that identified 
the sensitivity and specificity parameters for each 
of them. The most sensitive and specific param-
eter for determining the HER2/neu status in the 
mALNs of BC patients using [99mTc]Tc-(HE)3-G3 

Fig. 3. SUV
max

 (A) and mALN-to-background ratio (B) 4 h after administration of [99mTc]Tc-(HE)
3
-G3 to BC patients with 

HER2-positive and HER2-negative mALNs
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Fig. 2. [99mTc]Tc-(HE)
3
-G3 uptake in mALNs of BC patients 4 h after administration: (A) – [99mTc]Tc-(HE)

3
-G3 up-

take in HER2-positive mALNs (indicated by white arrows); (B) – IHC imaging of a HER2-positive mALN (×400); 
(C) – [99mTc]Tc-(HE)

3
-G3 uptake in a HER2-negative mALN (indicated by the white arrow); (D) – IHC imaging of a 

HER2-negative mALN (×400)
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Fig. 4. mALN-to-liver (A), mALN-to-LDM (B), and mALN-to-spleen ratios (C) 4 h after administration 
of [99mTc]Tc-(HE)

3
-G3

was the mALN-to-background ratio: AUC of 0.83 
(95% CI 0.63–1.00), sensitivity of 80%, and speci-
ficity of 80%; a threshold value of > 12.25 a.u. For 
the mALN-to-LDM ratio, these parameters were as 
follows: AUC of 0.78 (95% CI 0.58–1.00), sensitivi-
ty of 70%, and specificity of 70%; a threshold value 
of > 10.25 a.u. (Fig. 5).

DISCUSSION
The use of alternative scaffold proteins for radionu-
clidic receptor imaging of malignant tumors has been 
one of the promising developments in the field over 
the last 10 years. This is primarily due to the high 
specificity of the targeted delivery molecules and the 
shorter time interval between agent administration 
and the start of examination. Furthermore, the con-

duct of the diagnostic stage using modern devices 
that combine positron emission tomography and sin-
gle-photon emission computed tomography with CT 
data provides a more accurate anatomical visualiza-
tion and measurement of the administered agent’s 
uptake in vivo.

Phase I clinical trials conducted at the Department 
of Radionuclide Therapy and Diagnostics of 
CRI TNRMC on HER2/neu in BC patients us-
ing a number of diagnostic radiopharmaceuti-
cals ([99mTc]Tc-(HE)3-G3, [99mTc]Tc-ADAPT6, and 
99mTc-ZHER2:41071) [13, 14, 18] have demonstrated 
not only the safe character of the procedure, but also 
the possibility of typing primary breast tumors de-
pending on their HER2/neu status (p < 0.05, Mann–
Whitney test) [21]. These findings and expansion of 
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research towards locally advanced and metastat-
ic BC forms promoted the planning and initiation of 
phase II clinical trials using [99mTc]Tc-ADAPT6 and 
[99mTc]Tc-(HE)3-G3.

Previously published data on the use of the ra-
diopharmaceutical [99mTc]Tc-ADAPT6 to determine 
the HER2/neu status in nALNs of BC patients dem-
onstrated its high uptake (SUVmax = 8.7 ± 4.6) and 
a significant difference between HER2-positive and 
HER2-negative foci (p < 0.05, Mann–Whitney test). 
The ROC analysis revealed that using the threshold 
SUVmax value (4.22) in mALNs provides a 92% sensi-
tivity level and 100% specificity [15].

In the present study, the highest statistical differ-
ences between HER2-positive and HER2-negative 
mALNs in BC patients 4 h after the administration 
of [99mTc]Tc-(HE)3-G3 were observed for a mALN-to-
background ratio of 26.1 ± 15.4 (p = 0.0115, Mann–
Whitney test). According to the ROC analysis, the 
threshold value of the mALN-to-background ratio 
was 12.25, and sensitivity and specificity stood at an 
identical 80%.

These findings partially confirm previous-
ly reported data from preclinical and clini-
cal trials of a comparative analysis of the di-
agnostic efficacy of [99mTc]Tc-ADAPT6 and 
[99mTc]Tc-(HE)3-G3 [22]. For example, sequential ad-
ministration of both diagnostic agents at an in-
terval of 3 days before the start of systemic ther-
apy in 11 HER2-positive BC patients demonstrated 
a higher uptake of [99mTc]Tc-ADAPT6 by primary 
breast tumors (SUVmax = 4.7 ± 2.1) 2 h after admin-
istration compared with that of [99mTc]Tc-(HE)3-G3 

(SUVmax = 3.5 ± 1.7) 4 h after administration 
(p < 0.005, paired t-test). In this case, the tumor-to-
background ratio was not statistically different for 
both agents (15.2 ± 7.4 for [99mTc]Tc-ADAPT6 and 
19.6 ± 12.4 for [99mTc]Tc-(HE)3-G3) (p > 0.05, paired 
t-test) [23].

According to both studies, [99mTc]Tc-ADAPT6 
proved to be the optimal agent for the typing of pri-
mary breast tumors, which provides the opportunity 
to differentiate the HER2/neu receptor status. This is 
important for optimizing the diagnostic stage and pre-
scribing targeted therapy.

Given that , unlike the ADAPT6 protein, 
[99mTc]Tc-(HE)3-G3 does not compete with trastu-
zumab because it binds to other HER2/neu epitopes, 
and the radiopharmaceutical may be useful in clinical 
practice to evaluate the monitoring of preoperative 
systemic therapy in patients with HER2/neu overex-
pression.

CONCLUSION
[99mTc]Tc-(HE)3-G3 proved effective in differentiating 
the HER2/neu status in the mALNs of BC patients 
and demonstrated mALN-to-background ratios with 
80% sensitivity and 80% specificity. To expand the in-
dications for clinical use, [99mTc]Tc-(HE)3-G3 should be 
further studied in the dynamics of preoperative sys-
temic therapy in BC patients with HER2/neu overex-
pression. 
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INTRODUCTION
Nonhuman primates are the most suitable laborato-
ry model for most human viral diseases. They allow 
for adequate reproduction of the stages of develop-
ment of viral infections, including the route of trans-
mission, the virus replication site, the pathogenesis 
features, and the development of all manner of im-
mune response. Today, the late phases of preclinical 
trials that aim to assess the efficacy and safety of 
antiviral vaccines are mainly conducted using rhesus 
macaques (Macaca mulatta), crab-eating macaques 
(M. fascicularis), and green monkeys (Chlorocebus 
sabaeus). However, long-term maintenance of a sig-
nificant number of large primates in experimen-
tal laboratories faces ethical restrictions and is ex-
tremely expensive, while primates kept in outdoor 
nurseries need to undergo long-term acclimatization 
and examination to exclude any background pathol-
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ABSTRACT Common marmoset (Callithrix jacchus, CM) is a New World primate species that is of interest for 
preclinical trials of immunobiological products. In this study, we describe the approaches to long-term labo-
ratory breeding and maintenance of CMs. We also establish the reference values of the main complete blood 
count and serum chemistry parameters evaluated during preclinical trials of immunobiological products and 
describe the histological characteristics of CM lymphoid organs during the development of post-vaccination 
immune response. We show that CMs bred in laboratory conditions excluding background infectious pathol-
ogy are a relevant model that allows for a high degree of reliability in characterizing the safety and immu-
nogenicity profile of antiviral vaccines during preclinical trials.
KEYWORDS laboratory primates, Callithrix jacchus, laboratory breeding of primates, antiviral vaccines, safety 
and immunogenicity of vaccines.

ogy before they can be used in experimental work. 
Furthermore, macaques have a much higher vari-
ability of major histocompatibility complex (MHC) 
class I genes compared to humans; so, in some cas-
es the animals either need to be genotyped before 
inclusion in experiments or the number of animals 
per study group needs to be significantly increased, 
which further raises the cost of the trials [1].

Common marmosets (Callithrix jacchus, CM) are 
used in many areas of biomedical research, including 
reproductive biology, cognitive research, autoimmune 
and infectious diseases, oncology, and toxicology [2]. 
C. jacchus cells are also used in embryology and re-
generative medicine [3].

A number of characteristics of CMs as a biologi-
cal species make them a valuable laboratory model. 
These characteristics include: (1) phylogenetic prox-
imity to humans; (2) small body weight (300–500 g); 



RESEARCH ARTICLES

VOL. 16 № 2 (61) 2024 | ACTA NATURAE | 31

and (3) the relative ease of laboratory breeding and 
maintenance [4]. An important feature of C. jacchus is 
the minimal diversity of both MHC class I and class II 
gene loci [5, 6], which contributes to highly reproduc-
ible study results.

CMs are susceptible to many viral, protozoan, and 
bacterial human pathogens [7], including the yellow 
fever virus, Epstein–Barr virus and other herpes-
viruses, hepatitis A virus, Junín virus, measles vi-
rus, hepatitis E virus, etc. Working with pathogens 
using CMs poses much fewer technical challenges, 
and is, therefore, associated with reduced risks for 
the personnel, than working with large primates. 
Furthermore, the genome of CMs has been fully se-
quenced; so, these primates can be adequately used in 
in vivo trials of novel gene therapy products, includ-
ing experiments requiring transgenic animals [8, 9].

In combination with the recently elaborated pro-
cedures of assessment of the parameters of humoral 
and T cell-mediated immunity [10], the aforemen-
tioned factors make C. jacchus an optimal nonhuman 
primate species for the preclinical trials of safety, im-
munogenicity, and protectivity of antiviral vaccines. 
Nevertheless, broader experimental use of CMs re-
quires solving a number of problems, including the 
development and standardization of laboratory hus-
bandry protocols, as well as the functional and mor-
phological characterization of the organs of their im-
mune system.

In this study, we optimized the conditions of long-
term laboratory breeding and maintenance of CMs, 
established the reference values of the main complete 
blood count (CBC) and serum chemistry parameters 
evaluated during preclinical trials of antiviral vac-
cines, and described the histological characteristics 
of the lymphoid organs of laboratory-bred CMs dur-
ing the development of post-vaccination immune re-
sponse.

METHODS

Ethics statement
The protocols of all the experiments involving pri-
mates described in this study were approved by 
the Ethics Committee of the Chumakov Federal 
Scientific Center for Research and Development of 
Immunobiological Products (protocols No. 110520-1 
dated May 11, 2020, No. 140720-1 dated July 14, 2020, 
and No. 141021-2 dated October 14, 2021).

Laboratory breeding and maintenance 
of common marmosets
The animals were kept at the Laboratory of modeling 
of immunobiological processes with the experimen-

tal clinic of Callitrichidae of the Chumakov Federal 
Scientific Center for Research and Development 
of Immune-and-Biological Products of the Russian 
Academy of Sciences (Laboratory), in compli-
ance with Sanitary Regulations 3.3686-21 “Sanitary 
and Epidemiological Requirements for Preventing 
Infectious Diseases,” State Standard GOST 33218-
2014 “Guidelines for Accommodation and Care 
of Laboratory Animals,” and the Directive of the 
European Parliament and the Council of the European 
Union 2010/63/EC dated September 22, 2010. 

The Laboratory facilities included the breeding 
zone and the experimental zone, with separated per-
sonnel and material flows. The automatic ventilation 
and air conditioning system ensured a year-round air 
temperature of 24–30°C and ≥ 50% humidity; it con-
tained two independent circuits for the breeding zone 
and the experimental zone.

The rooms of the breeding zone had windows 
for natural daylight, as well as daylight lamps that 
were switched on daily in the time interval between 
7.00 a.m. and 5.00 p.m. all year round.

In the breeding zone, CMs were housed in fam-
ily groups in enclosures sized 810 × 470 × 1760 mm 
(L × D × H). The family groups of CMs consisted of 
an adult animal pair and two generations of their off-
spring. The total number of animals per enclosure in 
the breeding zone ran up to six. At the age of 10–
13 months, the offspring were placed into separate 
enclosures for immature animals. New family pairs 
were formed of primates aged at least 18 months; 
they were subsequently monitored to assess the indi-
vidual compatibility of the new pair.

The daily energy value of the diet used in the 
Laboratory was 140 kcal per adult animal weighing 
350–450 g; 18–24% of the diet consisted of protein 
from boiled chicken meat, baked cottage cheese, eggs, 
buckwheat and oatmeal porridge. The diet was daily 
supplemented with 360 IU of vitamin D3, calcium glu-
conate, and a multivitamin complex.

Autoclavable dispensers (volume, 100 mL) 
of drinking water meeting the State Standard 
GOST R 51232-98 were mounted at the upper level of 
the walls of each enclosure. 

Food leftovers were removed from the enclosure 
trays daily before morning feeding and after 12 p.m. 
The biological waste in the experimental zone was de-
contaminated by autoclaving.

Experimental manipulations 
with common marmosets
All the manipulations involving CMs were conducted 
by certified veterinarians or by researchers certified 
by the Federation of European Laboratory Animal 



32 | ACTA NATURAE | VOL. 16 № 2 (61) 2024

RESEARCH ARTICLES

Science Associations (FELASA) and trained to work 
with nonhuman primates.

Experimental procedures were performed in a mi-
crobiological safety cabinet class II VIS-A-VIS, type 
A, installed in an operating room equipped to perform 
all the needed procedures with CMs, including biolog-
ical material sampling, the administration of experi-
mental preparations, and surgical interventions.

The animals were subjected to inhalational gener-
al anesthesia supplied via a full-face mask using the 
410AP anesthesia machine (Univentor, Malta) with an 
air–gas mixture containing 4% isoflurane for anesthe-
sia induction and 2–2.5% isoflurane for maintenance 
of anesthesia.

Subcutaneous radio chips of ISO 11784 standard 
(LifeChip, Destron Fearing, USA) in capsules made 
of biocompatible glass with an anti-migration coat-
ing were used for animal identification. The microchip 
is a passive device without a power source, so it can 
be used throughout the entire length of the life of an 
animal.

The body weight of the primates was measured 
using a Pioneer PA4102 electronic balance (Ohaus, 
USA).

All experimental manipulations with the primates 
were performed in the operating room, excluding any 
visual or auditory contact with other animals.

Complete blood count and serum chemistry 
Whole blood samples for CBC and serum chemistry 
were collected by puncturing the femoral vein us-
ing 2.5 mL three-part syringes with 27G needles. The 
maximum blood volume sampled in a single procedure 
was under 3 mL (≤ 8% of the circulating blood vol-
ume). For CBC, the syringes were prefilled with a Na-
EDTA solution (final concentration, 5 mmol Na-EDTA 
per liter of blood). For the serum chemistry analysis, 
blood samples were collected into dry sterile test tubes 
and mixed and incubated at room temperature for 45 
min; the serum was then separated by 10-min centrif-
ugation (5810R, Eppendorf, Germany) at 600 g.

CBC with erythrocyte and leukocyte counts, as well 
as the leukocyte differential count, was carried out in 
a Goryaev chamber using Romanowsky staining.

The CM serum chemistry analysis was per-
formed on a Cobas c111 automated analyzer (Roche, 
Switzerland) using the respective reagent kits. Values 
below the limit of detection of the instrument were 
counted as 0.

Histological analysis of post-vaccination 
changes in the lymphoid organs
Seven animals (three males and four females) aged 
2–5 years, born in the Laboratory and included in 

preclinical trials of the inactivated whole-virion pu-
rified adsorbed vaccine against COVID-19 CoviVac, 
were used to study post-vaccination changes in the 
lymphoid organs of CMs [11].

On the day of the first immunization and 14 days 
later, 250 μL of the vaccine preparation (a suspen-
sion for intramuscular injection) were injected into 
the thigh muscles of the right and left legs of the 
animals in the experimental group (total injected vol-
ume, 500 μL per animal). The animals in the control 
group were injected with an identical volume of pla-
cebo containing the vaccine adjuvant (aluminum hy-
droxide) via the same route on the same days.

The animals were euthanized by anesthesia over-
dose (intramuscular injection of a threefold dose of a 
mixture of Xyla (De Adelaar, Netherlands) and Zoletil 
(Virbac, France) under isoflurane anesthesia.

Lymphoid organs (thymus, spleen, mesenteric 
lymph node, and inguinal lymph node draining the 
injection site) for histological examination were fixed 
immediately after necropsy by submersion in 10% 
buffered formalin (Biovitrum, Russia).

The organ samples were subjected to automated 
histological processing, which involved sequential de-
hydration in increasing concentrations of ethanol and 
xylene, embedding into Histomix paraffin medium 
(Biovitrum) on a Leica EG1150H paraffin embedding 
station (Leica, Germany), and microtomy of the re-
sulting blocks with embedded samples on a Leica RM 
2245 rotary microtome (Leica) to obtain 3 μm thick 
paraffin sections. The sections of lymphoid organs 
were mounted onto microscope slides, dried, deparaf-
finized, hydrated, stained with alum hematoxylin and 
water–alcohol eosin (Biovitrum), and placed under 
coverslips in a BioMount medium (Bio-Optica, Italy) 
to obtain stable histological specimens. One to four 
representative sections of proper quality were ob-
tained per block.

The prepared sections were analyzed under a Zeiss 
Axio Observer A1 optical microscope (Carl Zeiss, 
Germany). Representative microimages were obtained 
using an AxioCam 305 high-resolution digital micros-
copy camera in the Zeiss Zen 2 lite blue edition soft-
ware (Carl Zeiss). Microimage processing and panel 
compilation was performed using the AxioVision v.3.0 
(Carl Zeiss) and GIMP (S. Kimball, P. Mattis, USA) 
software.

Statistical analysis
The age of the females at the time of first litter de-
livery, the survival rate of offspring during the neo-
natal period, and interdelivery intervals are presented 
as mean values and the standard deviation (SD). The 
statistical significance of differences in the parame-
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ters of CBC and serum chemistry was assessed us-
ing the Mann–Whitney test in the GraphPad Prism 9 
(9.3.0) software. Differences were considered signifi-
cant at p < 0.05. 

RESULTS

Laboratory breeding of common marmosets
The retrospective study was based on the data ob-
tained by observing 23 female CMs born in the 
Laboratory, which delivered a total of 69 litters during 
the period between 2015 and 2023. Figure 1 shows the 
estimated mean age of females at the first delivery, as 
well as the mean interdelivery interval.

The mean age of female CMs at the first delivery 
was 37 months (SD = 12.2); the minimal age was 24.2 
months (Fig. 1A). 

The mean interdelivery interval during the ob-
servation period was 220.1 days (SD = 102.9); 21 out 

of 46 litters were delivered 148–158 days after the 
previous delivery (Fig. 1B). Since the average gesta-
tion period in CMs is 143–144 days [4], the observed 
148–158-day interdelivery interval meant that the 
next conception occurred within one or two weeks 
post-partum.

During the study period, a total of seven of the 23 
observed females delivered one litter; four females 
delivered two litters; eight females, three litters; two 
females, four litters; one female delivered eight lit-
ters; and one female, 14 litters. All the newborn CMs 
that had survived the neonatal period were consid-
ered survivors, since no mortality was observed after 
28 days of life. Gastrointestinal disorders during the 
first three days of life were the predominant cause 
of death. In the subsequent analysis, the infants that 
had died during the neonatal period were accounted 
as stillborn. Hence, the mean number of surviving 
offspring per delivery during the observation period 

Fig. 1. Frequency of deliveries in female laboratory-bred common marmosets. (A) Pink circles indicate the age of fe-
males (n = 23) at the time of first delivery. (B) Black circles indicate interdelivery intervals (n = 46). Vertical solid lines 
indicate the mean value and standard deviation
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was 1.45, with significant variation between individual 
females.

Throughout the observation period, the most com-
mon delivery outcome (N = 69) in laboratory-bred 
CM females was giving birth to two infants (31/69). In 
20/69 cases, there was one living newborn; and in 6/69 
cases, three newborns. In 12 cases, CM females de-
livered one to five infants that were stillborn or died 
within the first three days of life.

According to our observations, there were no sig-
nificant changes in female fertility until at least the 
eighth to ninth delivery, but this conclusion needs fur-
ther verification, since only two females out of 23 de-
livered more than four litters during the observation 
period.

In April 2023, 69 laboratory-bred animals (37 males 
and 32 females aged from 2.6 months to 9.6 years) 
were weighed within a one-week period. The results 
are summarized in Fig. 2.

The body weight of CMs increased rapidly dur-
ing their first 1.5 years of life. By the age of 18–20 
months, the mean body weight of the animals had 
reached 400 g and stayed at the same level in all 
studied CMs aged up to 9.6 years. No significant dif-
ferences in body weight were detected between the 
males and females (Mann–Whitney test, p = 0.0823).

Determining the reference values of the parameters 
of complete blood count and serum chemistry 
In order to determine the reference values for CBC, 
blood samples were collected from a total of 38 CMs 
(26 males and 12 females) aged 2–5 years over the 
period from May 2020 to December 2021. The CBC 
results for laboratory-bred CMs are summarized in 
Fig. 3.

The mean erythrocyte count in the blood of labo-
ratory-bred CMs was 6.6 (4.1–9.2) ×106 cells/μl; the 
mean leukocyte count was 7.8 (3.9–15.3) ×103 cells/
μl. In the leukocyte differential, the mean percentage 
of lymphocytes was 32.8 (10–60)%; segmented neu-
trophils, 61.8 (37–89)%; band neutrophils, 0.8 (0–3)%; 
monocytes, 4.3 (1–8)%; basophils, 0.2 (0–1)%; and eo-
sinophils, 0.1 (0–1)%. Females had a higher mean leu-
kocyte count (Mann–Whitney test, p = 0.0047) com-
pared to males. No statistically significant differences 
in other hematological parameters were detected be-
tween males and females.

In order to determine the reference values of the 
parameters of serum chemistry in laboratory-bred 
CMs, the creatinine level was measured in 20 ani-
mals (10 males and 10 females); the level of triglyc-
erides, in 12 animals (five males and seven females); 
amylase activity, in eight animals (five males and 

Fig. 2. Body weight and age of laboratory-bred common marmosets. The total number of animals is 69 (37 males and 
32 females)
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three females); C-reactive protein level, in 26 animals 
(21 males and five females); and other parameters 
were measured in 38 animals (26 males and 12 fe-
males). Figure 4 shows the serum chemistry data for 
the laboratory-bred animals.

The mean serum level of total protein in labora-
tory-bred CMs was 71.3 (65–77.8) g/L; albumin level, 
44.8 (38.7–53.58) g/L; ALT activity, 8.0 (2.4–24.3) U/L; 
AST activity, 182.8 (84.3–316.1) U/L; alkaline phospha-
tase activity, 106.5 (46.7–199) U/L; amylase activity, 
885.7 (732.9–964) U/L; urea level, 4.8 (1.6–8.8) mmol/L; 
creatinine level, 51 (37.3–61.4) µmol/L; triglycer-
ides level, 1.22 (0.48–2.17) mmol/L; total biliru-
bin level, 0.8 (0–2) μmol/L; direct bilirubin level, 
0.4 (0–1.2) μmol/L; and C-reactive protein level, 
2.3 (1.6–3.4) mg/L. No statistically significant differ-
ences in serum chemistry parameters were revealed 
between males and females (Mann–Whitney test, 
p > 0.05 for all the parameters).

