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ABSTRACT One of the promising fields of modern molecular biology is the search for new proteins that regulate
the various stages of the immune response and the investigation of the molecular mechanisms of action of these
proteins. Such proteins include the multifunctional protein PGLYRP1 /Tag7, belonging to the PGRP-S protein
family, whose gene was discovered in mice at the Institute of Gene Biology, Russian Academy of Sciences,
in 1996. PGLYRP1/Tag7 is classified as a protein of innate immunity; however, it can also participate in the
regulation of acquired immunity mechanisms. In this paper, we consider the involvement of PGLYRP1 /Tag7
in the triggering of antimicrobial defense mechanisms and formation of subsets of cytotoxic lymphocytes that
kill tumor cells. The paper emphasizes that the multifaceted functional activity of Tag7 in the immune response
has to do with its ability to interact with various proteins to form stable protein complexes. Hsp70-associated
Tag7 can induce the death of tumor cells carrying the TNFR1 receptor. Tag7, associated with the Mts1 (S100A4)
protein, can stimulate the migration of innate and adaptive immune cytotoxic lymphocytes to a lesion site.
Involvement of Tag7 in the regulation of immunological processes suggests that it may be considered as a
promising agent in cancer therapy. These properties of Tag7 were used to develop autologous vaccines that have
passed the first and second phases of clinical trials in patients with end-stage melanoma and renal cancer. The
C-terminal peptide of Tag7, isolated by limited proteolysis, was shown to protect the cartilage and bone tissue
of the ankle joint in mice with induced autoimmune arthritis and may be a promising drug for suppressing the
development of inflammatory processes.

KEYWORDS PGLYRP1 /Tag1, cytotoxicity, antimicrobial effect, antitumor therapy, Mts1, Hsp70, HspBP1, TNFR1.
ABBREVIATIONS Tag7 — tumor antagonistic gene 7 protein product; PGRP — peptidoglycan recognition protein;
FCA — Freud’s complete adjuvant; Mtsl — metastasin 1; Hsp70 — major 70-kDa heat shock protein.

INTRODUCTION

Understanding the mechanisms of activation and ac-
tion of regulatory and effector lymphocytes is neces-
sary in order to identify the pathways of host defense
against cells with foreign or modified antigens. Under-
standing these processes is important in anti-inflam-
matory and anticancer therapy. In this regard, one of
the areas of focus in modern immunology is the inves-
tigation of the proteins involved in innate and adaptive
immunity, which allows for a deeper understanding of
the immune response principles and the causes of the
dysfunctions in various pathologies. The search for new
proteins that regulate the activity of the cells involved
in the immune response and the investigation of the
molecular mechanisms underlying the action of these
proteins seem promising. PGLYRP1/Tag7 is one such
protein.

The gene for this protein was discovered in mice by
subtracting cDNA libraries obtained from metastatic
and non-metastatic mouse tumor cell lines at the Insti-
tute of Gene Biology, Russian Academy of Sciences, in
the laboratory headed by one of the authors (Georgy
Pavlovich Georgiev), in 1996. The protein was given the
working name Tag7 [1]. Tag7 turned out to be playing
an important role in antitumor defense [2]: so, its name
signifies the tumor antagonistic gene protein product.

In 1998, Kang et al. [3] found a gene in the insect
hemolymph whose structure was highly homologous
to that of the tag7 gene. The product of this gene was
shown to bind to peptidoglycans of the bacterial cell
wall and was termed the peptidoglycan recognition
protein (PGRP) [3]. The structure of a mouse PGRP
homologue is identical to that of the previously de-
scribed tag7 gene [4, 5], which means that Tag7 and
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PGRP are the same protein. Later, when the gene
family was discovered, the term PGRP was changed to
PGRP-S (where S stands for “small”).