Post-vaccination changes in the lymphoid 
organs of common marmosets
A histological analysis of the main lymphoid organs 
in four vaccinated (one male and three female) and 
three control (two male and one female) CMs aged 

2–5 years was conducted during preclinical trials of 
the inactivated purified whole-virion adsorbed vac-
cine against COVID-19 CoviVac. We characterized the 
morphological structure of lymphoid organs in the 
animals that received a placebo and described the 
microstructural changes in the thymus, spleen, and 
lymph nodes observed during the development of the 
specific post-vaccination immune response.

The morphology of lymphoid organs in the control 
animals. The thymus (Fig. 5A) was preserved in all 
the animals. The lighter colored medullary and dark-
er cortical substance of the organ were easily distin-
guishable morphologically. Accidental (stress-induced) 
involution of the cortical substance of the thymus, 
as well as lipomatosis of the cortical substance, was 
either absent or minimal. Histologically, the organ 
structure corresponded to what are normal observa-
tions for this species described in the literature [12] 
(including the presence of Hassall’s corpuscles of the 
medulla).

The spleen (Fig. 5C) of the control primates had a 
proper white and red pulp structure: there were nei-
ther atrophic nor dystrophic changes, as well as no 
pathologic enlargement of the white pulp zones; red 

Fig. 3. Counts of (A) erythrocytes, (B) leukocytes, and the percentage of (C) lymphocytes, (D) segmented neutro-
phils, (E) band neutrophils, (F) monocytes, (G) basophils and (H) eosinophils in the leukocyte differential in the blood of 
laboratory-bred common marmosets (N = 38). Horizontal lines show the mean value. The statistical significance of the 
differences in the studied parameters between males and females was assessed using the Mann–Whitney test. **statisti-
cally significant differences (p < 0.05)
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pulp was moderately congested. Spleen macrophages 
in the control animals were not vacuolated and did 
not show visible accumulation of the adjuvant compo-
nents (aluminum hydroxide gel) or other substances. 
In all the animals studied, no morphological signs of 
myeloid metaplasia of red pulp were revealed.

In the control animals, the regional inguinal lymph 
node draining the placebo injection site (Fig. 5E) had 
a proper structure and consisted of the cortical pla-
teau, the paracortical region with medullary cords, 
and the sinus system. In all the studied animals, the 
lymph node had no pathological changes and morpho-
logically corresponded to the normal observations for 
the species.

The mesenteric lymph node (not shown) in both 
vaccinated and control animals had no distinctive fea-
tures or pathological changes. Morphological mani-
festations of immunogenesis were observed: strongly 
marked germinal (light-colored) centers in the corti-
cal plateau and minimal histiocytosis of the margin-
al sinus, which normally represents the function of 
the organ constantly undergoing antigenic stimulation 
from the intestine.

The morphology of the lymphoid organs of the vac-
cinated animals. No morphological differences were 
observed between the thymus of vaccinated animals 
(Fig. 5B) and those that had received the placebo. 
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Fig. 4. Serum chemistry parameters in laboratory-bred common marmosets. (A) Total protein level; (B) albumin level; 
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А  B
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Fig. 5. Lymphoid organs of common marmosets immu-
nized with a whole-virion inactivated vaccine CoviVac 
(B, D, and E) compared with the animals who received 
the placebo (A, C, and E). The morphology of the fol-
lowing lymphoid organs is presented: (A, B) – thymus; 
(C, D) – spleen; (E, F) – the regional (inguinal) lymph 
node. Arrows show the germinal centers in the cortical 
plateau of the lymph node and in the mantle zone of the 
white pulp of the spleen, the region of T-dependent B-im-
munogenesis. Hematoxylin and eosin, ×100 magnification. 
Scale bar, 200 µm

The thymus is a primary lymphoid organ where an-
tigen-mediated B-immunogenesis does not elicit mor-
phofunctional changes.

Formation of germinal (light-colored) centers 
in the mantle zone of the white pulp was detected 
in some spleen samples harvested from vaccinated 
CMs (Fig. 5D). This pattern morphologically indi-
cates a T-dependent B-immunogenesis, correspond-
ing to the development of a post-vaccination response. 
Otherwise, the spleen structure was identical to that 
in the control animals. We did not detect any vacuol-
ization or visible accumulation of vaccine components, 
aluminum hydroxide gel, or other substances in the 

macrophages or within the marginal zone and the 
splenic red pulp of the vaccinated animals.

In vaccinated CMs, the regional inguinal lymph 
node draining the vaccine injection site (Fig. 5F) had a 
proper structure and consisted of the cortical plateau, 
the paracortical region with medullary cords, and the 
sinus system. Morphofunctional manifestations of im-
munogenesis of different intensities were observed: 
the emergence of germinal (light-colored) centers in 
the cortical plateau (the so-called B-dependent zone 
of the lymph node), as well as minimal histiocytosis 
of the marginal sinus, which corresponds to the de-
velopment of a post-vaccination response and is mor-
phologically similar to the events occurring in human 
lymph nodes upon antigen exposure.

DISCUSSION
Common marmoset (C. jacchus) is a nonhuman pri-
mate species endemic to the tropical Atlantic coast-
al zone in the northeastern regions of Brazil. In the 
wild, CMs live in families consisting of a stable pair 
of adult animals and their numerous offspring. In 
groups, one female is socially dominant, suppressing 
the reproductive activity of other females (in par-
ticular, mothers tend to dominate over daughters) [4]. 
CMs are diurnal and live in the dense upper and mid-
dle deciduous canopies, hiding from snakes and birds 
of prey.

The ethological needs of the species were taken 
into account for the development of techniques for 
the long-term laboratory maintenance of the CMs: the 
day/night light cycle in the animal breeding zone cor-
responds to daylight hours in the natural habitat; the 
structure of family groups matches that in the wild; 
and high enclosures allow the animals to move to the 
upper sections (i.e., to implement a behavioral cascade 
associated with searching for shelter when threat-
ened). Changing of the arrangement of environmen-
tal enrichment elements inside the enclosures was 
performed by a veterinarian, in accordance with a 
cyclical scheme. Environmental enrichment elements 
(bells, mirrors, branches, hangers, swings, hammocks, 
and bars) aimed to extend the spectrum of behaviors 
and motion patterns and make foraging activity more 
challenging (feeders with drilled holes arranged in 
different areas within the enclosures). Primates get 
used to the unchanging environmental enrichment el-
ements and lose interest within 3–5 days, which may 
subsequently cause stereotypy or elevated aggression 
within the group.

In this study, we determined the mean age of the 
females at the first litter delivery, the mean inter-
delivery interval, the survival rate of infants, and 
the kinetics of body weight gain in laboratory-bred 
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CMs. Altogether, these findings allow one to manage 
the colony population depending on the experimental 
needs. According to our data, a CM female on aver-
age gives birth to about three babies per year and the 
population of laboratory-bred CM colonies can be in-
creased by both maximizing the number of pairs and 
choosing the most fertile females.

Safety assessment of immunobiological products 
using laboratory-bred CMs requires the identifica-
tion of the reference values of the parameters of CBC 
and serum chemistry, since the published reference 
values are often based on results obtained by study-
ing the biomaterial collected from a small number 
of animals housed in outdoor enclosures in nurseries 
and zoos. An analysis of the samples collected from 
38 healthy male and female CMs aged 2–5 years re-
vealed the main parameters of CBC and serum chem-
istry. Statistically significant differences between 
males and females were observed only for the leuko-
cyte count (Mann–Whitney test, p = 0.0047).

During the preclinical assessment of vaccine safety 
and immunogenicity, it is important to characterize 
the immunization-induced histological changes in the 
lymphoid organs. In this study, we performed a histo-
logical analysis of the lymphoid organs of CMs after 
the administration of an inactivated whole-virion ad-
sorbed vaccine against COVID-19 and in the placebo-
treated group.

The histological examination revealed Hassall’s cor-
puscles (clusters of concentric eosinophilic terminally 
differentiated epithelial cells) in the thymic medulla 
of the CMs, which makes their thymus morphologi-
cally similar to the human thymus. It is known that in 
rodents, which are most frequently used in preclini-
cal trials of immunobiological products, including vac-
cines, the thymic structure differs from that of hu-
mans and their thymic medulla contains no Hassall’s 
corpuscles [13].

Another important histologic finding was that the 
studied primates had no myeloid metaplasia of the 
splenic red pulp when the morphological signs of he-
matopoietic tissue occurred outside the bone marrow. 
Like in humans, myeloid metaplasia in CMs is regard-
ed as a background pathological condition associated 
with bleeding [14]: so it is easier to classify changes in 
the spleen of CMs and extrapolate them to humans, 
as compared to the data obtained when working with 
rodent spleen.

Therefore, in this study, we have garnered evidence 
that there is high similarity between the structure 
of the lymphoid organs of CMs and humans both in 
the control animals and during the development of a 
post-vaccination immune response. 

Our findings suggest that CMs bred under isolated 
laboratory conditions preventing any background in-
fectious pathology are an adequate laboratory model 
for characterizing the safety and immunogenicity pro-
files of antiviral vaccines in preclinical trials with a 
high level of confidence.

CONCLUSIONS
Owing to a number of biological features particular 
to the species, as well as the development of pro-
cedures of breeding, long-term maintenance, and 
experimental management, laboratory-bred CMs 
have recently been used in a number of biomedi-
cal studies, including preclinical trials of inactivat-
ed [11, 15] and adenoviral vector-based [10] vaccines 
against COVID-19, an adenoviral vector-based vac-
cine against Middle East respiratory syndrome-re-
lated coronavirus [16], and a candidate recombinant 
vaccine against hepatitis E [17]. 

This study was supported by the Chumakov Federal 
Scientific Center for Research and Development 

of Immunobiological Products.
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INTRODUCTION
Pulmonary fibrosis poses a significant healthcare 
threat, even more so now after the COVID-19 pan-
demic. Numerous studies have demonstrated that se-
rious COVID-19 cases lead to pulmonary fibrosis [1]. 
Severe coronaviral fibrosis causes persistent respira-
tory insufficiency and long-term impairment. Fibrotic 
lesions could occur after severe pneumonia caused by 
other pathogens, most often viruses [2, 3]. The most 
severe interstitial lung disease, idiopathic pulmonary 
fibrosis (IPF), can be treated by numerous anti-in-
flammatory and antiproliferative drugs such as glu-
cocorticoids, azathioprine, cyclophosphamide, myco-
phenolate mofetil, and some novel antifibrotic agents 
like nintedanib and pirfenidone [4, 5]. While the latter 

agents have shown themselves to increase progres-
sion-free survival for three to five years and reduce 
annual mortality, they are still insufficient when it 
comes to preventing IPF progression in the course of 
a lifetime. 

Pulmonary alveoli consist of a thin alveolocyte 
layer vulnerable to different cellular damage sourc-
es. During the infectious process, leukocytes secrete 
numerous substances damaging bacteria, infected, 
and healthy cells. Among other sources of damage 
there are reactive oxygen species (ROS) produced 
by neutrophils and macrophages. Aside from the di-
rect cellular damage caused by lipid peroxidation 
and DNA oxidation, ROS can damage the surfactant 
layer and basal membranes, thus subsequently im-
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ABSTRACT The effects of the antioxidant dihydroquercetin (DHQ) were studied in a model of pulmonary fi-
brosis. DHQ penetration into the lesion was facilitated by encapsulation into liposomes. Pulmonary fibrosis 
was modeled in rats by intratracheal injection of bleomycin. For the first 7 days, the rats in the treatment 
group received a liposomal emulsion with DHQ, while in the comparator group rats received saline. In the 
control group, intact rats did not receive any exposure. Thirty days after the initiation, lung function and the 
pathological lesion volume were assessed by 7T 1H MRI and the lungs were taken for histologic examina-
tion. The proportion of fibrous tissue was counted by Masson’s trichrome staining. Both experimental groups 
were characterized by a significant functional pulmonary deficiency, with low mortality and a small lesion 
area. In the rats treated with DHQ, the distribution of fibrous tissue was significantly altered. Significantly 
more fibrous tissue was found in the center of the lesion, while significantly less was in the interstitial space 
of alveoli. Lung density at the same time was lower in the treated lungs. Dihydroquercetin encapsulated in 
liposomes affects the mechanisms of bleomycin-induced pulmonary fibrosis progression in rats. While accel-
erated fibrosis of the lesion can restrict inflammatory processes, delayed fibrosis of the interstitium can fur-
ther improve the functional state of the lungs.
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pairing lung repair [1, 2]. Antioxidant administration 
is favorable in terms of simplicity, safety, and avail-
ability. Multiple studies have been conducted to test 
antioxidant effectiveness in preventing, treating, or 
slowing pulmonary fibrosis progression. Although 
most antioxidant agents have failed to show a sig-
nificant impact in preclinical and clinical trials, it 
remains unclear why they do not work as expect-
ed. The reasons include lack of potency, unfavor-
able pathway of administration and delivery, as well 
as unwanted disruption of ROS-related regulatory 
pathways [3, 4]. There are multiple mechanisms via 
which antioxidants can prove beneficial in lung fi-
brosis. Antioxidant resveratrol alleviates fibrosis in 
rodents by Smad and Smad7 expression inhibition, 
reduces lung fibroblasts proliferation and differen-
tiation, and reduces collagen deposition [5]. 

One of the most promising antioxidants is quercetin 
and its derivatives such as dihydroquercetin (DHQ). 
In several experimental studies, quercetin has shown 
an ability to attenuate lung fibrosis [6, 7]. Yuan et 
al. demonstrated that DHQ markedly attenuates a 
SiO2-induced lung inflammation and fibrosis in mice 
[8]. Impellizzeri et al. found similar effects of querce-
tin in the bleomycin-induced fibrosis model [9]. One 
of the major limitations in using quercetin or DHQ 
alone in the treatment of pulmonary fibrosis is a de-
livery problem, since the substance is poorly soluble. 
Targeted delivery of antioxidants is also important 
as they could be consumed by various other tissues. 
A delivery system could be used to overcome those 
issues. Liposomes were found to passively target in-
flammatory sites, since they are characterized by a 
leaky vasculature [10]. Liposomes have been evalu-
ated as a delivery platform to treat pulmonary fibro-
sis with different loaded drugs in vivo. Liu et al. have 
shown successful delivery of Nrf2 blockers in ROS-
sensitive liposomes through inhalation [11]. Li et al. 
reported the effectiveness of neutral liposomes loaded 
with antifibrotic drugs through inhalation in an estab-
lished pulmonary fibrosis model [12]. Other research-
ers have used loaded liposomes to target pulmonary 
fibrosis through systemic parenteral infusions with 
RNA-based agents [13]. While the oral route of deliv-
ery has not been studied as extensively for liposome-
carried antifibrotics, it remains valid, since many 
studies have shown that liposomes could be taken into 
the lymphatic system from the small intestine [14–17]. 

In this study, we chose dihydroquercetin stabilized 
in liposomes (Flamena emulsion, research company 
‘Flamena’, Russia) as an intervention means to pre-
vent pulmonary fibrosis progression in bleomycin-in-
duced pulmonary fibrosis in rats, since this formula-
tion has previously shown promising results in other 

pathologies thanks to its anti-inflammatory and anti-
oxidant properties [18–21]. 

EXPERIMENTAL

Animal Handling
The authors followed the European Convention 
for the Protection of Vertebrate Animals used for 
Experimental and other Scientific Purposes and lo-
cal rules for conducting scientific research with lab-
oratory animals. The experiment was approved by 
the local bioethics committee at its meeting held on 
February 9, 2023, Protocol No. 2. Male Wistar rats 
with a body weight ranging from 200 to 250 g were 
procured from a conventional breeding facility in the 
Institute of Medical and Biological Problems (Moscow, 
Russia). A total of 30 rats were enrolled, 10 in each 
group. The experiment was launched after an ini-
tial 2-week period of acclimatization and handling. 
Throughout the experiment, the animals were housed 
in a certified vivarium with a 12-hour day/night cycle 
and were provided with ad libitum access to stand-
ard chow and water. Upon arrival, the animals were 
separated into groups based on their body weight and 
placed in standard T3 cages. 

Fibrosis model
Thirty animals were distributed into three groups, ten 
animals per group: Flamena, Saline, and Intact. The 
rats in the Intact group were not subjected to any in-
terventions throughout the study as a healthy control 
group. In the two experimental (fibrosis) groups, the 
animals received an intratracheal bleomycin injec-
tion (7.5 mg/kg) under isoflurane anesthesia; dosage 
and route of administration were chosen according 
to those used in refs. [22, 23]. The bleomycin solution 
was administered by injection to ensure accurate ad-
ministration and dosage, as well as uniform delivery 
of the substance to the lungs. The skin of anesthe-
tized rats was disinfected, and a short incision was 
made over the cricoid cartilage of the larynx. The soft 
tissues were separated with tweezers in such a way 
as not to cause bleeding and not to affect the thyroid 
gland. After visualization of the larynx and trachea, 
the head end of the manipulation table was raised. 
The required amount of the drug was administered 
slowly using a syringe. The dose and route of ad-
ministration were selected according to the literature. 
After insertion, the tissue was sutured with atraumat-
ic suture material and the skin was treated with an 
antiseptic. A 30-day period was deemed long enough 
to ensure that a pathological lesion of sufficient size 
will form and be small enough to avoid possible spon-
taneous healing in the long term. 
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Treatment
Twenty-four hours after bleomycin administra-
tion, we started treatment with equal amounts of 
liposome-encapsulated dihydroquercetin (Flamena 
emulsion) or sterile saline. According to license 
documents and published information, Flamena is 
a phospholipid emulsion which contains 30 mg/mL 
lecithin, 35 mg/mL glycine, and 4 mg/mL dihydro-
quercetin [20]. At least one membrane phospholipid 
is vortexed with water and ethanol to obtain a lipos-
omal phase containing active ingredients (Patent RU 
2369383, October 30, 2007). A combined route of ad-
ministration was chosen to achieve greater exposure. 
Previously, we had found Flamena to be effective 
in a rat myocardial infarction model after oral ad-
ministration [19]. Since other liposomal carriers had 
been reported to be effective in lung fibrosis as de-
scribed in the Introduction section, we chose to apply 
both approaches because specific portions of dam-
aged lungs could fail to receive the drug through 
a single route of administration. The published and 
digital data indicate that Flamena is safe at vari-
ous doses and routes of administration [21]. A pre-
warmed to room temperature emulsion (25 mg/kg or 
6.25 mL/kg) was administered per os through a gas-
tral tube. The animals were then subjected to 15-min 
drug inhalation in a 20 L chamber through an ultra-
sound inhaler (approximately 5 mL of the drug was 
evaporated per three animals). Double drug admin-
istration was continued for 5 days. 

Endpoint
The mortality rate was assessed until the endpoint. 
Weight was measured prior to the final procedures. 
MRI was performed on day 30 under isoflurane anes-
thesia to assess the lesion size. Under deep over-an-
esthesia, the rib cage was opened; the heart and lung 
vessels were perfused with a 1% neutral buffered 
formalin solution until heart arrest. Lungs were ex-
cised and washed in a buffer solution, then they were 
weighed with a 10 mg precision scale (Sartorius). The 
lungs were filled with the 1% neutral buffered forma-
lin solution through the trachea and sliced for further 
histological processing through the basal and upper 
lobes. Slices with pathological lesions no thicker than 
6 mm were immersed in a 4% neutral buffered for-
malin solution for 36 h.

MRI
The study was performed on a 7T MR scanner 
(BioSpec 70/30 USR; Bruker BioSpin, Ettlingen, 
Germany) operated with a ParaVision® v.5.1 con-
sole and equipped with a 105 mT/m gradient am-
plitude device. Lung images were recorded using a 

Birdcage volume radiofrequency coil with an inner 
diameter of 72 mm. Anesthesia was induced with 4% 
isoflurane in a chamber, followed by maintenance at 
1.5% via a nose mask in 95% O2 at a flow rate of 
1 L/min. Isoflurane was administered using a vapor-
izer (Ugo Basile, Italy), while oxygen was supplied by 
a JAY-10 oxygen concentrator (Longfian Scitech Co. 
LTD, China).

Lung MR images were acquired using a 3D ultra-
short echo time (UTE) pulse sequence with radial k-
space filling [24]. The scan parameters were set as 
follows: scanning area 7 × 7 × 7 cm3, scanning ma-
trix 152 × 152 × 152, frequency bandwidth 100 kHz, 
TE = 18 μs; TR = 8 ms; flip angle = 6°; number of av-
erages = 1; radial projections = 72,231; and polar un-
dersampling = 1. The total acquisition time was 9 min 
and 38 s.

Post-processing of the MRI data
Radial pulse sequences, such as UTE, are less affected 
by motion artifacts, allowing for lung imaging with-
out the requirement of breath synchronization. As 
a result, the lung MR images are averaged over the 
respiratory cycle. Furthermore, it is possible to retro-
spectively gate the raw data and generate two images 
corresponding to the inspiration and expiration res-
piratory phases. This additional insight enhances the 
diagnostic capabilities of MRI for evaluating lung con-
ditions and respiratory disorders.

The pulmonary MRI data were processed follow-
ing the methodology outlined in ref. [25]. The center 
of the radial k-space is oversampled, and the mag-
nitude of the first point of each collected projection 
(FID, free induction decay) is modulated by the re-
spiratory process. Consequently, the first points of 
each projection reflect the respiratory phase. These 
data can be sorted to produce two new k-spaces with 
incomplete filling derived from the original k-space: 
one representing the inspiration phase, and the other 
one, the expiration phase. The final step involves re-
constructing gated data using the iterative sampling 
density compensation function, followed by resam-
pling onto a Cartesian grid before the fast Fourier 
transform.

The retrospective gating method was implement-
ed using Python 3.8 and Matlab 2019b (MathWorks, 
USA), resulting in two sets of MR images correspond-
ing to the inspiration and expiration phases. Since 
the inspiration phase occurs faster than the expira-
tion phase, 8–10% of the projections correspond to 
inspiration, while 55–60% correspond to expiration. 
Consequently, the image quality (signal-to-noise ratio, 
sharpness, and resolution) of the expiration phase is 
noticeably higher. Based on this, we used the expira-
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tion images to delineate lung masks during exhalation 
and pathology masks, while the inspiration images 
were utilized solely for lung masks during inhala-
tion. The lung and pathology masks were manually 
segmented using the ImageJ software (v.1.51j8, NIH, 
Bethesda, MD, USA) [26] with the freehand selection 
tool. From the resulting binary masks, the volumes 
of inspiration (Vinsp), expiration (Vexp), and pathology 
(Vpat) were calculated by summing the non-zero pixels 
and multiplying by the voxel resolution. Additionally, 
the respiratory volume (Vresp = Vinsp – Vexp), respirato-
ry ratio (Vresp/Vexp), and pathology percentage volume 
(Vpat/Vexp) were calculated. The expiratory volume to 
lung weight ratio, Vexp/m, mL/g, was calculated to ap-
proximate lung density. 