Further functional studies of Tag7/PGRP-S were
conducted in two directions. While European and U.S.
researchers have focused on the role of Tag7/PGRP-S
in innate antimicrobial immunity, we have mainly
studied the mechanisms of antitumor action of this
protein and related issues (Institute of Biochemistry,
Russian Academy of Sciences).

PGRP/Tag7 PROTEIN FAMILY

The Tag7/PGRP-S protein belongs to a small protein
family. Members of this family differ in their tran-
script lengths: extracellular PGRP-S (short form) [1,
3], long transmembrane PGRP-L [5—7], and interme-
diate PGRP-I [6]. Structural studies revealed a highly
conserved region of 160 amino acid residues at the
C-terminus of all the proteins of this family. This region
contains three adjacent PGRP domains connected by
segments with a conserved amino acid sequence [6].
Only PGRP-S has a signal peptide in front of the PGRP
domain, indicating that PGRP-S can be secreted by the
cell [5].

In humans, there are four PGRP family proteins
designated as PGLYRP1, PGLYRP2, PGLYRP3, and
PGLYRP4. The first one corresponds to Tag7/PGRP-S
[8]. It consists of 196 amino acids and has a signal pep-
tide and a PGRP domain. Its gene is expressed in the
bone marrow, thymus, fetal liver, polymorphonuclear
leukocytes, lymphoid cells of the duodenum, spleen,
and lymph nodes, alveolar epithelium, and pulmonary
endothelium [6, 9].

Analysis of the crystal structure of PGRP proteins
revealed a ligand-binding site recognizing a specific
peptidoglycan sequence. Also, there was a protein—pro-
tein recognition site formed by a unique hydrophobic
groove and the conserved amino acid residues Leu65,
Argl8, Thr90, Glu93, Phe94, and Leul33 [10].

The PGLYRP1/Tag7 structure determines its func-
tional activity. The protein can participate in antimi-
crobial defense activation by binding to peptidoglycan.
The protein—protein interaction sites are responsible
for the association of PGLYRP1/Tag7 with other pro-
teins, which is followed by the formation of the stable
complexes involved in immune response triggering.
PGLYRP1/Tag7 is usually referred to as an innate
immunity protein, which is not entirely true (see be-
low). Its involvement in the regulation of the immune
defense has been extensively studied. There exist three
main areas of investigation of the PGLYRP1/Tag7
functional activity: (1) participation of PGLYRP1/
Tag7 in antimicrobial defense; (2) role of Tag7 in hu-
man lymphocyte activation; (3) use of Tag7 in antitu-
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mor therapy. This article discusses in detail these areas
characterizing PGLYRP1/Tag7 as an active immune
response regulator.

INVOLVEMENT OF PGRP FAMILY PROTEINS IN

INNATE ANTIMICROBIAL IMMUNITY IN INSECTS

Insect PGRP proteins can induce an antimicrobial im-
mune response through either the Toll receptor or the
Imd pathway [11-13].

After peptidoglycan recognition, insect PGRP pro-
teins interact with Grass serine protease that initiates
a proteolytic cascade, leading to cleavage of the Spatzle
protein. One of the resulting fragments, Spatzle, forms
a homodimer, causing dimerization and activation of
the Toll receptor that further induces an antimicro-
bial response [14]. The PGRP-L protein interacts with
Imd upon activation of the Toll-independent immune
response pathway. Imd, in turn, induces a second sign-
aling pathway, also resulting in the secretion of antimi-
crobial peptides [11, 15—17].

INVOLVEMENT OF PGRP FAMILY PROTEINS IN

INNATE ANTIMICROBIAL IMMUNITY IN MAMMALS

All four PGRP family members in humans and other
mammals are soluble secreted proteins possessing both
recognition and effector functions [18, 19]. PGLYRPI,
PGLYRP3, and PGLYRP4 can directly lyse both
gram-positive and gram-negative bacteria [20—23].
PGLYRP3 is a peptidoglycan amidase [24, 25].