Histological processing and staining
Afterwards, fixation tissues were rinsed with tap 
water for 2 h and dehydrated with ascending iso-
propanol solutions, mineral oil, and liquid paraffine. 
Standard paraffine blocks were embedded and left to 
rest for at least 24 h. Paraffin-embedded blocks were 
sliced to 5 µm thick slices on a ThermoFisher S355 
rotary microtome. Standard hematoxylin and eosin 
staining (Leica, USA) was performed for general tis-
sue integrity evaluation. Fibrous tissue collagen distri-
bution was revealed with Masson’s trichrome staining 
(Biovitrum, Russia). 

Slides were analyzed and digitalized using a Zeiss 
Axio A2 microscope and the Zeiss Zen software. 
Images were further processed with the ImageJ soft-
ware. A 27-point scale was developed to analyze the 
degree of pathological involvement. Nine parameters 
were assessed with a 4-point scale, from score 0 (nor-
mal tissue) to score 3 (unfunctional tissue, total in-
flammation, abundant fibrosis) in each field of view 
(FoV): presence of alveoli, alveolar integrity, bronchial 
integrity, inflammation severity, type of infiltration, 
necrosis in FoV, presence of fibrous tissue, interstitial 
fibrosis, and focal fibrosis. Ten random FoVs per slide 
with ×200 magnification were averaged. 

Masson’s stained slides were pictured in three ar-
eas: pathological lesion, the nearest alveoli-containing 
region, and the distant alveoli-containing region. Five 
FoVs were picked for each area with a ×200 magni-
fication. Blue/red segmentation was performed based 
on the HSV color scale. Total blue and red areas, and 
the blue-to-red ratio, were calculated. 

Statistical analysis
All data processing and analysis were conducted us-
ing the Python 3.8 programming language and open-
source code libraries. Statistical analyses were per-
formed using the Statsmodels and Scipy libraries. 

Due to the small sample sizes, non-parametric sta-
tistical tests and universal statistical models were 
employed. The Statsmodels library’s mixed-effects 
generalized linear model (GLM) was used to analyze 
time-dependent changes. The Kruskal–Wallis test 
was employed for dependent variables, followed by 
post-hoc multiple comparisons using the Dwass-Steel-
Critchlow-Fligner (DSCF) test. Screening correlation 
analyses were conducted using simple Spearman R 
calculations. All p-values less than 0.05 were consid-
ered statistically significant. Data visualization was 
conducted using boxplots, depicting medians, quar-
tiles, and the minimum/maximum values, with the 
Matplotlib and Seaborn libraries.

RESULTS

Mortality and weight gain
Throughout the experiment, the mortality rate 
reached 20% (N = 2) in the Saline group, of which 
one rat died after final anesthesia application. In the 
Flamena group, the mortality rate was 10% (N = 1): 
no significant difference was found with the chi-
squared test. Since the mortality rate was low, we 
did not perform a survival analysis of death risk 
factors. 

Weight gain in both groups was significantly re-
duced compared to that in intact rats. Through the 
30 days of the experiment, Intact rats gained 23.93% 
(IQR 20.42, 28.33) off the baseline weight, while 
Saline group rats gained 14.65% (IQR -8.55, 22.08, 
p = 0.047), and Flamena group rats gained 11.58% 
(IQR -1.21, 17.07, p = 0.01). The two fibrosis groups 
did not show significant differences in weight gain 
(p = 0.86).

Lung weight
Lungs were weighed gross after the excision. Total 
lung weight in the fibrosis groups was 1.5 times 
higher compared to that in intact rats. In the Saline 
group, it reached 3.76 g (IQR 2.84, 4.22, p = 0.001 vs. 
the Intact group, Fig. 2A); in the Flamena group, it 
reached 3.77 g (IQR 3.39, 3.83, p < 0.001 vs. the Intact 
group). In the Intact group, the median lung weight 
was 2.43 g (IQR 2.33, 2.60). Weight values did not dif-
fer between the two fibrosis groups (p = 0.796). 

MRI results
The results of MRI data processing for one of the rats 
are shown in Fig. 1.

Two groups did not show statistically significant 
differences in both the absolute pathological le-
sion volume (0.38 mL (IQR 0.18, 0.61): in the Saline 
group, 0.45 mL (IQR 0.25, 0.67), in the Flamena group, 
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Fig. 1. Pulmonary MR 
images of a randomly 
selected rat from the Saline 
group along with the 
corresponding lung and 
pathology masks. The data 
are presented only for one 
slice.  
(A) – initial MR image of 
the lungs;  
(B) – image of the expira-
tion phase;  
(C) – image of the inspira-
tion phase;  
(D) – pathology mask;  
(E) – expiration mask;  
(F) – inspiration mask;  
(G) – pathology mask 
overlaid on the initial MR 
image of the lungs;  
(H) – expiration mask 
overlaid on the image of 
the expiration phase;  
(I) – inspiration mask over-
laid on the image of the 
inspiration phase

A B C

D E F

G H I

Fig. 2. Structural changes in bleomycin-induced fibrosis. (A) – Total lung weight, g; (B) – absolute pathological lesion 
volume, ml; (C) – relative pathological lesion volume, %. *p < 0.05 compared to the Intact group
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Fig. 3. Function-
al lung changes in 
bleomycin-induced 
fibrosis.  
(A) – Expiratory vol-
ume, mL;  
(B) – expiratory vol-
ume to lung weight 
ratio, mL/g;  
(C) – respiratory 
ratio, %;  
(D) – respiratory 
volume, mL.  
*p < 0.05 compared 
to the Intact group
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p = 0.606), and the relative lesion volume (3.24% (IQR 
1.77, 6.04) in the Saline group, 3.18% (IQR 2.14, 4.22), 
p = 0.96, Figs. 2B and 2C). 

The expiratory (Vexp) and inspiratory volumes 
(Vinsp) were higher in the fibrosis groups compared 
to the Intact group (Table 1). While the respiratory 
ratio (Vresp/Vexp) was significantly lower in the fibrosis 
groups compared to the Intact group, the respiratory 
volume (Vresp) did not differ, probably because of the 
uncontrolled breath ratio during MRI scanning, which 

led to a large spread of this value (Fig. 3). Among all 
the characteristics, the expiratory volume (Vexp) was 
the most distinct in the Flamena and Saline groups, 
with p = 0.074 (Fig. 3A). Since the lung weight was 
much higher in the fibrosis groups, we also calcu-
lated the expiratory volume (Vexp) to lung weight ra-
tio, which was used as a surrogate for a lung densi-
ty measurement (Fig. 3B). While in the Saline group 
lungs had less volume per unit of weight compared 
to Intact rats (p = 0.027), indicating higher density, no 
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statistically significant differences were found in the 
Flamena and Intact groups (p = 0.387). The median 
values in the two fibrosis groups almost reached sig-
nificant differences, with p = 0.059. 

Lung histology
Histology analysis was performed with slices obtained 
from the lobe base, where larger lesions were found. 
H&E-stained slices were evaluated semi-numeri-
cally using a 27-point scale. While the analysis was 
performed with averaged random field of views, the 
overall score did not differ in the two groups, with a 
median of 12.80 points (IQR 9.36, 14.88) in the Saline 
group and a median of 11.50 points (IQR 10.17, 13.50, 
p = 0.918) in the Flamena group (Fig. 4A). 

Masson’s staining revealed that collagen bundles 
were distributed differently in the Flamena and 
Saline groups. Fibrosis inside the pathological lesion 
represented a finished inflammatory phase, and in 
the Flamena group, intense collagen staining was ob-
served. Despite the same lesion size, in most slides 
in the Saline group, lesion did not show collagen de-
position as much, with more necrosis, inflammation, 
and even Masson-negative fibers. The blue/red ra-
tio in the pathological lesion was 0.61 (IQR 0.35, 0.92) 
in the Flamena group and 0.16 (IQR 0.07, 0.23) in the 
Saline group (p = 0.006, Fig. 4B). In the most affect-
ed lung tissue, the blue/red ratio was significantly 
higher in the Saline group, with 0.21 (IQR 0.12, 0.62) 
vs. 0.72 (IQR 0.64, 0.92), p = 0.01. In the most intact 
lung tissue, more intense interstitial collagen stain-
ing also was revealed in the Saline group, with a ra-
tio of 0.71 (IQR 0.42, 0.85) vs. 0.19 (IQR 0.16, 0.34), 
p = 0.01. Intact tissue collagen staining was compa-

rable with that in the Flamena group (0.17 (IQR 0.12, 
0.2), p = 0.27), Interstitial fibrous tissue deposition was 
usually present along with interstitial space thicken-
ing and intense inflammation (Fig. 5). 

DISCUSSION
Antioxidant treatment for pulmonary fibrosis has 
been evaluated in many studies with encouraging, 
but still not definitive, results. In our study, we eval-
uated dihydroquercetin stabilized in liposomes in the 
rat bleomycin-induced fibrosis model. The latter is 
one of the best studied and widely used experimental 
models of pulmonary fibrosis; therefore, its features 
are well-known. Liposomal carriage improves both 
DHQ stability and potency; hence, we expected to 
find prominent treatment effects. Liposomes also en-
sure selectivity towards inflammatory sites [10]. The 
administration regimen was semi-arbitrary; higher 
cumulative dosage or extended period of treatment 
potentially could lead to better results. Since Flamena 
has previously been found to be effective in the rat 
myocardial ischemia/reperfusion model, we expected 
increased exposure through the combined regimen 
[19]. We chose to treat rats 24 h after the bleomycin 
injection, emulating preventive antifibrotic treatment 
in a severe pulmonary infection like COVID-19. 

In our study, the overall mortality rate was low and 
any survival statistical changes were not possible. We 
used 7T MRI as one of the best options to study the 
lesion size and lung excursion. Pathological lesions in 
most cases did not occupy large parts of their lungs. 
Hence, it was hard for any type of intervention to re-
veal drastic results. However, as the lung weight and 
its density changed, there was a significant degree 

Table 1. Functional parameters of the lungs for the various groups of animals used in the experiment

Group
animals

Vexp, mL Vinsp, mL Vresp/Vexp, arb. units Vresp/Vexp, %

ME IQR ME IQR ME IQR ME IQR

Intact 9.76 9.49–10.20 7.54 7.04–8.16 0.31* 0.27–0.35* - -

Saline 13.02 11.58–14.49 10.45 9.39–11.75 0.23* 0.15–0.29* 3.61 1.77–6.04

Flamena® 14.27 13.59–15.75 11.78 11.18–13.31 0.17* 0.09–0.21* 3.52 2.11–4.61

Note. ME – median values, IQR – interquartile range. *p < 0.05.
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Fig. 4. Assessment of histological integrity. (A) – The total histological integrity score; (B) – blue-to-red pixel area ratio. 
*p < 0.05 compared to the Intact group, #p < 0.05 compared to the Saline group
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of pulmonary disfunction. Rats treated with Flamena 
tended to have less dense lungs, which is an impor-
tant sign of a less severe inflammation and fibrosis. 

There are many varieties of bleomycin-induced fi-
brosis models, and they are accompanied by various 
degrees of pathological involvement. Single-dose in-
tratracheal administration usually leads to compa-
rable results. Over one month, no mortality at all or 
a low mortality rate is usually observed in male rats 
[27]. While most of the studies provide no quantita-
tive lesion volume measurements, those that do re-
port about 3% of fibrous tissue prevalence, same as 
in our study [28, 29]. Histological changes in the lung 
tissues identified by us were similar to those reported 
in the literature: widespread inflammatory infiltration, 
necrotic foci, and bundles of collagen fibers. Alveoli 
near pathological lesions had thicker walls and were 
usually fused and dysfunctional with damaged walls 
[30, 31]. According to the literature [22, 27], pulmonary 
fibrosis in the bleomycin model becomes significant as 
early as two weeks after the initiation and persists for 
several months. While fibrosis could be reversed 3 to 
6 months after the injection in rodents, it became full 
blown one month after the injection [32–35]. 

In our study, the use of Flamena significantly 
changed the distribution of fibrous tissue. Interstitial 
fibrosis is a serious complication that can lead to fur-
ther decline in lung function, and its signs were less 
noticeable in the treated group. On the contrary, an 
increase in the amount of fibrous tissue within the 
pathological focus is a positive sign, since it indicates 
a more rapid resolution of inflammatory reactions. 

Quercetin is a drug that eliminates the signs of aging. 
It interacts with aging cells, enhances their apoptosis, 
and reduces the fibrogenic potential. DHQ in its sta-
bilized form is a more powerful antioxidant, and we 
expected it to be at least as effective as quercetin. 
DHQ was found to be effective in various diseases 
but has not been studied as extensively in bleomycin 
fibrosis. We have shown that DHQ, when delivered in 
liposomes, can alter the mechanisms of development 
of bleomycin fibrosis. Although this did not cause sig-
nificant changes in lung function, differences may be 
emerge over longer periods.

CONCLUSIONS
Our study has shown that stabilized DHQ can signif-
icantly modify fibrosis and alter its features. Fibrosis 
within the pathological focus is necessary to prevent 
the spread of infection and inflammation. Faster re-
modeling of the lesion may be beneficial and limit 
excessive inflammation. Progression of interstitial fi-
brosis in the functional alveoli can lead to severe res-
piratory impairment.

In a first, we studied the effects of stabilized dihy-
droquercetin in liposomes on bleomycin-induced pul-
monary fibrosis and found that it limited interstitial 
fibrosis. Further studies with longer duration and dif-
ferent bleomycin administration protocols are needed 
to determine whether DHA can reduce morbidity and 
mortality in the long term. 

.
This study was supported by the Russian Science 

Foundation (grant No. 21-75-10038).
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ABSTRACT 7-Methylguanine (7-MG) is a natural inhibitor of poly(ADP-ribose) polymerase 1 and tRNA-gua-
nine transglycosylase, the enzymatic activity of which is central for the proliferation of cancer cells. Recently, 
a number of preclinical tests have demonstrated the safety of 7-MG and a regimen of intragastric adminis-
tration was established in mice. In the present work, the pharmacological activity of 7-MG was studied in 
BALB/c and BALB/c nude mice with transplanted tumors. It was found that 7-MG effectively penetrates tu-
mor tissue and suppresses colon adenocarcinoma growth in the Akatol model, as well as in a xenograft model 
with human HCT116 cells.
KEYWORDS 7-methylguanine, inhibitor, poly(ADP-ribose) polymerase 1, tRNA-guanine transglycosylase, co-
lon cancer, BALB/c mice.
ABBREVIATIONS i.p. – intraperitoneal administration; i.g. – intragastric administration; 7-MG – 7-methylgua-
nine; PARP-1 – poly(ADP-ribose) polymerase 1; TGT – tRNA-guanine transglycosylase.
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INTRODUCTION
7-Methylguanine (7-MG) is a nucleic acid metabolite 
that is found in small amounts in human blood and 
urine [1]. The study of 7-MG as a potential antitu-
mor inhibitor began with virtual screening of natu-
ral nitrogenous bases and their derivatives against 
poly(ADP-ribose) polymerase 1 (PARP-1), a key DNA 
repair enzyme [2]. Modeling demonstrated comple-
mentarity between 7-MG and the PARP-1 active site, 
and further in vitro experiments confirmed the as-
sumption about the competitive inhibition mechanism 
[3–5]. 7-MG also inhibits tRNA-guanine transglyco-
sylase (TGT), an enzyme involved in the translation 
mechanism [6]. It was noted that knockout/knockdown 
of the TGT gene reduced the proliferation and migra-
tion of cancer cells [7].

The synthetic PARP-1 inhibitors olaparib, rucapa-
rib, and niraparib are used in medicine as innovative 
anticancer drugs, but they come with serious side ef-

fects (in particular, myelodysplastic syndrome/acute 
myeloid leukemia) [8, 9]. At the same time, the nat-
ural inhibitor 7-MG demonstrated that it is safe in 
our toxicology study; a regimen of intragastric (i.g.) 
administration was established in mice – 50 mg/kg, 
3 times per week [10]. The presence of several rel-
evant targets (PARP-1, TGT) and the safety of 7-MG 
suggest prospects for further in vivo studies. This re-
port describes for the first time the anticancer activ-
ity of 7-MG in colon adenocarcinoma models.

EXPERIMENTAL
BALB/c mice (male, 4 weeks old) were obtained from 
the breeding of the Blokhin NMRCO. A sample of 
mouse adenocarcinoma Akatol [11] was obtained 
from the tumor collection of the Blokhin NMRCO. 
A suspension of tumor cells (0.5 ml, 0.1 g/ml) was 
subcutaneously injected into the suprascapular area. 
Treatment with the test compounds began on day 5 
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after inoculation. Mice were divided into groups of 
9 animals each: control group I, water (i.g., 3 times 
per week); group II, cisplatin (2.5 mg/kg i.p., 2 times 
per week for 1 week); group III, 7-MG (50 mg/kg i.g., 
3 times per week); and group IV, 7-MG + cisplatin. 
To prepare a 7-MG suspension (5 mg/ml), the com-
pound was mixed with distilled water, vortexed, and 
left in an ultrasonic bath for 5 min at a temperature 
of 45°C. The resulting 7-MG suspension was admin-
istered by gavage. In combination treatment, 7-MG 
was administered 3 h prior to cisplatin. The volume 
of tumor formed was determined using the formula 
V = 1/2×length×width2. The analysis of the results 
was conducted after the average tumor volume in the 
control group reached 4 000 mm3.

A pharmacokinetic experiment was performed in 
male BALB/c mice on day 15 after Akatol inocula-
tion. Mice were deprived of food for 18 h before the 
experiment. The animals were administered a single 
dose of 7-MG (50 mg/kg i.g.), and blood and tumor 
tissue samples were collected after 15 min (2 mice), 
60 min (2 mice), and 180 min (3 mice). The sam-
ples were then frozen and subjected to lyophiliza-
tion, mechanical grinding, and sequential extraction 
with solvents (aqueous 90% acetonitrile containing 
2% trifluoroacetic acid, acetone, and aqueous 0.1% 
heptafluorobutyric acid). The quantitative analysis 
of 7-MG was performed by liquid chromatography-
mass spectrometry; an LCQ Advantage MAX mass 
spectrometer (Thermo Electron Co., USA) was used, 
equipped with a Surveyor Plus high-performance 
liquid chromatography system and an ESI ionization 
source. Deuterated 7-MG, obtained by solid state 
isotope exchange [12], was used as an internal stan-
dard. 

Immunodeficient BALB/c nude mice (female, 
6–7 weeks old) were obtained from the breeding 
of the Laboratory of Biochemical Fundamentals of 
Pharmacology and Tumor Models at the Blokhin 
NMRCO. A suspension of HCT116 human cancer cells 
(0.2 ml, 1.2 × 106 cells/ml) was subcutaneously inject-
ed into both the right and left flanks of the mouse. 
Treatment with the test compounds began on day 
10 after inoculation. Mice were divided into groups 
of 4 animals each: control group I, potassium phos-
phate buffer (i.p., 3 times per week); group II, cis-
platin (1 mg/kg i.p., 3 times per week for 1 week); 
group III, 7-MG (50 mg/kg i.g., 3 times per week); 
and group IV, 7-MG + cisplatin. In combination treat-
ment, 7-MG was administered 3 h prior to cisplatin. 
The tumor volume was determined using the formula 
V = π/6×length×width×depth.

All animal experiments were conducted in accor-
dance with the requirements of the Local Blokhin 

NMRCO Committee for the Ethics of Animal 
Experimentation.

RESULTS AND DISCUSSION
The biological activity of the 7-MG inhibitor upon i.g. 
administration was studied in the Akatol mouse mod-
el of colon cancer. The classic genotoxic agent, cispla-
tin, whose effectiveness had been previously demon-
strated in the Akatol model, was used as a reference 
drug. On day 16 of the experiment, a significant in-
hibition of tumor growth by cisplatin (65.8%), 7-MG 
(52.5%), and their combination (65.5%) was observed 
(Fig. 1). The effects of the well-known chemotherapy 
drug cisplatin and the discovered PARP-1 inhibitor 
7-MG were comparable, and the use of their combina-
tion did not appear to increase the antitumor activity.

According to guidelines for mouse handling, an an-
imal can be excluded from the experimental group 
when a critical tumor size (4 000 mm3) has developed. 
The time required for the tumor to reach such a size 
can be considered as the animal’s survival after trans-
plantation. Figure 2 shows the survival curves, and 
that a significant increase in survival can be seen for 
the cisplatin and 7-MG groups.

To confirm the accumulation of 7-MG in the trans-
planted Akatol tumor tissue, a pharmacokinetic ex-
periment was performed. The content of 7-MG in 
the tumor gradually increased following i.g. admin-
istration, and after 15, 60, and 180 min, it reached 
218 ± 13, 460 ± 28, and 989 ± 59 ng/g, respectively. 
The ratio of 7-MG concentrations in the tumor and 
blood remained virtually unchanged and was on av-
erage 0.44, which, taking into account the low vascu-
larization of the tissue, indicates effective tumor pen-
etration of 7-MG.

Fig. 1. Dynamics of colon adenocarcinoma growth in the 
Akatol model
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The antitumor activity of 7-MG was also tested in 
a xenograft model of colon cancer obtained by trans-
planting HCT116 human cancer cells into the mice. On 
day 32 of the experiment, cisplatin, 7-MG, and their 
combination inhibited tumor growth by 16.1, 37.8, and 
80%, respectively (Fig. 3). Interestingly, the combina-
tion of 7-MG and cisplatin resulted in an additive ef-
fect that was not observed in the Akatol model. It is 
likely that HCT116 human cancer cells are more sen-
sitive to a combined treatment with these two agents. 

CONCLUSIONS
An in vivo analysis of the antitumor activity of the 
natural compound 7-MG was conducted in the Akatol 
colon cancer model, as well as in a xenograft model 
with human HCT116 tumor cells. Inhibition of tumor 

growth with 7-MG treatment indicates the high effec-
tiveness of the compound in an established regimen 
(50 mg/kg i.g., 3 times per week). Through a liquid 
chromatography-mass spectrometry analysis, high ac-
cumulation of 7-MG in tumor tissue was demonstrat-
ed. In the case of the xenograft model, the combined 
administration of 7-MG and the well-known chem-
otherapeutic drug cisplatin resulted in a significant 
increase in the antitumor effect (growth inhibition 
of 80%). The obtained data show promise for further 
studies of 7-MG as a new anticancer agent. 

This work was supported by the Russian Science 
Foundation (grant No. 19-74-10072). The production 
of deuterated 7-MG was carried out within the state 

assignment of the NRC “Kurchatov Institute”.
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ABSTRACT Acute coronary events (ACEs) associated with a SARS-CoV-2 infection can significantly differ 
from classic ACEs. New biomarkers, such as ceramides, may help in the diagnosis and treatment of this dis-
ease. This study included 73 ACE patients for whom the SARS-CoV-2 infection was verified. Two subgroups 
were formed: the favorable outcome subgroup and the fatal outcome subgroup. Plasma samples were col-
lected from all patients at the time of admission for a metabolomic analysis. The analysis of metabolites re-
vealed that the ceramide levels were significantly lower in the fatal outcome subgroup than in the survivor 
subgroup. Therefore, determining ceramide levels in patients with ACEs in conjunction with COVID-19 may 
help assess the prognosis of these patients and manage their risks.
KEYWORDS acute coronary syndrome, myocardial infarction, SARS-CoV-2 infection, metabolomics, ceramides.

gies have been used to identify the molecular mecha-
nisms involved in cardiovascular diseases.

Metabolomics technologies enable the identification, 
quantification, and characterization of low molecu-
lar weight metabolites weighing less than 1,500 Da 
[2]. Determination of the metabolomic profile of pa-
tients and identification of potential biomarkers may 
be helpful in early diagnosis of diseases and applica-
tions of personalized therapy.

Ceramides are a promising class of signaling mol-
ecules. This subclass of lipid molecules constitutes 
the hydrophobic backbone of all complex sphingo-
lipids (e.g., sphingomyelin (SM), cerebrosides, gan-
gliosides) and structurally consists of an acyl sub-
stituent of variable carbon chain length linked to the 
amino group of a sphingoid base, typically sphingo-
sine. Ceramides are important components of all cell 
membranes. The fatty acyl chains, usually saturat-
ed or monounsaturated, may contain an OH group 

Ceramides As Potential New Predictors 
of the Severity of Acute Coronary 
Syndrome in Conjunction with 
SARS-CoV-2 Infection

N. G. Lozhkina1,2,3, O. I. Gushchina2,3*, N. V. Basov1,4, E. V. Gaisler1, A. D. Rogachev1,4, 
Yu. S. Sotnikova1,4,5, Yu. V. Patrushev1,5, A. G. Pokrovsky1

1Novosibirsk State University, Novosibirsk, 630090 Russian Federation
2Federal Research Center for Fundamental and Translational Medicine, Novosibirsk, 630117 Russian 
Federation
3City Clinical Hospital No. 1, Novosibirsk 630047 Russian Federation
4Vorozhtsov Novosibirsk Institute of Organic Chemistry, Novosibirsk, 630090 Russian Federation
5Boreskov Institute of Catalysis, Novosibirsk, 630090 Russian Federation
*E-mail: Varalenna@yandex.ru
Received March 25, 2024; in final form, June 07, 2024
DOI: 10.32607/actanaturae.27400
Copyright © 2024 National Research University Higher School of Economics. This is an open access article distributed under the Creative Commons 
Attribution License,which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION
Acute coronary events (ACEs) in conjunction with 
the SARS-CoV-2 infection can significantly differ 
from the classic manifestations of this disease. Many 
symptoms characteristic of a severe viral infection 
mask the manifestations of acute coronary syndrome. 
In turn, ACEs can also hide the signs of infection. 
Respiratory distress, high activity of inflammato-
ry markers, chest pain, and, in severe clinical cases, 
shock and hypotension are difficult to differentiate at 
the starting point of their development. One of the 
major problems in making a clinical diagnosis is the 
late symptoms of the disease, including the delayed 
conversion of myocardial necrosis markers. For exam-
ple, the titers of high-sensitivity troponin in myocar-
dial infarction attain diagnostic significance 4 h after 
the onset of symptoms [1]. New biomarker sets may 
be useful in early diagnosis and in choosing the treat-
ment modality. Recently, metabolomics-based strate-
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linked to C2 or to the terminal carbon atom (α- and 
ω-hydroxy fatty acids, respectively) [3]. The value of 
ceramides as diagnostic markers is associated with 
their high stability at various temperatures (which is 
reflected in the ease of sampling, storage, and trans-
portation of biological material). The results of stud-
ies of the relationship between ceramides and a car-
diovascular pathology are contradictory. During the 
COVID-19 pandemic, these biomarkers were actively 
studied in patients with different types of infections, 
but their role in the pathogenesis, course, and prog-
nosis of the acute coronary syndrome associated with 
the SARS-CoV-2 infection remains unclear. In this 
regard, assessing the role of a number of key metab-
olites, in particular ceramides, as potential new pre-
dictors of the severity of ACEs in conjunction with 
SARS-CoV-2 infection seems topical.

EXPERIMENTAL

Research methods and characterization of patients
The study included 73 patients who were consecu-
tively admitted to the regional vascular center No. 1 
of the Novosibirsk City Clinical Hospital No. 1 with 
a diagnosis of acute coronary syndrome (confirmed 
according to Russian and European clinical guide-
lines) in whom the SARS-CoV-2 infection was veri-
fied (no more than 28 days before or within 14 days 
after the onset of ACEs). All patients underwent a 
full range of examinations in accordance with current 
clinical guidelines for both pathologies: a complete 
blood count and biochemistry panel, a coagulogram 
with D-dimer levels, a PCR test for COVID-19, elec-
trocardiography (ECG), echocardiography (EchoCG) at 
admission, computed tomography of the chest (chest 
CT), and coronary angiography (CAG) with percuta-
neous transluminal balloon angioplasty (PTCA) and 
stenting of the infarct-related artery using modern 
certified medical equipment [4, 5]. In addition to the 
standard examination, plasma samples were collected 
from all patients at the time of admission and frozen 
at –70°C for a metabolomic analysis that was per-
formed at the Novosibirsk State University. The study 
protocol was approved at a meeting of the local ethics 
committee.

Inclusion criteria
Males and females aged 18 to 90 years admitted to 
the clinic with a diagnosis of acute coronary syn-
drome (with and without ST segment elevation) con-
firmed by a typical clinical picture, ECG, selective 
coronary angiography, and quantitative troponin I de-
termination; a verified diagnosis of the SARS-CoV-2 
infection (no more than 28 days before or within 14 

days after the onset of an acute coronary event); 
signed voluntary informed consent.

Exclusion criteria
Lack of signed voluntary informed consent. The study 
did not include patients with malignant neoplasms, se-
vere autoimmune diseases, terminal somatic patholo-
gy (liver cirrhosis of any severity, chronic kidney dis-
ease ≥ S4, patients on long-term hemodialysis), and 
pre-existing mental disorders at baseline.

Study design
This was an open, continuous, prospective, non-ran-
domized, and parallel group study that included pa-
tients with acute coronary syndrome and a verified 
new coronavirus infection who were consecutively 
admitted to the emergency cardiology department of 
City Clinical Hospital No. 1 in 2021–2023. The diag-
nosis of ACE was established using a set of criteria 
developed by the European and Russian Societies of 
Cardiology (2020), which were as follows: a) clinical 
signs or symptoms of myocardial ischemia; b) ECG 
changes in two or more consecutive leads for acute 
ST-elevation myocardial infarction (STEMI) (high-am-
plitude T wave, negative T wave, ST segment ele-
vation, pathological Q wave, ST segment depression, 
presence of QR). The diagnosis of a novel coronavirus 
infection was made according to temporary guidelines 
for the prevention, diagnosis, and treatment of a novel 
coronavirus infection (version 13 of October 14, 2021), 
which included a) a positive result of a SARS-CoV-2 
RNA test using a nucleic acid amplification technique 
(NAAT) or immunochromatographic SARS-CoV-2 an-
tigen testing; b) a high clinical probability (pulmonary 
CT, clinical picture, and relevant epidemiological his-
tory data) [4, 5].

Sample collection, preparation, and analysis
Blood samples were collected from patients on the 
day of hospital admission. Venous blood was sam-
pled into vacuum tubes containing the K-EDTA an-
ticoagulant. Plasma was obtained by centrifugation, 
transferred to a clean tube, and frozen at –80°C un-
til sample preparation. Sample preparation was per-
formed according to [6]. Blood plasma (100 μL) was 
added with 400 μL of a cooled methanol and acetoni-
trile mixture (1 : 1). Samples were shaken on a shak-
er and then centrifuged at 16 000 rpm and +4°C for 
15 min. The supernatant was transferred into a glass 
vial insert and analyzed. Samples prepared by mixing 
equal volumes of patient plasma were used for qual-
ity control.

The metabolomic analysis was performed accord-
ing to [7]. The HPLC-MS/MS analysis was performed 
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on a Shimadzu LC-20AD Prominence chromatograph 
equipped with a gradient pump, a SIL-20AC autos-
ampler (Shimadzu, Japan) thermostated at +10°C, and 
a CTO-10A Svp column thermostat at a temperature 
of +35°C. Chromatographic separation was performed 
on a monolithic column with a 1-vinyl-1,2,4-triazole-
based sorbent, which was prepared according to the 
method in [8]. We used an aqueous (NH4)2CO3 solution 
(20 mM) containing 5 vol.% acetonitrile and adjusted 
to a pH of 9.8 with a 25% ammonia solution as mo-
bile phase A; mobile phase B was pure acetonitrile. 
The reversed phase chromatography gradient was 
as follows: 0 min, 0% B; 1 min, 0% B; 6 min, 98% B; 
16 min, 98% B, after which the column was equili-
brated for 3 min. The hydrophilic chromatography 
(HILIC) gradient was as follows: 0 min, 98% B; 2 min, 
98% B; 6 min, 0% B; 10 min, 0% B, after which the 
column was equilibrated for 4 min. The flow rate was 
300 µL/min, and the sample volume was 2 µL.

Metabolites were detected on an API 6500 QTRAP 
mass spectrometer (AB SCIEX, USA) equipped with 
an electrospray ionization source operating in posi-
tive and negative ionization modes. Metabolites were 
detected in the multiple reaction monitoring (MRM) 
mode. The main mass spectrometric parameters were 
as follows: the ion spray (IS) voltage was 5,500 V for 
positive and –4,500 V for negative ionization; drying 
gas temperature was 475°C; collision cell gas (CAD) 
was “high”; gas 1, gas 2, and curtain gas pressures 
were 33, 33, and 30 psi (227.5, 227.5, and 206.8 kPa, re-
spectively); the declustering potential (DP) was ±91 V; 
the entrance potential (EP) was ±10 V; and the colli-
sion cell exit potential (CXP) was ±9 V. Device control 
and data collection were performed using the Analyst 
1.6.3 software (AB SCIEX, USA). The chromatograms 
were processed using the MultiQuant 2.1 software 
(AB SCIEX, USA).

The samples were divided into two groups: the fa-
vorable outcome (recovery) group and the in-hospital 
fatal outcome group. Samples from these groups were 
subjected to a metabolomic analysis, and key metabo-
lites were identified. The difference between the two 
subgroups of “fatal” and “survived” patients were as-
sessed using the Mann–Whitney test. The critical val-
ue for subgroup dimension was MWcrit = 32.

RESULTS
The selected groups differed significantly in age: the 
mean age in the first group was 63.6 ± 9.6 years and 
73 ± 8.2 years in the second (unfavorable outcome 
group) (p = 0.003). Group 1 included 37 males and 
24 females, and group 2 consisted of 5 males and 6 fe-
males. All patients who died had ACS with ST ele-
vation; in the favorable outcome group, ST elevation 

was diagnosed in 56 patients, and ACS without ST el-
evation was diagnosed in 5 patients.

The severity of the SARS-CoV-2 infection was as 
follows: in the favorable outcome group, the infection 
course was mild and asymptomatic, moderate, or se-
vere in 22, 26, and 12 patients, respectively; in the fa-
tal outcome group, the SARS-CoV-2 infection course 
was asymptomatic, mild, moderate, or extremely se-
vere in 0, 1, 1, and 9 patients, respectively.

Analysis of the clinical and laboratory parameters 
revealed significant differences between the study 
subgroups of patients: any form of atrial fibrillation 
was more common in the fatal outcome group than in 
the survivor group (p < 0.5); the serum iron level was 
lower in the unfavorable outcome group (p < 0.001), 
and albumin was significantly lower in the unfa-
vorable outcome group than in the survivor group 
(p < 0.001). On the contrary, the D-dimer level was 
higher in group 2 (p < 0.0001). The mean C-reactive 
protein concentration on admission was significant-
ly lower in group 1 than in group 2 (p = 0.0243). 
Indicators of myocardial contractility of both the left 
and right ventricles were significantly worse in the 
fatal outcome group (p < 0.0001). No significant dif-
ferences were found in the degree of coronary artery 
lesion and lipid panel parameters. Thus, our clinical, 
laboratory, and instrumental data are consistent with 
the data of other researchers [9, 10].

At the next stage, key metabolites in the blood 
plasma of patients were identified. Comparison of the 
mean indicator values revealed “saturation” of the iso-
lated metabolites with a group of ceramides (19 com-
pounds, Table 1), as well as five metabolites from the 
sphingomyelin (SM) class and four metabolites from 
the glycosylceramide (GC) class.

Comparative analysis of the levels of the identified 
metabolites in the samples showed that the plasma 
levels of all metabolites in fatal outcome patients were 
noticeably lower than those in survived patients. The 
only exception was 5-hydroxyindoleacetic acid, whose 
level increased more than 1.5-fold. Figure 1 shows the 
normalized peak areas of several ceramides in the two 
groups.

DISCUSSION
Ceramides are involved in various cellular process-
es, including pathological ones. Their levels in resting 
cells are extremely low, but they can significantly in-
crease under cellular stress or in response to various 
stimuli (cytokines, apoptosis receptor ligands, anti-
tumor drugs). Furthermore, accumulating evidence 
indicates that the structural features of different 
ceramide species may underlie their specificity for 
certain cellular processes [11]. However, the molecu-
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Table 1. The values of the key metabolites in the study groups

Metabolite MW* Multiplicity lethal/non-lethal

Ceramide (d18:1/22:0) 4 0.503

Ceramide (d18:1/24:0) 9 0.531

Ceramide (d18:1/24:0 OH) 11 0.579

Ceramide (d18:1/22:2 OH) 12 0.564

Ceramide (d18:1/23:0) or ceramide (d18:1/22:1 OH) 12 0.529

Ceramide (d18:1/25:0) 13 0.524

Glycosphingolipid (18:1/22:0) 13 0.486

Glycosphingolipid (18:1/24:1) 15 0.356

Ceramide (d18:1/20:1 OH) 18 0.621

Ceramide (d18:1/22:0 OH) 18 0.685

Ceramide (d18:1/24:1) 19 0.450

Ceramide (d18:1/20:0) 21 0.658

Ceramide (d18:1/18:0) 23 0.695

Ceramide (d18:1/26:1) 23 0.702

Sphingomyelin (d18:1/22:0 OH) 23 0.663

Ceramide (d18:1/16:0 OH) 24 0.712

Ceramide (d18:1/26:2) 24 0.653

Ceramide (d18:1/16:1 OH) 25 0.731

Ceramide (d18:1/24:2 OH) 27 0.641

Sphingomyelin (d18:1/22:2) 27 0.683

3-Phosphoglyceric acid 28 0.456

Ceramide (d18:1/18:0 OH) 28 0.680

Sphingomyelin (d18:1/24:0) 28 0.569

Ceramide (d18:1/18:1 OH) 29 0.719

Ceramide (d18:1/18:1) 29 0.738

Corticosterone 29 0.594

Glycosphingolipid (18:1/20:0) 29 0.648

Sphingomyelin (d18:1/16:2 OH) 29 0.750

Sphingomyelin (d18:1/18:2 OH) 30 0.686

Plasmalogen (p18:0/22:6) 31 0.655

5-Hydroxyindoleacetic acid 32 1.788

Glycosphingolipid (18:1/16:0) 32 0.561

*MW – Mann–Whitney U-statistic value.
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lar mechanisms that underlie this specificity and the 
mode of ceramide action on cells remain to be stud-
ied in detail. This mechanism is thought to be as-
sociated with changes in the biophysical properties 
of membranes which occur during ceramide forma-
tion. These changes are partially associated with the 
unique molecular structure of ceramides, in particu-
lar their very small functional groups, hydrophobicity, 

and high melting point, which reduces their miscibil-
ity with other membrane lipids. Several studies have 
reported increased membrane permeability associat-
ed with ceramide formation under the action of bac-
terial sphingomyelin phosphodiesterase (SMase) or 
addition of ceramides to preformed membranes. It is 
suggested that the formation of ceramides on the cell 
membrane may lead to changes in lipid–lipid, lipid–

Fig. 1. Plasma ceramide levels in the study groups. (A) Hydroxylated ceramides; (B) Non-hydroxylated ceramides
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protein, and protein–protein interactions, which may 
significantly affect protein activity and thereby sign-
aling processes [12].

There are studies on the role of ceramides in the 
development and progression of cardiovascular pa-
thology. The development of atherosclerotic plaques 
is known to be a complex process, mainly associat-
ed with inflammation, which begins with endothelial 
damage and is accompanied by local invasion of im-
mune cells, lipid accumulation, and vascular wall re-
modeling. Induction of cellular apoptosis was initially 
thought to be the main cause of ceramide-related cell 
damage [13]. But later, this suggestion was called into 
question because cellular ceramide levels were found 
to increase only at later apoptosis stages [14, 15]. In 
macrophages, endothelial cells, hepatocytes, and tu-
mor cell lines, such as the MCF7 breast cancer cell 
line, ceramides have been shown to mediate the cel-
lular effects of the tumor necrosis factor-α (TNF-α) 
receptor [16]. High ceramide levels were also found to 
be associated with myocardial cell death in a mouse 
myocardial infarction model. In addition, ceramides 
can cause vascular dysfunction via deactivation of en-
dothelial NO synthase [17].

A reduction in ceramide levels in cells and tissues 
by inhibition of the enzymes involved in ceramide 
formation prevents the development of atherosclero-
sis in animal models [18]. In vascular tissues, cerami-
des are produced in response to hyperglycemia and 
TNF-α signaling and are involved in NO signaling 
and inflammation. Elevated ceramide levels in human 
blood are associated with cardiovascular events. In 
addition, cardiovascular risk factors, such as obesity 
and diabetes mellitus, are associated with ceramide 
accumulation [19].

One of the first studies linking blood ceramide lev-
els and cardiovascular disease progression was con-
ducted by Meikle et al. [20]. Since then, there have 
been observational studies clearly demonstrating the 
relationship between certain ceramide subtypes and 
an increased risk of cardiovascular events. The most 
comprehensive studies were conducted by the Hilvo 
Laaksonen groups [21, 22]. These studies were used 
for developing two different risk scores that dem-
onstrate that, in particular, C16:0, C18:0, and C24:1 
ceramides may be markers of high risk of cardio-
vascular events, which are independent of the other 
cardiovascular risk factors identified in patients with 
coronary heart diseases [21, 22]. It should be noted 
that a relationship between elevated C18:0 ceramide 
levels and major cardiovascular events was also pres-
ent in patients without known coronary artery diseas-
es and appeared independent of other cardiovascular 
risk factors.

Many studies have demonstrated the importance 
of ceramides in the inflammatory response. For ex-
ample, ceramides are involved in pro-inflammatory 
signal transmission in endothelial cells [23]. In the car-
diovascular system, inflammatory processes are acti-
vated by various stimuli; e.g., pathogen- or damage-
associated molecular patterns [24]. Although the exact 
mechanisms underlying this phenomenon are not ful-
ly understood, several studies have demonstrated a 
correlation between ceramides and activation of in-
flammatory diseases. This was first reported by Koka 
et al., who used pharmacological inhibition of acid 
sphingomyelinase (ASM) by amitriptyline, as well as 
RNA interference (RNAi), to study endothelial cells of 
ASM−/− mice to show that ASM mediates the inflam-
matory response involving the inflammasome NLR 
family pyrin domain-containing protein 3 (NLRP3) 
[25]. These results were confirmed in vivo in ASM−/− 
mice and were also replicated in a study using RNAi 
against ASM in endothelial cells [26]. The role of ce-
ramides in NLRP3 activation in macrophages is less 
clear. Camell et al. [27] did not find that the de novo 
synthesis pathway, which involves serine palmitoyl-
transferase, participates in the activation of inflam-
mation. However, other pathways of ceramide produc-
tion were not analyzed. Scheiblich et al. showed that 
SPT activation or external application of non-physi-
ological C2 ceramide leads to NLRP3 activation and 
interleukin-1β (IL-1β) release in microglial cells [28]. 
Administration of ceramide C2 led to the activation of 
inflammation in bone marrow-derived macrophages 
[29]. It has been suggested that ceramides and inflam-
mation activation are related [30, 31]. In particular, 
ceramides produced in reaction to ASM appear to be 
important for inflammatory signaling [32]. Finally, it 
remains unclear whether ceramides are directly acti-
vated during inflammatory processes or if activation 
is mediated by pathogen- or damage-associated mo-
lecular patterns. Evidence of direct activation of in-
flammation by ceramides is currently lacking.

Ceramides and SARS-CoV-2
Research has demonstrated that ceramide levels 
can be both elevated and decreased in SARS-CoV-2. 
Elevated ceramide levels may be associated with the 
activation of apoptosis, which leads to cell death and 
probably promotes inflammatory processes typical of 
severe forms of COVID-19. On the other hand, a de-
crease in ceramide levels may be associated with a 
depletion of their precursors or disruption of their 
synthesis by the virus [33, 34]. Although the mecha-
nism of binding of the SARS-CoV-2 virus to its re-
ceptor [35, 36], angiotensin-converting enzyme 2 
(ACE2), and TMPRSS2 protease, which activates vi-
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ral polymerase, is well understood, changes in the cell 
membrane during infection are a complex and mul-
tifactorial process. Virus processing in the host cell is 
accompanied by significant changes in the membrane 
lipid composition, in particular changes in the levels of 
ceramides and other sphingolipids. These changes can 
be caused not only by apoptosis, but also by the virus 
that is able to alter membrane composition to opti-
mize its replication, affecting the levels of ceramides 
and other lipids; disruption of the normal lipid me-
tabolism in the cell, which can lead to changes in the 
levels of ceramides and other lipids. These patholog-
ical processes are involved in microvascular damage 
in SARS-CoV-2 and are, therefore, associated with 
cardiovascular complications in SARS-CoV-2 patients.

CONCLUSION
The present study examined a unique disease phe-
notype – a conjunction of acute coronary syndrome 
with SARS-CoV-2. Comparison with ACEs without 
SARS-CoV-2 revealed increased ceramide levels in 
the group of ACEs without SARS-CoV-2, which may 
indicate that they play a role in the pathogenesis 
of this disease combination. In addition, there was 
a paradoxical response of the body’s metabolic sys-

tem to an acute coronary event in conjunction with 
COVID-19: ceramide levels were significantly low-
er in the fatal outcome subgroup than in the survi-
vor subgroup. The low ceramide levels in fatal out-
come patients may be explained by a depletion of 
the precursors of these metabolites in the terminal 
condition, which may be due to the influence of the 
non-structural SARS-CoV-2 proteins that activate the 
metabolic pathways involved in apoptosis and inflam-
mation. Also, active production of viral particles may 
lead to cellular exhaustion and destruction of the cell 
membrane, which may explain the unusually high 
levels of cell membrane components in the plasma of 
SARS-CoV-2 patients. But this phenomenon requires 
further study.