Each of these proteins contains one or two PGRP
domains with a binding site specific for a muramyl
peptide fragment of bacterial peptidoglycan[18, 19]. In
addition, PGRPs can interact with lipoteichoic acid and
lipopolysaccharide [22, 26]. Thus, PGRPs interact with
the entire outer membrane of gram-negative bacteria
[27].

PGRP uses three cytotoxic mechanisms to lyse bac-
teria. Firstly, PGRP induces oxidative stress because
of increased formation of hydrogen peroxide (H,O,)
and hydroxyl radicals (HO") [27, 28]. Secondly, PGRP
triggers thiol stress, leading to the depletion of more
than 90% of intracellular thiols. The third antibacteri-
al effect is metal stress that results in increased con-
centrations of intracellular Zn®>" and Cu* ions [27, 28].
Each stress response alone has only a bacteriostatic
effect, while combined induction of all three stress
responses simultaneously exerts a bactericidal effect
[27].

The antimicrobial effect of PGRP is enhanced
through cooperation with innate immune cells. For in-
stance, during the phagocytosis of bacteria, phagocytic
cells pump not only oxygen radicals, but also Cu* and
Zn*" ions into phagolysosomes to enhance the antimi-
crobial effect [29, 30]. In response, bacteria increase the
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expression of Cu* and Zn?" ion exporters [27]. PGRP
proteins prevent these changes by promoting bacterial
lysis [28]. PGRPs were also shown to act synergistically
with antimicrobial peptides [31]. Also, PGRP-S was
shown to interact with the innate immune receptor
TREM-1 that triggers a pro-inflammatory immune re-
sponse. This interaction will be discussed below. Syner-
gistic interaction with other host defense mechanisms
further enhances the antimicrobial efficacy of PGRP
and prevents the development of resistance, thus
making PGRP an important component of the innate
antimicrobial immunity.

THE Hsp70—PGLYRP1/Tag7 COMPLEX

KILLS VARIOUS TUMOR CELL TYPES

The first studies showed that a conditioned medium of
VMR-0 tumor cells transfected with a Tag7-encoding
construct has a cytotoxic effect on VMR-0 cells. An-
tibodies to Tag7 neutralize this effect, indicating that
Tag?7 is cytotoxic [2].

However, another group of researchers demonstrat-
ed that PGRP-S expressed in Escherichia coli cells has
no cytotoxic activity [4].

Later, Tag7 produced in a yeast system was also
found to lack any toxic effect. However, it can form a
stable equimolar complex with the major heat shock
protein Hsp70, which is highly cytotoxic [32]. The
Tag7—Hsp70 complex at a concentration of 101 M can
induce cell death in a wide range of tumor cell lines.

Two Hsp70 domains are required to form a stable
complex. Tag7 can bind to the peptide-binding domain
of Hsp70 and even to the 14-mer peptide of this do-
main, which is located on the tumor cell surface and
plays an essential role in NK cell activation [33]. How-
ever, complexes of Tag7 with these Hsp70 fragments
show low cytotoxic activity, and the presence of the
Hsp70 ATP-binding domain leads to the formation of a
highly active cytotoxic complex [32].

COS-1 cells transfected with tag7 were shown to
release the Tag7—Hsp70 complex, which kills tumor
cells, into a conditioned medium. The complex is se-
creted via the Golgi apparatus [32]. Apparently, VMR-0
cells transfected with tag7 also secrete the Tag7—Hsp70
complex, which explains the Tag7-dependent cytotoxic
activity of a conditioned medium of these cells.

An intratumoral injection of the Tag7—Hsp70 com-
plex was shown to inhibit tumor growth. For instance,
administration of the Tag7—Hsp70 complex to mice
subcutaneously inoculated with aggressive M3 mel-
anoma cells suppressed tumor growth and increased
animals’ life span more than two-fold [34].