Therefore, this pilot study has showed that me-
tabolomic profiling with a focus on ceramide levels 
may help assess the risk of a fatal outcome in patients 
with acute coronary syndrome in conjunction with 
the SARS-CoV-2 infection. Our findings need confir-
mation in other patient populations. 
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ABSTRACT Acute lung injury (ALI) is a specific form of lung inflammation characterized by diffuse alveolar 
damage, noncardiogenic pulmonary edema, as well as a pulmonary and systemic inflammation. The patho-
genesis of ALI involves a cascade inflammatory response accompanied by an increase in the local and sys-
temic levels of proinflammatory cytokines and chemokines. The development of molecular tools targeting key 
components of cytokine signaling appears to be a promising approach in ALI treatment. The development 
of lipopolysaccharide (LPS)-induced ALI, as well as the feasibility of suppressing it by an aptamer targeting 
the proinflammatory cytokine TNF-α, was studied in a mouse model. The TNF-α level was shown to increase 
significantly and remain steadily high during the development of ALI. LPS-induced morphological signs of 
inflammation in the respiratory system become most pronounced 24 h after induction. Intranasal adminis-
tration of TNF-α-targeting aptamers conjugated with polyethylene glycol (PEG-aptTNF-α) to mice with ALI 
reduced the intensity of inflammatory changes in lung tissue. Assessment of the levels of potential TNF-α 
target genes (Usp18, Traf1, and Tnfaip3) showed that their expression levels in the lungs increase during 
ALI development, while declining after the application of PEG-aptTNF-α. Therefore, topical use of TNF-α-
targeting aptamers may be an efficient tool for treating ALI and other inflammatory lung diseases.
KEYWORDS acute lung injury, proinflammatory cytokines, aptamers, target genes.
ABBREVIATIONS ALI – acute lung injury; ARDS – acute respiratory distress syndrome; TNF-α –tumor ne-
crosis factor α; aptTNF-α – TNF-α-targeting aptamer; PEG – polyethylene glycol; LPS – lipopolysaccharide; 
BALF – bronchoalveolar lavage fluid.
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INTRODUCTION
Acute lung injury (ALI) and its sequela, acute res-
piratory distress syndrome (ARDS), refer to a specific 
form of lung inflammation characterized by diffuse 
alveolar damage, noncardiogenic pulmonary edema, as 
well as pulmonary and systemic neutrophil-associat-
ed inflammation [1, 2]. The etiological factors for ALI 
and ARDS can include various stimuli and diseases 
such as bacterial and viral pneumonia [3, 4], mechan-
ical ventilation [5, 6], exposure to chemical agents [7, 
8], traumatic brain injury [9], sepsis [10, 11], acute 
pancreatitis [12], and many other pathologies. The re-
cent rise in morbidity and mortality from ALI/ARDS 
has been associated with the new coronavirus infec-
tion (COVID-19) pandemic caused by coronavirus as-
sociated with the severe acute respiratory distress 
syndrome (SARS-CoV-2) [13, 14]. The pathogenesis 
of ALI/ARDS involves the development of local and 

systemic cascade inflammatory responses, accompa-
nied by the elevation of the levels of proinflammatory 
cytokines (TNF-α, IFN-γ, IL-6, IL-1β, GM-CSF, and 
G-CSF) and chemokines (CXCL10/IP10, MIP-1α, and 
CCL2) up to critical values, resulting in the develop-
ment of multiple organ failure [14–16].

Today, the treatment of ARDS and its accompa-
nying immune disorders is for the most part symp-
tomatic; it aims to alleviate symptoms and often 
involves mechanical ventilation and the adminis-
tration of corticosteroids. The use of molecular ge-
netic tools targeting key cytokines can be a promis-
ing approach in treating this pathology. Monoclonal 
antibodies against TNF-α, IL-6, IL-1β, IFN-γ, and 
other components of cytokine signaling are among 
such tools [17, 18]. Oligonucleotide aptamers belong 
to another class of biomolecules that selectively rec-
ognize a target and are currently being considered 
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as a potential alternative to antibodies in developing 
targeted therapeutics. The advantages of aptamers 
over antibodies include reproducible chemical syn-
thesis and stable key characteristics, as well as the 
feasibility of making additional chemical modifica-
tions in order to control the lifetime of an aptamer 
in the body while maintaining its affinity for the 
target molecule [19, 20]. Importantly, aptamers are 
nucleic acids by their nature, so their functional ac-
tivity can be further regulated using a complemen-
tary nucleotide antidote [21, 22]. Such a set of prop-
erties kindles interest in using aptamers to suppress 
the activity of soluble serum proteins, including in-
flammation-associated ones [23, 24].

The present study analyzed the features of the de-
velopment of LPS-induced ALI in mice and the fea-
sibility of suppressing it using the aptamer targeting 
the proinflammatory cytokine TNF-α. It was demon-
strated that TNF-α is a pivotal player in the develop-
ment of ALI, and that intranasal administration of an 
aptamer targeting TNF-α, conjugated with 40 kDa 
polyethylene glycol (PEG-aptTNF-α), to mice with 
ALI suppresses the development of an inflammation 
in the respiratory system of experimental animals.

EXPERIMENTAL

Synthesis of a TNF-α-targeting DNA 
aptamer and control oligonucleotide
Table 1 lists the nucleotide sequences of the oligo-
deoxyribonucleotides used in this study. A control 
random-sequence non-aptameric oligonucleotide was 
generated on the basis of aptTNF-α DNA aptamer 
using the service (https://www.genscript.com/tools/cre-
ate-scrambled-sequence).

The oligonucleotides were synthesized using the 
solid-phase phosphoramidite method at a scale of 
0.4 µmol on an automated ASM-800 DNA/RNA syn-
thesizer (Biosset, Russia) according to the proto-

col optimized for this setup using β-cyanoethyl-
N,N-diisopropyl phosphoramidites of 5’-N-protected 
2’-deoxyribonucleosides (Glen Research, USA). 
CPG (controlled pore glass) particles (pore diam-
eter, 500 Å) with 3’-O-dimethoxytrityltimidine at-
tached via the 5’-hydroxyl group (Glen Research) 
were used as a polymeric carrier. The oligonucle-
otides containing an aminohexanol residue at the 5’ 
end were synthesized using a commercially available 
modifier, 6-(trifluoroacetylamino)-hexyl-(2-cyanoethyl)-
(N,N-diisopropyl)-phosphoramidite (Glen Research). 
After the synthesis, the oligonucleotides were separated 
from the carrier; the protecting groups were removed 
by 15-min exposure to a 40% aqueous methylamine 
solution (300 μL) at 65°C. Fully unblocked oligonucle-
otides were purified by preparative electrophoresis 
in a 15% denaturing polyacrylamide gel (PAAG).

Synthesis of conjugates with 
40 kDa polyethylene glycol
To synthesize PEGylated conjugates, a 1 µmol solu-
tion of N-hydroxysuccinimide ester of 40 kDa line-
ar polyethylene glycol (PEG) (Sigma-Aldrich, USA) 
in dimethylformamide (Sigma-Aldrich) was add-
ed to a solution of 5’-amino-modified oligonucleotide 
(0.1 µmol) in 0.1 M tetraborate buffer (pH 9.5). The 
reaction mixture was incubated under stirring at 25°C 
during 16 h. Excess reagents were removed from the 
resulting conjugates by electrophoresis in denaturing 
12% PAAG, followed by elution with water and con-
centration using Amicon 10K ultracentrifuge modules 
(Merck, USA). Before being administered to the ani-
mals, the purified conjugates were sterilized by pas-
sage through a filter (pore diameter, 0.22 µm).

Laboratory animals
We used 6- to 8-week-old female Balb/C mice bred 
in the vivarium of the Institute of Chemical Biology 
and Fundamental Medicine SB RAS (Novosibirsk, 

Table 1. TNF-α-targeting DNA aptamer, non-aptameric scrambled oligodeoxyribonucleotide and their conjugates with 
PEG

Aptamer Nucleotide sequence, 5’-3’

PEG-aptTNF-α PEG-NH2-(CH2)6-GCG CCA CTA CAG GGG AGC TGC CAT TCG AAT AGG TGG GCC GCTinv

aptTNF-α NH2-(CH2)6-GCG CCA CTA CAG GGG AGC TGC CAT TCG AAT AGG TGG GCC GCTinv

PEG-Scr PEG-NH2-(CH2)6-AGA GGC GGT ATG ACC AGG CTA ATC GGC CGA GCC TCC GTG CGTinv

Scr NH2-(CH2)6-AGA GGC GGT ATG ACC AGG CTA ATC GGC CGA GCC TCC GTG CGTinv

PEG – 40 kDa polyethylene glycol residue; T
inv

 – 3’-terminal residue of thymidine linked to the adjacent nucleotide with 
a 3’–3’ phosphodiester bond.
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Russia). The animals were housed in a well-lit room 
(six animals per cage). The mice had free access to 
food and water. All the manipulations with the ani-
mals were performed in accordance with the guide-
lines for proper use and care of laboratory animals 
(EU Directive 2010/63/EC). The animal experiments 
were approved by the Interinstitutional Bioethics 
Commission of the Institute of Cytology and Genetics 
SB RAS (Novosibirsk, Russia) (Protocol No. 56 dated 
August 10, 2019).

LPS-induced acute lung injury
Acute lung injury (ALI) was induced in mice by in-
tranasal (i.n.) administration of LPS (055:B5, Sigma-
Aldrich) at a dose of 10 µg/mouse under isoflurane 
anesthesia. In the experiment aiming to study the 
dynamics of inflammatory changes in the respirato-
ry system, the mice were withdrawn from the ex-
periment 6, 16, and 24 h after induction; bronchoal-
veolar lavage fluid (BALF), blood serum, and lung 
tissue samples were collected for further analysis. 
In the experiment focusing on the anti-inflammatory 
activity of the TNF-α-targeting aptamers, the apt-
TNF-α aptamer at a dose of 1 mg/kg or its conju-
gate PEG-aptTNF-α at doses of 1 and 5 mg/kg were 
administered to mice 1 h after i.n. induction of ALI. 
Mice with ALI, untreated and receiving the respective 
scrambled oligonucleotides (Scr at a dose of 1 mg/kg 
and PEG-Scr at doses of 1 and 5 mg/kg), were used 
as controls. All the agents were administered intra-
nasally in 50 μL of saline under isoflurane anesthesia. 
The mice were withdrawn from the experiment 24 h 
after ALI induction, and biomaterial (BALF and lung 
tissue) samples were collected for further analysis. 
Each group consisted of six mice.

Analysis of the bronchoalveolar lavage fluid
The lungs of the mice in the control and experimental 
groups were washed with 1 mL of a cold saline solu-
tion. The collected BALF samples were centrifuged 
at 1500 rpm at 4°C during 10 min; the supernatant 
was collected to conduct an enzyme-linked immu-
nosorbent assay (ELISA). The cell pellet was resus-
pended in 50 μL of saline; the total leukocyte count 
(×105 cells/mL) was determined in a Neubauer cham-
ber after 1 : 20 dilution with Türk’s solution.

Assessment of the levels of 
proinflammatory cytokines by ELISA
The levels of the proinflammatory cytokines TNF-α 
and IL-6 in the BALF samples were quantified us-
ing ELISA kits (#BMS607-3 and #KMC0061, Thermo 
Fisher Scientific, USA) in compliance with the man-
ufacturer’s instructions. Absorbance at 450 nm was 

measured on a Multiscan RC spectrophotometer 
(Thermo Labsystems, Finland).

Assessment of the cytokine profile
The levels of proinflammatory cytokines and chemok-
ines in the BALF samples were assessed using the 
LEGENDplexTM Mouse Inflammation Panel (13-plex) 
(Biolegend, USA) in compliance with the manufactur-
er’s instructions on a NovoCyte 3000 flow cytometer 
(ACEA Bioscience, USA). The data were analyzed us-
ing the Legendplex online software.

Histology
Lung tissue was fixed in 10% buffered formalin, de-
hydrated in ethanol and xylene solutions of ascending 
concentration, and embedded into HISTOMIX par-
affin. Paraffin sections up to 5 µm thick were cut on 
a Microm HM 355S microtome and stained with he-
matoxylin and eosin. All histologic specimens were 
examined and scanned using an Axiostar Plus mi-
croscope equipped with an AxioCam MRc5 digital 
camera (200× magnification).

The intensity of inflammatory changes in the lungs 
was assessed semi-quantitatively using the following 
scale: 0 – no pathological changes; 1 – mild inflamma-
tion; 2 – moderate inflammation; and 3 – severe in-
flammation. A total of five visual fields were analyzed 
for each sample (30 visual fields in each group).

Quantification of gene expression 
levels by real-time RT-PCR
The mRNA levels of the Usp18, Traf1, Tnfaip3, and 
Hprt genes in lung tissue were determined by quan-
titative real-time reverse transcription polymerase 
chain reaction (RT-PCR). Total RNA was isolated 
from the lungs of the experimental animals using 
the TRIzol reagent according to the manufacturer’s 
instructions after pre-homogenization (FastPrep-
24TM 5G homogenizer equipped with a QuickPrep 
24 adapter, MP Biomedicals, USA). cDNA was syn-
thesized using RT buffer and M-MuLV-RH rever-
tase (Biolabmix, Russia) according to the manufac-
turer’s instructions. Real-time RT-PCR was carried 
out using the HS-qPCR master mix (×2) (Biolabmix) 
according to the manufacturer’s instructions. 
Amplification was performed under the following 
temperature conditions: (1) 94°C, 5 min; (2) 94°C, 10 s; 
and (3) 60°C, 30 s (50 cycles) on a C1000 Touch am-
plifier with a CFX96 module (Bio-Rad, USA). Data 
were processed using the BioRad CFX Manager soft-
ware. Table 2 lists the sequences of oligonucleotides 
used as primers. The relative gene expression level 
was normalized to the level of Hprt expression using 
the ΔΔCt method.
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Statistical analysis
Statistical analysis was conducted using the two-tailed 
unpaired Student’s t-test in the Microsoft Excel soft-
ware. The p ≤ 0.05 values were considered statistical-
ly significant. Data are presented as the mean value ± 
standard deviation.

RESULTS

The cytokine profile and the dynamics of 
inflammatory changes in the respiratory system 
of mice with LPS-induced acute lung injury
For assessing the cytokine level and the intensity of 
the respiratory system inflammation, acute lung inju-
ry (ALI) was induced in mice by intranasal (i.n.) ad-
ministration of LPS (10 μg/mouse), followed by the 
sampling of material 6, 16, and 24 h after induction 
(Fig. 1A). As early as 6 h after LPS administration, 
the TNF-α level in the bronchoalveolar lavage fluid 
(BALF) had increased 21-fold compared with that in 
the healthy animals and was 3.4 ng/mL, remaining ap-
proximately unchanged until 24 h after ALI induction. 
The IL-6 levels had also increased to 2 ng/mL 6 h af-
ter LPS administration and then gradually decreased 
to 1.3 ng/mL by the time point of 24 h post-induc-
tion, being manifold higher than the IL-6 levels in 
the healthy animals (Fig. 1B, left panel). Assessment 
of the total leukocyte count in BALF showed that the 
maximum value of this parameter was observed 24 h 
post-induction: LPS administration increased leuko-
cyte count 8.6-fold compared with that in the healthy 
animals (Fig. 1B, middle panel). Extremely low levels 
of TNF-α and IL-6 were detected in the serum sam-
ples of mice with ALI at all time points, being com-

parable to those in the healthy animals (Fig. 1B, right 
panel).

Identification of the cytokine profiles of BALF in 
mice with ALI over time by multiplex ELISA showed 
that i.n.  administration of LPS significantly increased 
the levels of only two proinflammatory cytokines: 
TNF-α and IL-6. The TNF-α level remained high 
throughout the entire observation period, whereas 
the IL-6 level had declined already 16 h after ALI in-
duction (Fig. 1C). The levels of other cytokines (IL-23, 
IL-1α, IFN-γ, MCP-1, IL-12p70, IL-1β, IL-10, IL-27, 
IL-17A, IFN-β, and GМ-CSF) remained unchanged.

Histological analysis of the lung tissue samples 
from mice with ALI showed that LPS administration 
induced pathological changes in the respiratory sys-
tem manifesting themselves as inflammatory granu-
locyte infiltration, destructive (desquamation of alveo-
lar lining) and dyscirculatory (congestion, edema and 
hemorrhage) disorders (Fig. 1D). The severity of these 
changes varied at different time points throughout 
the observation period: changes associated with circu-
latory disturbances were prevailing 6 h after ALI in-
duction; after 16 h, there appeared initial signs of cell 
migration to the inflammation site; whereas by 24 h 
after ALI induction, inflammatory infiltration in the 
lung tissue had fully taken hold, mainly being located 
around vessels and bronchi (Fig. 1D).

Hence, assessing the dynamics of inflammatory 
changes and the cytokine profile in mice with ALI 
showed that the TNF-α level remained steadily high 
throughout the entire observation period, thus indi-
cating that this cytokine plays a crucial role in the 
signaling pathways of the inflammatory response. The 
LPS-induced morphological signs of inflammation in 

Table 2. Specific primers for real-time RT-PCR

Gene Primer type Nucleotide sequence

Usp18

Forward 5’- GCCCTCATGGTCTGGTTG-3’

Probe 5’-((5,6)-FAM)-ACGTGTTGCCTTAACTCCTTGCTTCA-BHQ1-3’

Reverse 5’- CACTTCTCTTCCTCTCTTCTGC-3’

Traf1

Forward 5’- AGATCACCAATGTCACCAAGC-3’

Probe 5’-((5,6)-FAM)-ACTGTCAGCCTCTTCTCTCCAGCTT-BHQ1-3’

Reverse 5’- CATCCCCGTTCAGGTACAAG-3’

Tnfaip3

Forward 5’- AGCCAGCACTTTGTACCC-3’

Probe 5’-((5,6)-FAM)-AGTCTTCAAACCTACCCCGGTCTCT-BHQ1-3’

Reverse 5’- GCTTTTCCTTCATCTCATTCTCAG-5’

Hprt

Forward 5’-CCCCAAAATGGTTAAGGTTGC-3’

Probe 5’- ((5,6)-ROX)-CTTGCTGGTGAAAAGGACCT-3’-BHQ2

Reverse 5’-AACAAAGTCTGGCCTGTATCC-3’
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the respiratory system of mice were most intense 
24 h after induction, making this time interval op-
timal for assessing the anti-inflammatory activity of 
the tested constructs.

The choice and synthesis 
of the anti-TNF-α DNA aptamer
Several nucleotide sequences of RNA and DNA 
aptamers capable of specifically binding TNF-α have 
been reported [25]. Most of them have affinity for the 
target protein in the nanomolar range and can inhib-

it the functional activity of TNF-α in vitro. The apt-
TNF-α DNA aptamer, which had been earlier shown 
to be able to suppress the development of inflamma-
tion in in vivo models of acute lung and liver inju-
ry when administered intravenously or intratrache-
ally, was chosen for the study [26]. The total length 
of this aptameric oligonucleotide is 41 nucleotides, 
which makes its chemical synthesis rather fast and 
economically sound (the sequence of aptTNF-α is list-
ed in Table 1). A scrambled oligonucleotide having the 
same length and nucleotide composition was used as 

Fig. 1. The cytokine profile and inflammatory changes in the respiratory system of mice with LPS-induced acute lung 
injury over time. (A) Experimental design. Acute lung injury (ALI) was induced in Balb/C mice by intranasal (i.n.) admin-
istration of LPS (10 μg/mouse). Material was collected 6, 16, and 24 h after induction. (B) The levels of proinflammatory 
cytokines (TNF-α and IL-6) and the total leukocyte count in BALF, as well as serum levels of TNF-α and IL-6 in ALI mice 
6, 16, and 24 h after induction. (C) The cytokine profile of BALF of ALI mice over time, assessed using multiplex ELISA. 
Data are presented as pg/mL. (D) Histological analysis of the lung tissue of ALI mice 6, 16, and 24 h after induction. 
Hematoxylin and eosin staining, original magnification 200×. Black arrows indicate inflammatory infiltration. C – control 
(healthy animals)
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a similar non-aptameric DNA to control the specifici-
ty of aptamer activity. The in vivo anti-inflammatory 
activity of bivalent aptamers in which two aptamer 
modules are covalently linked by a 20 kDa polyeth-
ylene glycol residue has been demonstrated earlier 
[26]. In our study, we chose a different strategy to 
chemically modify the aptamer in order to increase 
its lifetime in the animal body and used modifica-
tions that are currently almost the “gold standard” 
for aptamers intended for use in in vivo experiments 
or clinical trials [27, 28]. An additional thymidine res-
idue linked by the 3’–3’ phosphodiester bond was 
inserted into the 3’ end to prevent exonuclease hy-
drolysis; the commercially available polymer-bound 
3’-O-dimethoxytritylthymidine was used in sol-
id-phase oligonucleotide synthesis for this purpose, 
and 40 kDa polyethylene glycol (PEG) was inserted at 
the 5’ end to improve the pharmacokinetic character-
istics of the aptamer being topically delivered into the 
respiratory system of mice.

Therefore, the proposed aptamer variant en-
sures better synthesis control and isolation of the 
PEGylated conjugate, since at the detected TNF-α 
levels in BALF (≤ 4 ng/mL), this protein is most likely 
to exist in a monomeric form rather than a trimeric 
one [29]. A similar set of modifications was also used 
for the control non-aptameric oligonucleotide.

Anti-inflammatory activity 
of the TNF-α-targeting aptamer in the model 
of LPS-induced acute lung injury
The anti-inflammatory activity of TNF-α-targeting 
aptamers (aptTNF-α and PEG-aptTNF-α) was stud-
ied in the model of LPS-induced ALI. Aptamers were 
administered intranasally (i.n.) to mice, since high 
levels of this cytokine were specifically detected in 
BALF. Respective scrambled oligonucleotides (Scr or 
PEG-Scr) were administered to mice in order to con-
trol the specificity of aptamer activity. The studied 
constructs were administered 1 h after ALI induc-
tion, followed by sampling of the material 24 h later 
(Fig. 2A), since it was the time point when morpho-
logical changes in the respiratory system of the mice 
were the most intense and complete.

Administration of LPS increased the total leuko-
cyte count in the BALF of mice with ALI 7.7-fold 
compared to that in the healthy animals (Fig. 2B). 
Administration of aptTNF-α or the respective Scr had 
no effect on this parameter, whereas 5 mg/kg of the 
PEGylated aptamer PEG-aptTNF-α statistically sig-
nificantly reduced the total leukocyte count in BALF 
1.8-fold vs. control and 2.7-fold vs. PEG-Scr admin-
istered at the same dose (Fig. 2B). PEG-aptTNF-α 
administered at a dose of 1 mg/kg also caused a 1.5- 

and 1.8-fold drop in this parameter compared to that 
observed for the control and Scr, respectively. These 
differences (for the dose of 1 mg/kg) were statistically 
insignificant; however, they showed that the activity 
of PEG-aptTNF-α was dose-dependent. The TNF-α 
level in the BALF of mice with ALI was elevated 
85-fold compared to that in the healthy animals, and 
administration of PEG-aptTNF-α had no significant 
effect on this parameter (Fig. 2C). The TNF-α level 
after administration of the non-PEGylated aptamer 
was not investigated, since it did not reduce the total 
leukocyte count in BALF as an indicator of the anti-
inflammatory activity of the drug.