LAK cells obtained by 6-day cultivation with cy-
tokine IL-2 released the Tag7—Hsp70 cytotoxic com-
plex into a conditioned medium after incubation with

target tumor cells. A Golgi apparatus inhibitor sup-
pressed the secretion of this complex by lymphocytes
[32].

INTERACTION OF THE Tag7—Hsp70 CYTOTOXIC
COMPLEX WITH THE TNFR1 RECEPTOR INDUCES
INTRACELLULAR CELL DEATH SIGNALS

A detailed study of the cytotoxic effect of this complex
showed that different cells in heterogeneous tumor
cell cultures died at different time intervals, and that
different cell death mechanisms were induced in the
cells. The cells incubated with the Tag7—Hsp70 com-
plex underwent apoptotic death 3 h after incubation,
while RIP1 kinase-mediated necroptosis was activated
in them only 20 h later [35].

Both cytolytic processes are induced upon interac-
tion of Tag7—Hsp70 with the same cellular receptor,
TNFRI1, which is specific to cytokine TNF-o.

TNFRI1 is a member of the death receptor family;
it can induce alternative cytotoxic pathways of pro-
grammed cell death: caspase-dependent apoptosis and
RIP1-kinase-dependent necroptosis [36, 37]. Necrop-
tosis pathways are induced in tumor cells with sup-
pressed caspase activity through any of the pathways
[38].

Tag7—Hsp70 binds to TNFR1 on the plasma mem-
brane of tumor cells and interacts with its extracellular
domain (STNFR1) both in solution and on an affinity
column. Antibodies to TNFR1 suppress this process in
all cases. The Tag7—Hsp70 complex may be considered
as a new ligand for the TNFR1 receptor, which induces
various apoptotic and necroptotic pathways in tumor
cells [35].

In apoptotic cell death, the cytotoxic effect of the
Tag7—Hsp70 complex has to do with sequential ac-
tivation of caspase-8 and caspase-3. No intracellular
apoptosis mechanisms involving mitochondria and
caspase-9 are activated [35].

Necroptosis begins with necrosome formation, me-
diated by RIP1 and RIP3 kinases. The cytotoxic signal
is further transmitted to cellular organelles: lysosomes
and mitochondria. Accumulation of reactive oxygen
species on mitochondrial membranes plays a key role
in necroptotic cell death. There exists a relationship
between lysosome activation and mitochondria. Inhibi-
tion of the catalytic activity of lysosomal cathepsins re-
leased into the intracellular space hinders both changes
in the mitochondrial membrane potential and the accu-
mulation of reactive oxygen species [39] (Fig. 1).

Tag7 and Hsp70 play different roles in the activation
of cytotoxic pathways. Activation of a cytotoxic signal
is known to be a two-stage process. At the first stage,
a cytotoxic ligand binds to the receptor’s extracellular
domain. At the second stage, the TNFR1 intracellular
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domain changes its structure to form the death domain
that activates intracellular cytotoxic processes [40].

A necessary condition for death domain formation
is the trimerization of the TNFR1 receptor [40]. In the
absence of Hsp70, Tag7 is able to bind to TNFR1 as a
monomer, but unable to induce receptor trimerization
on the cell surface and, hence, trigger cell death. Tag7
inhibits the cytotoxic effect of both TNF-a and the
Tag7—Hsp70 complex by competing with cytotoxic
ligands for the TNFR1-binding site. Hsp70 cannot bind
to TNFRI1, but its interaction with Tag?7 is necessary to
induce cytotoxicity [35].

A 12-mer peptide at the Tag7 C-terminus was isolat-
ed by limited trypsinolysis. This peptide can bind to the
TNFR1 receptor both in solution and on the cell surface
[41]. The peptide was designated as “17.1” when first
obtained by synthesis. Like the full-length Tag7, the
17.1 peptide did not induce cell death but inhibited the
cytotoxic activity of both TNF-a and Tag7—Hsp70 [41].
Interestingly, the same peptide can interact with the
heat shock protein Hsp70 and form the 17.1-Hsp70
cytotoxic complex that induces cell death [41].