According to histological findings, administration 
of the constructs under study reduces the intensity 
of morphological manifestations of the LPS-induced 
ALI described previously in a dose-dependent man-
ner. Administration of aptTNF-α and PEG-aptTNF-α 
at a dose of 1 mg/kg decreased the intensity of in-
flammatory changes in lung tissue 1.5- and 1.8-fold 
compared to that in the control group and 1.4- and 
1.6-fold compared to the respective Scr (Fig. 2D,E). 
However, these differences were statistically signifi-
cant only when comparing the aptamers and the con-
trols. Administration of 5 mg/kg PEG-aptTNF-α led 
to a statistically significant decline in the inflamma-
tion intensity in the lung tissue compared both with 
the control group (2.2-fold) and the group receiving 
PEG-Scr (2-fold).

Hence, the PEG-aptTNF-α aptamer targeting pro-
inflammatory TNF-α cytokine suppresses the devel-
opment of LPS-induced inflammatory changes in the 
respiratory system of mice but does not normalize the 
parameters to the level of healthy animals. The anti-
inflammatory activity of aptTNF-α/PEG-aptTNF-α is 
dose-dependent, which is most likely related to the 
fact that TNF-α binding increases with the prepara-
tion dose, while the anti-inflammatory effect was reli-
ably demonstrated only for the conjugate with PEG, 
due to the improved pharmacokinetic characteristics 
of the agent.

Analysis of the expression levels 
of TNF-α-regulated genes in the lung tissue 
of mice with LPS-induced acute lung injury 
without treatment and after administration 
of the TNF-α-targeting aptamer
The next stage of our study involved a search for 
and assessment of the expression levels of poten-
tial TNF-α-regulated genes upon the development 
of LPS-induced ALI and its correction with the 
TNF-α-targeting aptamer to seek confirmation that 
the constructs used affect the ability of the secreted 
target protein to bind to its receptor and activate sig-
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Fig. 2. The effect of TNF-α-targeting aptamers on the development of LPS-induced acute lung injury in mice.  
(A) Experimental design. Acute lung injury (ALI) was induced in Balb/C mice by intranasal (i.n.) administration 
of LPS (10 μg/mouse). Mice were administered i.n. TNF-α-targeting aptamers: aptTNF-α at a dose of 1 mg/kg 
and PEG-aptTNF-α at doses of 1 and 5 mg/kg 1 h after induction. Mice with ALI without treatment and treated with 
the scrambled oligonucleotide (Scr and PEG-Scr) were used as controls. Mice were sacrificed 24 h after induction, 
and material was collected for subsequent analysis. (B, C) The total number of leukocytes (B) and TNF-α level (C) 
in the bronchoalveolar lavage fluid (BALF) of mice with LPS-induced ALI without treatment and after administration 
of TNF-α-targeting aptamers. (D, E) Histological examination (D) and semi-quantitative assessment of the intensity 
of the inflammatory changes (E) in the lungs of mice in the control and experimental groups. Hematoxylin and eosin  
staining, original magnification 200×. Black arrows indicate inflammatory infiltration. The following scale was used  
to assess inflammation in the lungs: 0 – no pathological changes; 1 – mild inflammation; 2 – moderate inflammation;  
and 3 – severe inflammatory changes. Data are presented as the mean ± standard deviation; *p < 0.05, **p < 0.01
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naling. The genes (namely, Usp18, Traf1, and Tnfaip3) 
were chosen based on the published data according 
to which their expression levels are upregulated by 
TNF-α in a broad range of biological and patholog-
ical processes, such as LPS-induced sepsis [30], my-
ocardial ischemia reperfusion injury [31], cerebral 
ischemia [32], activation of the NF-κB and type I in-
terferon-mediated signaling pathways [33–36], as well 
as hematopoiesis and regeneration of the myeloid lin-
eage [37].

The expression levels of the Usp18, Traf1, and 
Tnfaip3 genes in the lung tissue of mice were as-
sessed by RT-PCR (Fig. 3). The lungs of healthy ani-
mals were characterized by low expression levels of 
the genes under study (assumed equal to unity (1)), 
whereas administration of LPS significantly increased 
their expression levels (control): Usp18, sevenfold; 
Traf1, twofold; and Tnfaip3, 61-fold compared to those 
in healthy animals.

The following patterns were revealed when as-
sessing the effect of aptamers on the expression of 
the studied genes in the lung tissue of mice with 
ALI. Administration of PEG-aptTNF-α at a dose of 
1 mg/kg led to a statistically significant decline in 
the Usp18 gene expression level to a level typical of 
healthy animals: 5.9-fold vs. control and 2.6-fold vs. 
PEG-Scr. PEG-aptTNF-α administered at a dose of 
5 mg/kg also resulted in a 2.6- and 3-fold decrease 
in the Usp18 expression level compared to the con-
trol and PEG-Scr groups, respectively. However, sta-

tistically significant differences were revealed only 
between the aptamer and scrambled oligonucleotide 
(Fig. 3). Administration of PEG-aptTNF-α at doses of 
1 and 5 mg/kg caused a 3.5- and 2.6-fold decrease in 
Traf1 gene expression compared with the control and 
1.8- and 1.7-fold decrease compared with PEG-Scr, re-
spectively. However, no statistically significant differ-
ences in the effects of PEG-aptTNF-α and PEG-Scr 
at a dose of 5 mg/kg were observed (Fig. 3). For the 
Tnfaip3 gene, the only statistically significant differ-
ence was the 1.6-fold decrease in the expression lev-
el upon exposure to 1 mg/kg PEG-aptTNF-α vs. the 
PEG-Scr group (Fig. 3). Administration of PEG-Scr 
at doses of 1 and 5 mg/kg had no statistically signifi-
cant effect on the expression of all the studied genes. 
Administration of 1 mg/kg aptTNF-α resulted in a 
statistically insignificant 1.7- to 2.4-fold decline in the 
expression levels of the Usp18 and Traf1 genes and a 
1.3-fold increase in expression vs. the control group in 
the case of the Tnfaip3 gene (Fig. 3).

Hence, the most prominent decline in the expres-
sion levels of potential target genes was observed 
when administering 1 mg/kg PEG-aptTNF-α, where-
as significant anti-inflammatory effects were detect-
ed when this aptamer was administered at a dose 
of 5 mg/kg, which may be related to the choice of 
time points to quantify the expression levels of these 
genes, when the maximum effect of a higher aptamer 
dose on the expression of TNF-α-associated genes has 
already passed.
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Fig. 3. The expression levels of potential target genes of TNF-α (Usp18, Traf1, and Thfaip3) in the lung tissue of mice 
with LPS-induced acute lung injury without treatment and after administration of aptamers. Gene expression levels were 
normalized to the expression level of Hprt, which was used as an internal standard. Three samples from each group 
were analyzed in triplicate. Data are presented as the mean ± standard deviation; *p < 0.05, **p < 0.01
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DISCUSSION
TNF-α, a pleiotropic cytokine produced by activat-
ed macrophages, T cells, and natural killer cells, is 
among the most important immune response regula-
tors; therefore, affecting the level of this cytokine can 
be an efficient strategy for correcting immune disor-
ders associated with cancer, as well as inflammatory, 
metabolic, and infectious diseases [38, 39]. Taking into 
account the variety of diseases and biological process-
es involving TNF-α, several dozen genes and signal-
ing pathways regulate TNF-α and are regulated by it 
[40, 41].

Today, monoclonal antibodies are the key anti-
TNF-α drugs approved for clinical use; however, 
they cause adverse events such as increased sus-
ceptibility to infections, as well as the development 
of demyelinating diseases and malignancies [41]. 
Anti-TNF-α agents of a different nature, such as ap-
tamers, may possibly reduce the rate and severity of 
complications.

In this study, the anti-inflammatory activity of 
the TNF-α-targeting aptamer, as well as the effect 
of chemical modifications on its effectiveness, was 
studied in the mouse model of LPS-induced ALI. The 
choice of the aptamer administration route was justi-
fied and verified by the cytokine profile data in BALF 
and serum samples upon development of ALI in mice 
over time. The TNF-α level in BALF was shown to 
be significantly higher than that in serum, thus in-
dicating that topical intranasal administration of the 
aptamer is more promising compared to its systemic 
administration. As for the aptamer doses used in the 
experiment, we chose concentrations that were likely 
to ensure the target effect taking into account that 
PEGylated aptamer concentrations in the range of 
1–10 mg/kg are optimal for in vivo experiments and 
clinical studies [42].

PEG-aptTNF-α was found to exhibit a stronger 
anti-inflammatory effect than its unmodified analog, 
which may be due to its longer lifetime in the animal 
body. PEG-aptTNF-α was dose-dependent: at a dose 
of 5 mg/kg, its effectiveness was higher compared to 
a dose of 1 mg/kg. However, despite the anti-inflam-
matory activity observed in BALF and lung tissue, no 
significant decline in the TNF-α level was detected 
in BALF. This discrepancy can result from the fact 
that the aptamer and anti-TNF-α antibodies used in 
ELISA may bind to different spatially distant epit-
opes of TNF-α, interaction with the aptamer having 
no effect on antibody binding. However, while no data 
obtained in structural or molecular modeling studies 
are available that would indicate to which particular 
TNF-α epitope anti-TNF-α aptamer binds, this hy-
pothesis requires further verification.

Fig. 4. The general scheme of TNF-α signaling

Since direct measurements of the TNF-α level 
failed to yield the anticipated results, we decided to 
assess the effect of the TNF-α-targeting aptamer by 
analyzing the mRNA expression level of the genes in-
volved in the regulation and transduction of TNF-α 
signaling. Genes directly involved in the TNF-α regu-
latory pathway, whose expression level increases dur-
ing the development of ALI, were chosen as potential 
TNF-α-regulated genes.

In the early phase of signaling, the soluble form of 
TNF-α binds to the tumor necrosis factor receptor 1 
(TNFR1), causing receptor trimerization and involve-
ment of the TNFR1-associated death domain protein 
(TRADD) and receptor-interacting serine/threonine 
protein kinase 1 (RIPK1) (Fig. 4). Next, TRADD in-
teracts with the TRAF1/TRAF2 heterodimer to form 
complex I, which activates the NF-κB signaling path-
way and induces the synthesis of proinflammatory 
cytokines, including IFN-I [33]. Through IFNAR1/2 
receptors and the JAK/STAT signaling pathway, 
IFN-I has a further impact on the next important 
component of the development of the inflammato-
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ry response: the ISG15/USP18 axis, which regulates 
the activity of the immune system [36] and reduces 
the inflammatory response intensity by inhibiting the 
JAK/STAT signaling pathway, indicating that there 
possibly exists a negative feedback loop between 
USP18, IFN-I, and, therefore, TNF-α [43, 44].

TNF-α-induced protein 3 (TNFAIP3), also known 
as A20, is another key molecule in the mechanism of 
reverse regulation. The basal level of TNFAIP3 ex-
pression is low in most cells but increases rapidly as 
the inflammatory response develops [45]. TNFAIP3 
is recruited to the TNFR1 signaling complex, where 
it deubiquitinates RIPK1, thus resulting in a loss of 
stability by complex I and inhibits further activation 
of NF-κB. TRADD dissociated from complex I forms 
complexes with the Fas-associated death domain 
protein (FADD) and caspase 8 (complex IIa) or with 
RIPK1, FADD, and caspase 8 (complex IIb), which 
further leads to apoptosis or necroptosis [46].

Taking into account the involvement of the afore-
mentioned genes in TNF-α signaling and regulation, 
as expected, administration of the TNF-α-targeting 
aptamer reduced the expression level of the target 
genes chosen for validation (namely, Traf1 as a com-
ponent of the heterodimeric complex, which is di-
rectly involved in TNF-α signal transduction; Tnfaip3, 
which inhibits the activation of the proinflammatory 
NF-κB signaling pathway; and Usp18, which regu-
lates the intensity of the inflammatory response after 
NF-κB activation via the negative feedback mecha-
nism), suggesting that it is reasonable to use TNF-α-
regulated genes to assess the biological activity of the 
anti-TNF-α aptamer. Similar to the case with mor-

phological changes in the respiratory system of mice, 
PEG-aptTNF-α exhibited a stronger effect on gene 
expression levels than unmodified aptamers did.

Hence, this study once again demonstrated the im-
portance of TNF-α as a therapeutic target in ALI, 
as well as the benefits of using chemically modified 
aptamers to suppress its function. A secretory pro-
tein is a very attractive target for an aptamer, since 
the agent does not need to be delivered into the cell 
for binding to it; instead, a therapeutic aptamer can 
be systemically or locally administered to organs 
and tissues where target protein levels are elevated. 
Furthermore, it is very encouraging that the aptamer 
can be administered after the onset of the pathology 
and that its activity can be inhibited with an anti-
dote, which makes therapeutic aptamers almost “ideal 
drugs.”

CONCLUSIONS
It has been found in this study that TNF-α is among 
the pivotal players in cytokine signaling during the 
development of LPS-induced ALI and that intrana-
sal administration of anti-TNF-α aptamers efficient-
ly mitigates the LPS-induced inflammatory chang-
es in the respiratory system of mice, affects the 
TNF-α-regulated genes, and can be viewed as a tool 
for treating ALI of different etiologies and other pul-
monary diseases accompanied by immune disorders. 
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ABSTRACT Today, in preclinical studies, optical bioimaging based on luminescence and fluorescence is indis-
pensable in studying the development of neoplastic transformations, the proliferative activity of the tumor, 
its metastatic potential, as well as the therapeutic effect of antitumor agents. In order to expand the capabil-
ities of optical imaging, sensors based on the bioluminescence resonance energy transfer (BRET) mechanism 
and, therefore, independent of an external light source are being developed. A targeted nanoplatform based 
on HER2-specific liposomes whose internal environment contains a genetically encoded BRET sensor was 
developed in this study to visualize deep-seated tumors characterized by overexpression of human epidermal 
growth factor receptor type 2 (HER2). The BRET sensor is a hybrid protein consisting of the highly catalytic 
luciferase NanoLuc (an energy donor) and a LSSmKate1 red fluorescent protein with a large Stokes shift (an 
energy acceptor). During the bioimaging of disseminated intraperitoneal tumors formed by HER2-positive 
SKOV3.ip1cells of serous ovarian cystadenocarcinoma, it was shown that the developed system is applicable 
in detecting deep-seated tumors of a certain molecular profile. The developed system can become an efficient 
platform for optimizing preclinical studies of novel targeted drugs.
KEYWORDS bioluminescence resonance energy transfer, DARPins, protein with a large Stokes shift 
LSSmKate1, epidermal growth factor receptor type 2 HER2, NanoLuc luciferase, molecular targeted bioim-
aging.
ABBREVIATIONS BRET – bioluminescence resonance energy transfer; DARPins – designed ankyrin repeat pro-
teins; HER2 – human epidermal growth factor receptor 2; LSS protein – large Stokes shift protein.
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INTRODUCTION
Despite the tremendous progress achieved in cancer 
treatment thanks to early diagnosis and innovative 
therapies, cancer remains among the leading caus-
es of death worldwide. Thus, according to the World 
Health Organization, the incidence of cancer in 2022 
stood at 20 million new cases, almost 50% of which 
(9.7 million) ended in patient death (https://www.who.
int/news/item/01-02-2024-global-cancer-burden-grow-
ing--amidst-mounting-need-for-services). Since meta-
static spread is the main cause of death for cancer pa-
tients, it is important to develop novel model systems 
and technologies for preclinical studies that would al-
low one to assess both the tumor progression process 
and tumor response to therapy.

Current knowledge of the molecular foundations of 
oncogenesis, which makes tumor profiling (or typing) 
feasible, drives the development of targeted therapies 
selectively addressing particular molecular targets 
specific to a given cancer type or subtype: cell surface 
antigens, growth factors, receptors, or signal trans-
duction pathways, which regulate the cell cycle, pro-
liferation, metastatic spread, and angiogenesis.

Along with advances in tumor molecular profiling 
techniques, preclinical techniques of non-invasive tar-
geted molecular imaging of tumors and metastases 
are undergoing intensive development in experimen-
tal oncology [1–3]. In vivo monitoring of the spread of 
cell populations exogenously introduced into a model 
organism is crucial for understanding oncogenesis as 
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well as assessing the therapeutic effect of antitumor 
agents in preclinical pharmacological research [2, 4].

Whole-body real-time optical bioimaging based on 
fluorescent and luminescent systems is an indispens-
able tool in modern preclinical studies [1, 3, 5].

Bioluminescence imaging is based on the detection 
of visible light emitted as a result of the oxidation of 
a specific substrate by luciferase [6]. In order to moni-
tor tumor growth or regression, as well as assess the 
in vivo effectiveness of an antitumor drug, the lucif-
erase gene is either constitutively or inducibly ex-
pressed in tumor cells that are further used to form 
the animal model of the cancer [7, 8]. Bioluminescence 
imaging is widely employed in preclinical studies, but 
the introduction of this method into clinical practice 
is being hindered by the fact that the cell line trans-
fected with the luciferase gene needs to be the end 
product.

Fluorescence imaging allows one to visualize a tu-
mor by detecting light generated by fluorescent pro-
teins, quantum dots, or fluorescent dyes [1]. However, 
the need for an external light source in order to ex-
cite a fluorescent tag imposes significant limitations on 
the application of this method in detecting deep-seat-
ed tumors: as exciting light passes through tissues, its 
intensity drops abruptly because of diffraction, which 
reduces the spatial resolution of fluorescence imag-
es, as diffusion causes light scattering by tissues, as 
well as photon absorption by biological chromophores 
(melanin, hemoglobin, and oxyhemoglobin) [1, 9, 10].

The aforementioned limitations can be overcome 
using optical bioimaging methods based on the reso-
nance energy transfer mechanism: bioluminescence 
resonance energy transfer (BRET) or fluorescence 
resonance energy transfer (FRET), which are increas-
ingly employed in preclinical studies [11]. Although 
BRET and FRET systems rely on the same mecha-
nism: (Förster resonance energy transfer from donor 
to acceptor) [12], BRET systems are preferred because 
the absence of autofluorescence and photobleaching 
associated with fluorophore excitation ensures in-
creased detection sensitivity at the whole-body level.

The conventional BRET systems consist of lucif-
erase, which acts as a resonance energy donor in the 
presence of its bioluminescent substrate, and an ac-
ceptor represented by a fluorescent protein, dye, or 
quantum dots. For optical bioimaging in animals to 
be efficient, a BRET system needs to possess such 
properties as high energy transfer from a donor to 
an acceptor and excellent spectral resolution; fur-
thermore, it needs to contain an acceptor emitting in 
the red spectral region. The red and near-infrared 
spectral regions are predilected in imaging deep tis-
sues and the whole body, as there is no light absorp-

tion by hemoglobin, melanin, and water in this spec-
tral region.

Approximately two dozen high-sensitivity BRET 
systems have been developed [11]. They employ lucif-
erase from coral Renilla reniformis (RLuc), the North 
American firefly Photinus pyralis (Fluc), and geneti-
cally engineered NanoLuc luciferase from the deep-
sea shrimp Oplophorus gracilirostris as energy do-
nors, as well as proteins of different colors, including 
those whose emission maximum lies in the red spec-
tral region [13–19] as acceptors.

In all the aforementioned studies focusing on the 
development of BRET sensors based on fluorescent 
proteins, tumor models comprising genetically en-
gineered cells that stably express the BRET sensor 
gene were used to monitor tumor cells in an animal 
body. In this study, we propose a different approach 
which involves detection of deep-seated tumors in an 
animal body using a BRET sensor exogenously intro-
duced into the body and exhibiting tropicity for tu-
mors with a given molecular profile. 

We chose the tumor-associated antigen HER2 (hu-
man epidermal growth factor receptor type 2) as 
a target. It is known that 15–20% of human breast 
and ovarian tumors are characterized by an upreg-
ulated HER2 expression [20, 21]. In modern medi-
cal practice, the HER2 tumor marker is a therapeutic 
target for monoclonal antibodies (Pertuzumab and 
Trastuzumab) and kinase inhibitors (Lapatinib) in pa-
tients with HER2-positive breast tumors [22].

In this study, we designed a platform for detecting 
HER2-positive tumors based on tumor-specific lipo-
somes loaded with a genetically encoded BRET sensor 
(Fig. 1). The BRET sensor is NanoLuc-LSSmKate1, a 
hybrid protein based on the highly catalytic NanoLuc 
luciferase and the large Stokes shift red fluorescent 
protein LSSmKate1 (λex/λem = 463/624 nm) [23]. In the 
presence of a substrate, furimazine, NanoLuc lucif-
erase acts as a source of endogenous biolumines-
cence, thus becoming an energy source for exciting 
the LSSmKate1 red fluorescent protein. The tropicity 
of liposomes for the HER2 antigen on the tumor cell 
surface is determined by the HER2-specific protein 
DARPin_9-29 [24]. The in vivo functionality of the 
developed system was demonstrated experimentally 
using the model of deep-seated disseminated tumors.

EXPERIMENTAL

Cloning the NanoLuc-LSSmKate1 gene and 
production of the NanoLuc-LSSmKate1, 
NanoLuc, and DARPin_9-29 proteins
The nucleotide sequence encoding LSSmKate1 was 
obtained by introducing K69Y/P131T/S148G/M167E/
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T183S/M196V mutations into the mKate2 coding se-
quence (plasmid pmKate2-N, Evrogen, Russia). The 
sequences encoding NanoLuc luciferase and the 
LSSmKate1 red fluorescent protein were then merged 
in one reading frame and cloned into the pET22b vec-
tor. A linker encoding the GGGGS polypeptide insert-
ed between the coding sequences of the NanoLuc and 
LSSmKate1 genes. The peptide linker ensured that 
the two functional domains (NanoLuc luciferase and 
the LSSmKate1 fluorescent module) in the hybrid 
protein were not sterically hindered, and that they 
were able to retain their functional properties while 
being brought closer together for efficient BRET.

The fidelity of the final construct was veri-
fied by sequencing. The coding sequence of the 
NanoLuc-LSSmKate1 gene corresponds to a protein 
with the following primary structure: MVFTLEDFV
GDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPI
QRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIF
KVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFG
RPYEGIAVFDGKKITVTGTLWNGNKIIDERLINPD
GSLLFRVTINGVTGWRLCERILAGGGGSMVSELIK
ENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQ
TMRIKVVEGGPLPFAFDILATSFMYGSYTFINHTQ
GIPDFFKQSFPEGFTWERVTTYEDGGVLTATQDTS
LQDGCLIYNVKIRGVNFTSNGPVMQKKTLGWEA
GTEMLYPADGGLEGRSDEALKLVGGGHLICNLKS
TYRSKKPAKNLKVPGVYYVDRRLERIKEADKETY
VEQHEVAVARYCDLPSKLGHKLNAAALEHHHHHH.

The proteins (NanoLuc-LSSmKate1, NanoLuc, 
and DARPin_9-29) used in this study were pro-
duced by auto-induction [25]. E. coli BL21(DE3) colo-
nies transformed with pET22-NanoLuc-LSSmKate1, 
pET22-NanoLuc, or pET22-DARP were cultured in 
a ZYM-5052 medium for autoinduction in the pres-
ence of ampicillin (100 μg/mL) at 25°C and 200 rpm 
overnight. The autoinduction medium containing equi-
molar concentrations of sodium hydrogen phosphate 
and potassium dihydrogen phosphate prevents acidi-
fication of the culture medium by bacterial metabol-
ic products and ensures that neutral pH values are 
maintained even for high cell-density cultures (OD600 
~ 10). Balanced concentrations of glucose, lactose, and 
glycerol, as well as the high intensity of culture stir-
ring (200 rpm), make it possible to automatically in-
duce gene expression of the target protein (upon glu-
cose depletion in the medium) without controlling the 
culture density. Biomass was precipitated by 15-min 
centrifugation at 6,000 g, resuspended in 20 mM NaPi, 
pH 8.0, 150 mM NaCl, and lysozyme (30 μg/mL). 
Cells were disrupted by ultrasonication; debris was 
removed by high-speed centrifugation (25,000 g). 
Imidazole was added to the clarified lysate to a fi-
nal concentration of 30 mM. The lysate was filtered 

LSSmKate1

NanoLuc

DARPin_9-29

HER2-positive  
disseminated  

intraperitoneal  
tumors

Furimazine HER2-specific  
liposomes  

loaded  
with BRET sensor

Bioimaging without fluorophore 
excitation by external light

Fig. 1. Targeted nanoplatform based on the 
NanoLuc-LSSmKate1 BRET sensor and HER2-specific lipos-
omes for the non-invasive diagnosis of deep-seated tum-
ors. Conceptual scheme of the experiment: the genetically 
encoded NanoLuc-LSSmKate1 BRET sensor is incorporat-
ed into liposomes whose outer surface is modified with the 
DARPin_9-29 HER2-specific module. In the presence of a 
luciferase substrate in the animal body, the red fluorescent 
protein is activated without an external light source, allow-
ing intravital real-time detection of deep-seated tumors in 
the animal body

through a membrane (pore diameter, 0.2 μm) and ap-
plied onto a 1 mL HisTrap column (Cytiva). Proteins 
were isolated according to the manufacturer’s pro-
tocol. Protein concentrations were determined spec-
trophotometrically according to the Beer–Lambert 
law using the following extinction coefficients: 
NanoLuc-LSSmKate1, λ280 = 54570 M-1cm-1; NanoLuc, 
ε280 = 25400 M-1cm-1; and DARPin, ε280 = 4470 M-1cm-1. 
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Extinction coefficients were determined using the 
ProtParam tool software (https://web.expasy.org).

Quantification of BRET efficiency in 
the NanoLuc-LSSmKate1 system
The luminescence spectra of NanoLuc-LSSmKate1 
and NanoLuc in the presence of 5 μM furimazine 
were recorded to evaluate BRET efficiency in the 
NanoLuc-LSSmKate1 system. The measurements 
were performed 10s after the addition of the lu-
ciferase substrate to an IVIS Spectrum CT system 
(PerkinElmer, USA) in the excitation block mode; the 
emission spectrum was recorded in the wavelength 
range of 500–740 nm with an increment of 20 nm. 
BRET efficiency was calculated as the ratio between 
the energies emitted by the acceptor (NanoLuc-
LSSmKate1) and the donor (NanoLuc) [26, 27].

Production of HER2-specific liposomes 
loaded with NanoLuc-LSSmKate1
NanoLuc-LSSmKate1 was encapsulated into lipos-
omes according to the procedure described in ref. [28]. 
A phospholipid suspension (0.3 mL, final concentration 
of 4 g/L) prepared from L-α-phosphatidylcholine pel-
lets (Avanti Polar Lipids, Soy 40%) was mixed with 
0.2 mL of NanoLuc-LSSmKate1 (final concentration, 
150 μM in 20 mM NaPi, pH 6.0). Encapsulation was 
based on electrostatic interaction between the posi-
tively charged polyhistidine tag on the protein (pKa of 
histidine’s imidazole ~ 6) and the negatively charged 
inner liposome membrane at neutral pH. The sus-
pension consisting of phospholipids and NanoLuc-
LSSmKate1 was subjected to five cycles of rapid 
freezing (–150°C) and thawing (+30°C), followed by 
extrusion through a filter with 100-nm pores. The 
free protein and lipids were separated from the lipos-
omes by gel permeation chromatography on a column 
packed with the Sepharose CL-2B sorbent.

The outer surface of the liposomes was functional-
ized with HER-2-specific DARPin_9-29 at the amino 
groups of phosphotidylethanolamine. For this purpose, 
the liposomes, loaded with NanoLuc-LSSmKate1, 
were incubated in the presence of a tenfold molar 
excess of sulfo-EMCS (N-ε-maleimidocaproyloxysul
fosuccinimide ester). Simultaneously, DARPin_9-29 
(100 μM in 20 mM NaPi, pH 7.5) was incubated with 
2-iminothiolane (6 mM, Traut’s reagent that allows for 
insertion of the SH group at primary amines of the 
protein). Both reactions were conducted at room tem-
perature for 40 min; the products were then separated 
from non-bound modifying agents on a NAP5 column 
(Cytiva). Conjugation of sulfo-EMCS-proteoliposomes 
to DARPin-SH was performed during 40 min at room 
temperature; DARPin-Lip(NanoLuc-LSSmKate1) 

was separated from non-bound DARPin_9-29 by gel 
permeation chromatography on a Sepharose CL-2B 
packed column.

Cell lines
A SKOV3.ip1 ovarian serous cystadenocarcinoma cell 
line derived from the intraperitoneal ascitic fluid of 
an immunodeficient mouse, which was intraperito-
neally injected with SKOV3 human ovarian adeno-
carcinoma cells [29], as well as a SKOV3.ip1-NanoLuc 
cell line stably expressing the NanoLuc luciferase 
gene (collection of cell lines of the Laboratory of 
Molecular Immunology, Institute of Bioorganic 
Chemistry RAS), was used in this study. SKOV3.ip1 
and SKOV3.ip1-NanoLuc are characterized by over-
expression of the HER2 receptor (106 receptors/cell). 
Cells were cultured under standard conditions (37°C 
in a humidified atmosphere containing 5% CO2) in 
RPMI 1640 (PanEco, Russia) supplemented with 
2 mM L-glutamine (PanEco), 10% fetal bovine se-
rum (Gibco), and an antibiotic (10 U/mL penicillin, 
10 μg/mL streptomycin, PanEco).

Flow cytometry
The functional activity of the DARPin_9-29 tar-
geted module within the liposomes was stud-
ied by assess ing the interact ion between 
DARP-Lip(NanoLuc-LSSmKate1) and HER2-positive 
SKOV3.ip1 cells using flow cytometry. Cells (100,000 
cells in 200 μL of the complete growth medium) 
were incubated at 37°C for 10 min in the presence 
of 300 nM DARP- Lip(NanoLuc-LSSmKate1) (con-
centration specified for NanoLuc-LSSmKate1). The 
cells were washed thrice with phosphate-buffered sa-
line and analyzed on a NovoCyte 3000 flow cytometer. 
LSSmKate1 fluorescence was excited using a 488 nm 
laser and detected at 615 ± 20 nm (PerCP-H channel).

Confocal microscopy
Bind ing  o f  the  targe ted  modu le  wi th in 
DARP-Lip(NanoLuc-LSSmKate1) to the HER2 re-
ceptor on the SKOV3.ip1 cell surface was stud-
ied by confocal microscopy. For this purpose, 4,000 
SKOV3.ip1 cells were inoculated into the wells 
of a 96-well glass-bottom microplate (Eppendorf) 
and cultured overnight. The next day, 300 nM of 
DARP-Lip(NanoLuc-LSSmKate1) was added to 
the cells (concentration specified for NanoLuc-
LSSmKate1). The cells with the conjugate were in-
cubated for 20 and 90 min. Nuclei were stained with 
10 nM of the Hoechst 33342 dye for 10 min at 37°C. 
The cells were washed thrice with phosphate-buff-
ered saline; after addition of the FluoroBright medi-
um (Gibco), the cells were analyzed on an LSM 980 
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confocal microscope (Carl Zeiss) using a 63× Plan-
Apochromat oil immersion lens. The fluorescence of 
the Hoechst 33342 dye was excited using a 405 nm 
laser and detected at 410–520 nm; LSSmKate1 was 
excited using a 488 nm laser, and fluorescence was 
detected in the wavelength range of 600–755 nm.

Bioluminescence imaging in the animals
In vivo studies were carried out using Balb/c nude/
nude mice. Experiments involving laboratory ani-
mals were performed in compliance with the prin-
ciples of humane animal treatment as speci-
fied in the European Union Directives (86/609/
ECC) and the Declaration of Helsinki, in accord-
ance with the Guidelines for Proper Conduct of 
Animal Experiments (Protocol of the Committee 
Controlling Animal Housing and Use of the Institute 
of Bioorganic Chemistry, RAS, No. 368/2022 dat-
ed December 19, 2022). The model of disseminated 
intraperitoneal metastases was obtained by intra-
peritoneal inoculation of 2 × 106 SKOV3.ip1-Nano-
Luc cells in 100 μL of a serum- and antibiotic-free 
culture medium. Growth of intraperitoneal tumors 
was assessed according to the luminescence sig-
nal. For this purpose, 7 μg of furimazine (Nano-Glo, 
Promega) in 100 μL of PBS was injected into the 
retro-orbital sinus of mice 10 days after inoculation, 
and bioimaging was performed on an IVIS Spectrum 
CT system (Perkin Elmier) in the luminescence 
mode. Fluorescence bioimaging of intraperitoneal tu-
mors was conducted in the epifluorescence mode in 
the wavelength range of 600–740 nm (with an in-
crement of 20 nm) without any excitation light (the 
excitation block mode); the agents injected to mice 
into different retro-orbital sinuses were as follows: 
60 min before anesthesia, 2 μM DARP-Lip(NanoLuc-
LSSmKate1) (concentration specified for NanoLuc-
LSSmKate1); 30 s before anesthesia, and 7 μg of 
furimazine. Imaging was  carried out immediately 
after the animals had fallen asleep.

RESULTS AND DISCUSSION
Among all the luciferases currently  used in BRET 
sensors, NanoLuc is an ideal energy donor, as it 
stands out for its extraordinary luminance (lumines-
cence intensity) and small size [30]. The LSSmKate1 
red protein with a large Stokes shift having an emis-
sion maximum at 624 nm was chosen as the energy 
acceptor [23]. This protein meets two important con-
ditions: (1) the excitation spectrum of LSSmKate1 (ex-
citation maximum, 463 nm) coincides with that of the 
oxidized form of the luciferase substrate (emission 
maximum, 460 nm) (Fig. 2A); (2) the emission spec-
trum of LSSmKate1 lies in the transparency window 

of biotissue (600–1000 nm), where the absorption co-
efficient of tissue is minimal [31].

BRET efficiency is known to depend on distance: 
for nonradiative energy transfer to be efficient, the 
distance between a donor and an acceptor should be 
≤ 10 nm [32]. That is why it seemed reasonable to 
obtain the NanoLuc-LSSmKate1 hybrid protein car-
rying functional modules (luciferase and fluorescent 
protein) arranged as close as possible. The scheme of 
BRET sensor operation is shown in Fig. 2B: NanoLuc 
luciferase oxidizes the furimazine substrate, which 
emits photons in the visible spectral region when con-
verted to its oxidized form, furimamide. This energy 
is partially absorbed by the acceptor, the LSSmKate1 
fluorescent protein, which then becomes excited and 
fluoresces.

The NanoLuc-LSSmKate1 construct and the re-
spective protein were prepared according to the 
procedure described in the Experimental section. 
The absorption spectrum of the purified NanoLuc-
LSSmKate1 protein is characterized by strong absorp-
tion in the visible spectral region, as indicated by the 
presence of a peak at 460 nm and the bright yellow 
color of the purified protein (Fig. 2C). 

The efficiency of resonance energy transfer in the 
NanoLuc–LSSmKate1 system, calculated as the ratio 
between the emission of the donor–acceptor system 
(NanoLuc–LSSmKate1) at the emission maximum 
wavelength of the acceptor (624 nm) and the emission 
of this system at the emission maximum wavelength 
of the donor (NanoLuc, 460 nm) minus the same ratio 
detected for the donor only [8, 33], was equal to 0.3 
(Fig. 2D).

To selectively deliver the BRET sensor to HER2-
positive tumors, we used liposomes whose outer sur-
face was modified with the HER2-specific module 
DARPin_9-29 (Designed Ankyrin Repeat Proteins), 
which interacts with subdomain I of the HER2 recep-
tor with high affinity (KD = 3.8 nM) [24]. DARPin pro-
teins belong to a new class of targeted non-immuno-
globulin-based molecules. These molecules differ from 
antibodies by their high expression level, monomeric-
ity in solutions, small size, resistance to proteases, and 
high solubility [34, 35]. These features allow DARPins 
to compete with antibodies as alternative targeted 
components within multifunctional compounds de-
signed for cancer therapy.

The method of loading liposomes with the BRET 
sensor is based on the electrostatic interaction be-
tween the positively charged polyhistidine tag (pKa of 
histidine’s imidazole ~ 6) and the negatively charged 
inner liposome membrane at neutral pH [28]. The 
concentration of liposomes loaded with NanoLuc–
LSSmKate1 was quantified spectrophotometrically 
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by comparing the absorption spectrum of empty li-
posomes and that of proteoliposomes. As shown in 
Fig. 3A, the spectrum of proteoliposomes (blue curve) 
coincides with that of the empty liposomes with a 
concentration of 4.25 mg/mL (green curve) obtained 
by passing the phospholipid suspension through a fil-
ter with a 100 nm pore diameter 15 times. Previously, 
we found using the hydrophilic membrane-permeable 
dye, copper phthalocyanine-3,4’,4’,4’,4’-tetrasulfon-

ic acid tetrasodium salt (CPTS), that the concentra-
tion of lipid vesicles in 1 mg/mL suspension corre-
sponds to 1.2 nM [28]: hence, the molar concentration 
of 4.25 mg/mL of the liposome suspension is 5.1 nM. 
Subtraction of the spectrum of empty liposomes 
(green curve in Fig. 3A) from that of the liposomes 
loaded with NanoLuc–LSSmKate1 (blue curve in 
Fig. 3A) yields the spectrum of NanoLuc–LSSmKate1 
encapsulated into the liposome (lilac curve in Fig. 3A). 
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Fig. 2. Characteristics of the NanoLuc-LSSmKate1 BRET sensor. (A) – Normalized luminescence spectra of NanoLuc lu-
ciferase in the presence of 30 µM furimazine (blue curve) and LSSmKate1 fluorescence (dark red curve). (B) – Schematic 
representation of the NanoLuc-LSSmKate1 BRET sensor and the concept at work: NanoLuc luciferase highly specifical-
ly oxidizes its substrate furimazine, whose oxidized form, furimamide, emits light in the blue spectral region. Some of 
this energy is nonradiatively transferred to LSSmKate1 located in the same polypeptide chain as NanoLuc luciferase. 
LSSmKate1 begins to fluoresce. (C) – Absorption spectrum of the purified NanoLuc-LSSmKate1 protein and a protein 
sample in vitro. (D) – Fluorescence spectra of NanoLuc-LSSmKate1 (lilac curve) and NanoLuc (blue curve) recorded in 
the presence of a luciferase substrate on an IVIS Spectrum CT system without excitation by external light (the excitation 
block mode). A formula for calculating the efficiency of the resonance energy transfer in the NanoLuc-LSSmKate1 system 
is provided
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The concentration of the protein encapsulated into 
liposomes is ~ 5.42 μM (OD280/ε280 = 0.296/54570). 
Therefore, a single proteoliposome contains ~ 1063 
BRET sensor molecules.

Functionalization of proteoliposomes with the 
DARPin targeted module was conducted using 
Trout’s reagent (2-iminothiolane) and the hydro-
philic amino/sulfhydryl crosslinking agent sulfo-

EMCS, according to the procedure described in the 
Experimental section.

The ability of liposomes loaded with the BRET 
sensor and functionalized with the DARPin target-
ed module to interact with the HER2 receptor in vi-
tro was studied by flow cytometry and confocal mi-
croscopy (Fig. 3B,C). The flow cytometry data prove 
the specific interaction between DARPin-modified li-
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The purple curve corresponds to the NanoLuc-LSSmKate1 protein loaded into liposomes. (B) – Flow cytometry data 
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The blue curve corresponds to the auto-fluorescence of the cells (control), and the green curve corresponds to cells 
treated with DARP-Lip(NanoLuc-LSSmKate1). Mean fluorescence intensities (MFI) are shown in the pictogram.  
The signal was detected in the red fluorescence channel (PerCP-H, λ

em
 = 615 ± 20 nm) under laser excitation at 488 nm. 

(C) – Merged confocal images in the blue (λ
ex

 = 405 nm, detection 410–520 nm) and red (λ
ex

 = 488 nm, detection 
600–755 nm) fluorescence channels of SKOV3ip cells after 20-min (left photo) and 90-min (right image) incubation 
with DARP-Lip(NanoLuc-LSSmKate1). Nuclei are stained with Hoechst33342
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posomes and the HER2 receptor on the SKOV3.ip1 
cell surface. As shown in Fig. 3B, the mean fluores-
cence intensity (MFI) of HER2-positive SKOV3.ip1 
cells treated with DARP-Lip(NanoLuc-LSSmKate1) 
is 102,279 (green curve in Fig. 3B), which is approxi-
mately 25-fold higher than the autofluorescence of 
these cells (blue curve in Fig. 3B). 

Confocal microscopy revealed that during a 20-min 
incubation of SKOV3.ip1 cells in the presence of 
300 nM of the DARP-Lip(NanoLuc-LSSmKate1) sus-
pension, targeted proteoliposomes efficiently bind to 
the cell membrane (the red “crown” along the cell 
membrane in the left image in Fig. 3C). Further 

incubation for 1.5 h results in internalization of 
DARP-Lip(NanoLuc-LSSmKate1) as indicated by the 
red pixels in the cytoplasm (Fig. 3C, right image). 

Hence, as one can see from the data reported above 
(Fig. 3), the developed system is characterized by a 
high degree of BRET sensor loading into liposomes 
and high specificity to the HER2 target.

The applicability of BRET sensor-loaded DARPin-
modified liposomes in the real-time non-invasive in 
vivo detection of HER2-positive deep-seated tumors 
was assessed in the mouse model of disseminated 
intraperitoneal metastases, based on human ovari-
an carcinoma SKOV3.ip1 cells stably expressing the 
NanoLuc reporter gene. SKOV3.ip1 cells possess a 
high metastatic potential, mimicking the late stage of 
ovarian cancer with extensive spread of tumor cells 
to the peritoneal wall and surface of organs when 
injected intraperitoneally [29]. Intraperitoneal tumor 
growth was monitored by detecting the luminescent 
signal 10 days after the inoculation of tumor cells ex-
pressing NanoLuc to the animals (Fig. 4, top imag-
es). The biodistribution of the DARP-Lip(NanoLuc-
LSSmKate1) liposomes systemically administered into  
the animal body was monitored by detecting the fluo-
rescent signal, which was recorded in the mode when 
there was no excitation by an external light (Fig. 4, 
bottom images). Figure 4 demonstrates that the inten-
sity and topography of the fluorescent signal detected 
after administration of furimazine to mice completely 
coincide with those of the fluorescent signal detected 
in the mode without fluorophore excitation (excitation 
block) after administration of DARP-Lip(NanoLuc-
LSSmKate1) and furimazine to mice. Therefore, the 
developed HER2-specific liposomes carrying a BRET 
sensor can be used in intravital optical bioimaging to 
detect deep-seated tumors possessing a specific mo-
lecular profile.

CONCLUSIONS
The number of clinically ineffective anticancer drugs 
is much larger than the number of drugs that have 
proved to be effective in preclinical studies [2, 36]. 
This fact indicates that novel models and technolo-
gies for the preclinical monitoring of the tumor re-
sponse to treatment need to be developed [36, 37]. 
The in vivo subcutaneous tumor xenograft models 
widely used in modern experimental studies ena-
ble targeted drug screening and can provide data on 
drug effectiveness, pharmacokinetics, and pharma-
codynamics; however, they cannot be used to assess 
the metastatic potential of a tumor. Orthotopic mod-
els allow one to obtain a relevant disease model, but 
there arises a problem related to the assessment of 
how much the tumor burdens the body: what if the 
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tumor dimensions cannot be measured using a cali-
per? It is clear that the value of any preclinical mod-
el for assessing the efficacy of antitumor compounds 
is ultimately determined by its ability to predict the 
clinical response in humans as accurately as possible. 
The need for intravital imaging of the events occur-
ring in the animal body during preclinical studies of 
antitumor drugs has driven the rapid development 
of optical bioimaging, while advances in tumor mo-
lecular profiling methods have laid the groundwork 
for developing the targeted molecular imaging of 
tumors.

In this study, we have developed a system that 
allows real-time non-invasive detection of HER2-
positive disseminated intraperitoneal tumors us-
ing targeted liposomes loaded with a NanoLuc-
LSSmKate1 BRET sensor. The system is characterized 
by a high degree of BRET   sensor loading into the li-
posome (Fig. 3) and a proteoliposome specificity to the 
HER2 receptor both in vitro and in vivo (Figs. 3 and 

4); it allows one to perform whole-body non-invasive 
imaging of tumor processes (Fig. 4).