The 17.1 peptide inhibited the functional activity
of TNF-a not only in a cell model, but also in a mouse
model. The anti-inflammatory effect of the 17.1 pep-
tide was studied in a model of autoimmune arthritis
induced by Freund’s complete adjuvant (FCA) stimu-
lating tissue TNF-a secretion. This peptide was found
to protect the cartilage and bone tissue of the ankle
joint in mice [41]. We suggest that the 17.1 peptide may
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be a promising agent for preventing inflammatory pro-
cesses.

METASTATIC PROTEIN Mts1/S100A4

DESTROYS THE Tag7—Hsp70 COMPLEX

Many metastatic cancer cell lines are insensitive to the
effect of Tag7—Hsp70. One of the key metastasis-stim-
ulating proteins, metastasin 1 (Mtsl1/S100A4), belongs
to the S100 family of Ca*"-binding proteins [42, 43].
Mtsl can form stable complexes with both Tag7 and
Hsp70. Interestingly, Mtsl binds to the same region in
the Tag7 protein as Hsp70. When Mtsl interacts with
the Tag7—Hsp70 complex, the latter dissociates, with
further formation of Mtsl—Tag7 and Mtsl1—Hsp70
complexes that lack cytotoxicity [44]. Thus, Mtsl secre-
tion by tumor cells protects them from the toxic effect
of Tag7—Hsp70 [45].

Indeed, cells with a high Mts1 level are not targeted
by the Tag7—Hsp70 cytotoxic complex. This complex
usually induces a cytotoxic signal in tumor cells with
a low metastatic potential [45]. Obviously, this is due
to the secretion of high levels of the Mts1 protein by
active metastatic cells, which leads to dissociation of
the cytotoxic complex. Therefore, Mtsl secretion ap-
pears to be one of the ways for tumor cells to escape the
action of cytotoxic agents.

THE Tag7—Mts1 COMPLEX IS A CHEMOKINE
Investigation of Tag7 chemotactic activity has yielded
contradictory data: some researchers have argued that
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Tag?7 is unable to induce chemotaxis of lymphocytes
[4], while others have found that neutrophil-secreted
Tag?7 is able to induce cell movement [2]. As in the case
of Tag7 cytotoxicity, both research groups are partially
right.

Tag7 lacks chemotactic activity, but the Tag7—Mtsl
complex causes directed migration of NK cells and
CD4+ and CD8+ T lymphocytes along the complex
concentration gradient [46]. Interestingly, the Tag7—
Mtsl complex has a number of features atypical of
classical chemokines. Tag7—Mtsl is a two-component
complex with a high molecular weight, and none of its
constituent proteins possesses the Greek key structure
typical of most chemokines. Nevertheless, this complex
induces a chemotactic signal through the chemotac-
tic receptor CCR5 specific for ligands with a classical
chemokine structure [47].

Apparently, protein components of the Tag7—Mtsl
complex play different roles in inducing chemotaxis.
Mtsl can bind to the CCR5 extracellular domain and
inhibit the interaction between this receptor and lig-
ands. However, this binding is insufficient to induce
cell migration. Tag7 cannot interact with the CCR5
receptor; however, it participates in the transduction
of a chemotactic signal by binding to Mts1 [47].

The Tag7—Mtsl complex can be secreted by both
innate and adaptive immune cells [46]. Interestingly,
secretion of the Tag7—Mtsl complex and, hence, in-
duction of directed lymphocyte migration occur with-
out preliminary activation of immunocompetent cells.
Hence, effector lymphocytes start migrating along
the gradient of the Tag7—Mtsl complex concentration
before the immune response onset, which provides a
rapid immune reaction to pathogen invasion.