We believe that the developed targeted system for 
real-time optical bioimaging based on the NanoLuc-
LSSmKate1 BRET sensor can become an efficient 
platform for optimizing preclinical studies of novel 
targeted drugs. In addition, the elaborated principle 
of creating a targeted BRET sensor can become a 
universal platform for non-invasive bioimaging of 
deep-seated tumors of any molecular profile by sim-
ply changing the vector molecule on the liposome 
surface. 
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ABSTRACT The vaccinia virus (VACV) has been used for prophylactic immunization against smallpox for 
many decades. However, the VACV-based vaccine had been highly reactogenic. Therefore, after the eradi-
cation of smallpox, the World Health Organization in 1980 recommended that vaccination against this in-
fection be discontinued. As a result, there has been a rise in the occurrence of orthopoxvirus infections in 
humans in recent years, with the most severe being the 2022 monkeypox epidemic that reached all conti-
nents. Thus, it is crucial to address the pressing matter of developing safe and highly immunogenic vaccines 
for new generations to combat orthopoxvirus infections. In a previous study, we created a LAD strain by 
modifying the LIVP (L) VACV strain, which is used as a first-generation smallpox vaccine in Russia. This 
modification involved introducing mutations in the A34R gene to enhance extracellular virion production 
and deleting the A35R gene to counteract the antibody response to the viral infection. In this study, a strain 
LADA was created with an additional deletion in the DNA of the LAD strain ati gene. This ati gene directs 
the production of a major non-virion immunogen. The findings indicate that the LADA VACV variant ex-
hibits lower levels of reactogenicity in BALB/c mice during intranasal infection, as compared to the original 
L strain. Following intradermal immunization with a 105 PFU dose, both the LAD and LADA strains were 
found to induce a significantly enhanced cellular immune response in mice when compared to the L strain. 
At the same time, the highest level of virus-specific IFN-γ producing cells for the LAD variant was detected 
on the 7th day post-immunization (dpi), whereas for LADA, it was observed on 14 dpi. The LAD and LADA 
strains induced significantly elevated levels of VACV-specific IgG compared to the original L strain, par-
ticularly between 28 and 56 dpi. The vaccinated mice were intranasally infected with the cowpox virus at a 
dose of 460 LD50 to assess the protective immunity at 62 dpi. The LADA virus conferred complete protection 
to mice, with the LAD strain providing 70% protection and the parent strain L offering protection to only 
60% of the animals.
KEYWORDS vaccinia virus; orthopoxviruses; targeted gene deletion; vaccination; intradermal injection; immu-
nogenicity, protectivity.
ABBREVIATIONS CPXV – cowpox virus; VACV – vaccinia virus; PFU – plaque forming units; dpi – day 
post-immunization; i.d. – intradermal; i.n. – intranasal.

most effective method of preventing viral diseases. 
The earliest recorded form of protection against in-
fectious diseases involved smallpox vaccination [2].

VACV-based vaccines lack significant species speci-
ficity towards orthopoxviruses, by which they enable 
immunization against any type of orthopoxvirus, thus 
preventing infectious disease outbreaks in both hu-
mans and animals [3].

The first-generation smallpox vaccine consisted of 
VACV, which was propagated by replicating the virus 
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INTRODUCTION
The dangerous for humans smallpox virus (Variola 
virus, VARV) and its related zoonotic counterparts, 
the monkeypox (Monkeypox virus, MPXV), cowpox 
(Cowpox virus, CPXV), camelpox (Camelpox virus, 
CMLV), and vaccinia (Vaccinia virus, VACV) viruses, 
are all part of the Orthopoxvirus genus within the 
Poxviridae family [1].

Immunizing humans or animals with a low-virulent 
replicating variant or a weakly pathogenic virus is the 
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in the epidermis of calves or other animals. In today’s 
conditions VACV vaccine strains are manufactured 
using mammalian cell cultures, and they are known 
as second-generation smallpox vaccines [4, 5].

The World Health Organization strongly recom-
mended discontinuing vaccination after the declara-
tion of the eradication of smallpox around the world 
in 1980. The decision to discontinue was due to the 
severe adverse reactions, including fatalities, that 
were associated with the first-generation live vac-
cine [1]. 

The discontinuation of smallpox vaccination has 
resulted in a notable absence of immunity against 
zoonotic orthopoxvirus infections among a substan-
tial proportion of individuals, predominantly those 
under the age of 40–45. Given the rising number of 
human infections caused by orthopoxviruses, par-
ticularly the monkeypox virus, it is crucial to recon-
sider the potential re-emergence of smallpox or a 
similar illness through the natural evolution of these 
viruses [6, 7].

In order to minimize the risk of emergence of high-
ly pathogenic human orthopoxvirus resulting from 
natural evolution and prevent localized outbreaks 
from spreading into global epidemics, researchers 
should concentrate efforts on creating safe new gen-
erations of live vaccines based on VACV [3, 8]. 

The production of third-generation attenuated 
smallpox vaccines involves the serial passages of a 
specific VACV strain in a cell culture of a heterolo-
gous host. For instance, the well-documented third-
generation MVA smallpox vaccine is obtained by 
subjecting the Ankara VACV strain to a significant 
number of passages on chicken fibroblast cultures. 
The genome of the MVA strain underwent multi-
ple mutations and extensive deletions in relation to 
the DNA of the original VACV strain. MVA is distin-
guished by its failure to replicate in the majority of 
mammalian cells, including human cells [9].

A novel strategy for obtaining attenuated replicat-
ing fourth-generation smallpox vaccines involves the 
introduction of targeted mutations or deletions/inser-
tions into the genes that regulate the body’s antiviral 
defense mechanisms via genetic engineering tech-
niques. 

Extensive research on gene deletion of immuno-
modulatory factors in VACV has enabled the identi-
fication of specific genes that, upon inactivation, have 
led to virus attenuation. Various attempts have been 
made to generate attenuated and highly immunogenic 
VACV strains through the targeted inactivation of one 
or several viral genes. However, clinical application of 
these thus-obtained VACV variants has not followed 
[3, 4, 10].

We created a recombinant variant of VACΔ5 by 
modifying the LIVP (L) VACV strain, the first-gen-
eration smallpox vaccine used in Russia. This mod-
ification involved disrupting five virulence genes, 
namely hemagglutinin (A56R), gamma interferon-
binding protein (B8R), thymidine kinase (J2R), com-
plement-binding protein (C3L), and Bcl-2-like inhibi-
tor of apoptosis (N1L). It has been demonstrated that 
deactivating specific virulence genes does not im-
pact the ability of VACV to reproduce in mammalian 
cell cultures. Characterization of the obtained strain 
VACΔ5 revealed a notable decrease in reactogenicity 
and neurovirulence compared to the original L strain 
[11]. To increase the production of virus-specific an-
tibodies, the A35R gene additionally was inactivated 
in the VACΔ5 genome. The protein product of this 
gene impedes the presentation of antigens by ma-
jor histocompatibility complex class II, the activa-
tion of T-lymphocytes, and the subsequent genera-
tion of chemokines and cytokines. Upon introduction 
into mice, the created variant VACΔ6 triggered a 
notably heightened production of virus-neutraliz-
ing antibodies and afforded more quality protection 
than the original L strain [12]. Following preclini-
cal studies [13] and clinical trials, the OrthopoxVac 
vaccine (VACΔ6) was officially licensed in Russia in 
November 2022 [2], achieving a significant milestone 
as the world’s first fourth-generation vaccine target-
ing human orthopoxvirus infections.

Given that VACV encompasses an extensive range 
of genes responsible for viral progeny formation and 
immune response regulation to viral infection [10, 14], 
our research has persisted in developing novel attenu-
ated and highly immunogenic VACV variants through 
genetic engineering techniques.

The aim of this study was to generate a recom-
binant LADA variant derived from the L VACV 
strain. This variant contained specific mutations in 
the A34R gene to enhance the production of extra-
cellular virions. Additionally, the A35R gene, which 
inhibits the antibody response to viral infection, was 
deleted and the ati gene, directing the production 
of a major non-virion immunogen, was deleted too. 
Furthermore, we conducted an examination in a 
mouse model to evaluate the reactogenicity and ki-
netics of the immune response development specific 
to VACV vaccination.

EXPERIMENTAL SECTION

Viruses, cell culture
In this study, we utilized Clone 14 of the LIVP strain 
VACV (L) [11], the LIVP-A34R*-dA35R (LAD) strain 
derived from it [15], and the GRI-90 CPXV strain [16]. 
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The viruses were cultured and titrated on the CV-1 
African green monkey kidney cell line from the SRC 
VB Vector cell culture collection.

Generation of the recombinant 
LIVP-A34R*-dA35R-ati strain
For the targeted deletion of the ati VACV gene, a 
monolayer of CV-1 cells was infected with the LAD 
strain and subsequently transfected with the recom-
binant plasmid pΔati under the gpt-selection condi-
tions specified for VACV recombinants in the earlier 
study [17]. PCR analysis and subsequent sequencing 
of viral DNA allowed us to identify the target virus 
variant LIVP-A34R*-dA35R-ati (LADA). 

The animals
The BALB/c mice used in this research were ob-
tained from the breeding animal facility of the 
SRC VB Vector. All the experimental animals were 
housed under veterinary legislation, receiving a 
standard diet and access to adequate water. We ad-
hered to the ethical principles governing the use of 
animals in experimental studies. The animal ma-
nipulations were conducted with the consent of the 
Bioethics Committee of the SRC VB Vector (Protocol 
No. 02-06.2022).

Immunization of mice and subsequent 
sampling for assays
BALB/c mice, aged 6–7 weeks, were immunized 
with VACV strains (L, LAD, or LADA) (28 animals 
per group, virus dose 105 plaques forming units 
(PFU)/20 µL/mouse) via intradermal injection into the 
dorsal side of the tail, approximately 1 cm from the 
base [18]. In order to establish a negative control, mice 
received an injection of saline solution.

The humoral and cellular immune responses in 
mice were analyzed at 7, 14, and 21 days post-immu-
nization (dpi). Six mice from each group were select-
ed for inclusion in the analysis for every specified 
time point. Blood was extracted from the retroor-
bital venous sinus in mice using a 23G × 1.25 needle. 
The serum was obtained by subjecting individual 
animal blood samples to centrifugation at a relative 
centrifugal force of 1000 g for 10 minutes, thereby 
precipitating the blood cells. The resulting sera were 
subjected to incubation at a temperature of 56°C for 
30 minutes and subsequently stored at a tempera-
ture of –20°C.

Following blood collection at 7, 14, and 21 dpi, mice 
were euthanized by cervical dislocation. Individual 
spleens were aseptically extracted from each of the 
six mice in the respective study groups at the corre-
sponding time point.

Blood samples were collected from the retroorbital 
venous sinus of the same mice (ten mice from each 
group) at 28, 42, and 56 dpi. 

Splenocyte isolation
Splenocytes were isolated by wiping an individ-
ual spleen through 70 and 40 μm cell filters (BD 
Falcon™, USA) using a syringe piston. Once the 
erythrocytes were removed using an erythrocyte 
lysis buffer (Sigma, USA), the splenocytes were 
washed and then resuspended in an RPMI-1640 
nutrient medium. The medium was enriched with 
2 mM L-glutamine and gentamicin at a concentra-
tion of 50 μg/mL. The determination of cell viabili-
ty and concentration was conducted using a trypan 
blue dye (Bio-Rad, USA) on an automatic cell coun-
ter TC20 (Bio-Rad).

Quantification of IFN-γ-producing cells 
The T-cell immune response intensity in the immu-
nized mice was assessed by quantifying the number 
of IFN-γ-producing splenocytes through the IFN-γ 
ELISpot technique. The experiment was conducted 
utilizing the Murine IFNγ ELISPOT Kit (with pre-
coated plates) obtained from Abcam, USA, follow-
ing the guidelines provided by the manufacturer. The 
splenocytes were cultured in the Lymphogen medi-
um (“PanEco”, Russia) with a cell density of 105 cells 
per well. The cells were stimulated using a combi-
nation of VACV-specific immunodominant peptides, 
namely SPYAAGYDL, SPGAAGYDL, VGPSNSPTF, 
KYGRLFNEI, GFIRSLQTI, KYMWCYSQV, and 
SFIRSLQNI, each at a concentration of 20 μg/mL 
[19, 20]. The mitogenic activity was induced us-
ing Concanavalin A, with the Lymphogen medium 
as the negative control. The IFN-γ-producing cells 
were quantified using an ELISpot reader (Carl Zeiss, 
Germany). 

Enzyme immunoassay of mouse blood sera
The performance of the enzyme-linked immuno-
sorbent assay (ELISA) on individual mouse sera fol-
lowed the guidelines provided in [18]. The antigen 
employed in this study was derived from the purifi-
cation of the virions of strain L VACV using centrifu-
gation with a sucrose cushion. The mouse serum sam-
ples underwent titration through a series of twofold 
serial dilutions, ranging from 1 : 100 to 1 : 12800. The 
ELISA titration was repeated on the following day. 
The determination of IgG titers was accomplished us-
ing mouse anti-IgG peroxidase conjugates obtained 
from Sigma, USA. The IgG titers of each serum sam-
ple were determined for each repetition individually, 
and then a mean value was calculated. The geometric 
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mean values of the logarithms of the VACV-specific 
IgG reverse titer were computed for each experi-
mental group. Additionally, confidence intervals were 
determined at the 95% probability level to assess the 
likelihood of each sample matching the general pop-
ulation.

Assessment of the degree of protective 
immunity in immunized mice
On dpi 62, the groups that had received immuniza-
tion with the L, LAD, or LADA strains, as well as the 
control animals, were infected intranasally (i.n.) with 
CPXV GRI-90. The infection was administered at a 
dose of 460 LD50 (2.0 × 106 PFU/50 μL/mouse), with 
10 animals in each group. A 14-day monitoring period 
was observed to record the clinical manifestations of 
infection and mortality in the animals. 

To evaluate the presence of disease symptoms, we 
utilized a scoring scale that encompassed the follow-
ing values: 0 – no signs of disease; 1 – slight hair 
ruffling; 2 – severe hair ruffling; 3 – severe hair ruf-
fling, as well as slouching posture or conjunctivitis; 
4 – difficulty in breathing or lack of movement; and 
5 – death.

We conducted individual weighing sessions of the 
mice every two days. The arithmetic mean body 
weights for each group of mice at each time point 
were determined and then expressed as a percentage 
of the initial weight. 

The data were collected from groups of animals 
that received immunization with the VACV variants 
under investigation, as well as from the groups of 
mice that were not immunized and remained unin-
fected (Negative Control, N.C.), or were infected with 
CPXV GRI-90 (Positive Control, P.C.).

Assessment of the pathogenicity of VACV strains
In order to study the pathogenicity of the L and 
LADA VACV strains through i.n. infection, we uti-
lized 3-week-old BALB/c mice weighing 10–12 g. 
Each group contained 10 animals. Following inhala-
tion anesthesia with diethyl ether, the mice received 
an injection of virus-containing liquid (50 μL, dose 
107 PFU/mouse) or a saline solution (control group) 
into their nasal cavity. The animals were under ob-
servation for 14 days, during which their deaths were 
documented.

Statistical data analysis  
The statistical processing and comparison of the re-
sults were conducted using the standard methods 
provided by the Statistica 13.0 computer program 
package (StatSoft Inc. 1984–2001). A P value below 
0.05 was deemed to be statistically significant.

RESULTS 

Cellular immune response to vaccination 
of mice with VACV variants
The vaccination was performed on adult BALB/c 
mice, aged 6–7 weeks, through intradermal injection. 
The mice were given the L, LAD, or LADA VACV 
strains at a dose of 105 PFU per animal. Following 
the time points 7, 14, and 21 dpi, the mice (six ani-
mals per group after vestibular blood collection) were 
euthanized. Spleens were then extracted, and sple-
nocytes were isolated. The quantification of IFN-γ-
producing cells in each animal, following stimulation 
with a pool of VACV-specific peptides, was conducted 
using ELISpot. As outlined in Fig. 1, the results indi-
cate significant discrepancies in the cellular immune 
response development dynamics and levels among the 
three VACV variants investigated in the laboratory 
mice after intradermal immunization.

Humoral immune response to vaccination 
of mice with VACV variants
Blood samples were collected from BALB/c mice aged 
6–7 weeks, which had been intradermally immunized 
with the L, LAD, or LADA VACV strains at a dose 
of 105 PFU. The samples were taken from the ret-
roorbital venous sinus at 7, 14, 21, 28, 42, and 56 dpi, 
and sera were obtained at the same time points. The 
blood samples were collected from six animals in each 
group at three designated time points, specifically 7, 
14, and 21 dpi. The blood samples were collected from 
the same animals (10 mice per group) at 28, 42, and 
56 dpi. The ELISA method was used to determine the 
VACV-specific IgG titers in each serum sample.

The results depicted in Fig. 2 provide evidence that 
the recombinant strains LAD and LADA effectively 
stimulate the production of VACV-specific IgG, sur-
passing the levels achieved by the parental strain L, 
starting from 14 dpi. Notably, the LADA strain was 
found to produce the highest level of antibodies be-
tween 28–56 dpi.

Protective efficacy in immunized mice 
against a lethal orthopoxvirus infection
This study aimed to assess the impact of the L, LAD, 
and LADA strains on the development of protective 
immunity against a lethal infection of mice with het-
erologous orthopoxvirus. For this purpose, the co-
horts of immunized and control (non-immunized) an-
imals were exposed to CPXV GRI-90 at a dosage of 
460 LD50 on 62 dpi. All experimental groups exhibited 
signs of viral infection (Fig. 3), along with the corre-
sponding change to the body weight of the animals 
(Fig. 4). Vaccination with the LADA strain produced 
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Fig. 2. The titers of the VACV-specific IgG in the sera of 
mice immunized with the L, LAD, or LADA viruses.  
C – the blood serum of mice injected with saline. The data 
are presented as medians along with their respective 
ranges. Graphical and statistical analysis was performed 
using the GraphPad Prism 9.0 software.
*Statistically significant differences with P < 0.05 

Fig. 1. The results of the ELISpot analysis of the VACV-specific cellular response in BALB/c mice immunized with the 
L, LAD, or LADA viruses. M – the control mice (not immunized). (A) – the number of splenocytes expressing IFN-γ in 
response to stimulation with a pool of VACV-specific peptides, per million splenocytes. The data are presented as me-
dians along with their respective ranges. Graphical and statistical analysis was performed using the GraphPad Prism 9.0 
software. The P values are indicated above the brackets. (B) – the representative images of ELISpot wells
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the least pathogenic effect of CPXV on the mice 
(Fig. 3 and 4). The survival rate of all the animals in 
this particular group was 100%, whereas in the groups 
of mice vaccinated with the LAD or L strains, the 
survival rates were 70% and 60%, respectively (Fig. 5).

Pathogenic properties of the L and LADA 
strains in an intranasal infection of mice
The pathogenicity of the L and LADA strains was 
investigated in this study using 3-week-old BALB/c 
mice, with 10 animals in each group. The mice were 
intranasally infected with viruses at a dosage of 
107 PFU per animal. The animals were closely mon-
itored over a two-week period, and any instances of 
mortality were documented. The mortality rate was 
significantly higher in the group of mice infected with 
VACV strain L, with 50% of the animals dying, com-
pared to the group infected with strain LADA, where 
only 10% of the animals died (Fig. 6). 

DISCUSSION  
In the process of coevolution with vulnerable ani-
mals, orthopoxviruses have developed diverse molec-
ular mechanisms to suppress specific stages of innate 
and adaptive immune responses to infection [10]. The 
genes that govern the immune response are general-
ly nonessential and have no bearing on the ability of 
viruses to multiply in cell cultures. Consequently, the 
targeted inactivation or modification of these genes 
may prove to be a fruitful approach to acquiring at-

tenuated and highly immunogenic variations of VACV 
[10, 14, 21–25].

In our prior studies, we examined the progression 
of humoral and T-cell immune reactions in mice that 
were vaccinated with VACV variants containing a 
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Fig. 3. The dynamics of the clinical manifestations of the in-
fection in mice vaccinated with the L, LAD, or LADA virus-
es at a dose of 105 PFU after intranasal infection with CPXV 
GRI-90 at a dose of 460 LD

50
 on day 62 after immunization.  

The data are presented for groups comprising 10 animals 
that were immunized with the respective viruses, as well 
as groups that were neither immunized nor infected (N.C.) 
or infected with CPXV (P.C.)
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mutant A34R gene, resulting in heightened extracel-
lular virion production or a deleted A35R gene, lead-
ing to the inhibition of antigen presentation by major 
histocompatibility complex class II, inducing immune 
priming of T-lymphocytes and subsequent synthesis 
of chemokines and cytokines. The simultaneous modi-
fication of the A34R gene and deletion of the A35R 
gene produced a synergistic impact on the immuno-
genic properties of the LAD strain of VACV surpass-
ing those of the parental strain L [15].

Additionally, we investigated the influence of the 
ati gene-encoded non-virion major immunogen-
ic protein production on the manifestation of VACV 
pathogenicity and immunogenicity [17]. The target-
ed removal of the ati gene resulted in heightened 
production of VACV-specific IgG in the obtained vi-
rus variant LIVPΔati, following the immunization of 
mice. This increase in IgG production was significant-
ly greater than what was observed with vaccination 
using the parental L strain. Moreover, immunization 
with LIVPΔati provided enhanced protection against 
a subsequent orthopoxvirus infection. 

Within this investigation, a modified variant LADA 
was generated by introducing mutations into the 
A34R gene to enhance extracellular virion production, 
eliminating the A35R gene to suppress its inhibition 
of the antibody response to viral infection, and delet-
ing the ati gene responsible for the synthesis of ma-
jor non-virion immunogen that does not possess vi-
ral neutralizing properties. The investigation into the 
properties of the LADA strain using an intranasally 
infected mouse model demonstrated that the resulting 
VACV variant displays attenuation when compared to 
the original L strain (Fig. 6).

The LAD and LADA strains elicited a more pro-
nounced cellular immune response in mice when 
they were immunized intradermally with a dose of 
105 PFU, as compared to the L strain (Fig. 1). The 
highest number of cells producing virus-specific 

IFN-γ was observed at 7 dpi for the LAD variant, 
while for LADA it was detected at 14 dpi. The change 
in the number of IFN-γ-producing cells observed in 
LADA seems to be caused by the absence of synthesis 
of a major non-virion immunogen.

Starting at 14 dpi, production of VACV-specific IgG 
was observed for all strains (Fig. 2). Significantly in-
creased levels of specific antibodies were observed in 
response to the recombinant LAD and LADA vari-
ants as compared to the parental L strain, particularly 
within the 28–56 dpi period. It should be noted that 
the LADA strain demonstrated the highest levels of 
VACV-specific antibodies from 28–56 dpi.

The protective immunity conferred by vaccination 
with the VACV variants was evaluated by infecting 
the mice with a highly lethal dose of heterologous 
CPXV at 62 dpi (460 LD50). The LADA virus provided 
comprehensive protection (Fig. 5), resulting in mini-
mal clinical manifestations of infection on the 2nd to 
6th day (Fig. 3) and a significantly lesser temporary 
decrease in body weight compared to the other ex-
perimental groups of mice (Fig. 4). In the same con-
ditions, the parental strain L offered 60% protection 
whereas the LAD strain showed a higher protection 
rate of 70%.

Thus, the created LADA variant is attenuated and 
more immunogenic compared to the L strain, on the 
basis of which a first-generation smallpox vaccine had 
been obtained and approved for clinical use in Russia.

Based on these findings, the A35R and ati genes 
can be regarded as potential candidates for the in-
tegration of target genes into the DNA of the 
LIVP-A34R* strain, thereby generating safe and effi-
cacious live polyvalent VACV-derived vaccines. 

This work was conducted with a financial support 
of the Russian Science Foundation  

(Grant No. 19-14-00006-П).
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