Thus, Mtsl, on the one hand, destroys the Tag7—
Hsp70 cytotoxic complex and, on the other hand, forms
the Tag7—Mtsl complex recruiting different types of T
lymphocytes to the tumor to attack tumor cells.

Tag7 AND Mts1 PARTICIPATE IN THE ACTIVITY OF

A NEW TYPE OF CD4+ LYMPHOCYTES DIRECTED
AGAINST TUMOR CELLS LACKING HLA ANTIGENS

Tag7 and Mtsl also interact with each other in another
process: the killing of tumor cells lacking the HLA com-
plex by CD4+ lymphocytes.

CD4+ T lymphocytes are mostly immune regulatory
cells involved in the activation of effector T cells by
secreting a wide range of cytokines [48]. In addition,
they can kill various cells, including tumor cells car-
rying major histocompatibility complex (MHC) class II
proteins on their surface. Cell death is induced through
the classical pathway by interaction between the TCR
receptor and antigens in complex with MHC II, along-
side with secretion of perforin and granzymes [48].

HLA(-) cell
H

Fig. 2. The Tag7—Mts1 complex is involved in the recog-
nition of HLA-negative tumor cells by CD4+ cytotoxic
lymphocytes

A new subset of cytotoxic CD4+ T lymphocytes has
recently been identified. These lymphocytes kill tumor
cells lacking MHC I and MHC II proteins but carrying
the major heat shock protein Hsp70 on their surface
[49].

IL-2 is shown to induce the generation of cytotoxic
CD4+ and CD8+ T lymphocytes in LAK cells; these
lymphocytes kill HLA" tumor cells upon interaction of
FasL on the lymphocyte surface with the Fas receptor
of target cells [50]. Tag7 is present on the plasma mem-
brane of both subsets but has different functions.

Not only Tag7 and FasL but also Mtsl are present on
the plasma membrane of cytotoxic CD4+ T lympho-
cytes. Mtsl is involved in the formation of an intercel-
lular ternary complex between lymphocytic Tag7 and
Mtsl proteins and Hsp70 on the target cell membrane.
Along with Tag7, lymphocytic Mtsl is also required for
the cytotoxic activity of these lymphocytes [44, 45].

Thus, a sufficiently stable intercellular complex
Tag7—Mts1—-Hsp70 is formed, which allows the cyto-
toxic lymphocyte to anchor on the target cell surface.
As a result, lymphocytic FasL interacts with the Fas
receptor of the target cell and induces cell death. Both
Tag7 and Mtsl are essential for cytotoxic activity [44]
(F1ig. 2).

Neither TCR nor granzymes are involved in the
cytolysis of these cells; a cytotoxic signal is induced
through the interaction between lymphocytic FasL and
the Fas receptor of the target cell [49].

The CD127 antigen was detected on the surface of
these CD4+ T lymphocytes, which is atypical of regu-
latory T cells (Treg) [50].

It is noteworthy that the described subset of T lym-
phocytes exposing the CD3, CD4, CD25, and CD127
antigens and Tag7, Mtsl, and FasL proteins on their
surface are present in the blood of healthy donors and
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Fig. 3. Schematic representation of the recognition and
killing of HLA-negative tumor cells by a CD8+ cytotoxic
lymphocyte. Contact with the target tumor cell leads to
the secretion of the Tag—Hsp70 cytotoxic complex

accounts for about 1% of all T lymphocytes. Probably,
the subset plays an essential role in fighting tumor cells
that have lost their HLA complex during tumor pro-
gression.

CD8+ T LYMPHOCYTES SECRETE THE

Tag7—Hsp70 CYTOTOXIC COMPLEX

IL-2-activated CD8+ T cells can kill tumor cells that
have lost surface antigens in a complex with MHC
IT and thus escaped the classical immune response.
CD8+ T lymphocytes interact with these tumor cells
via binding of the lymphocyte receptor NKG2D to the
non-canonical MHC molecule MicA on the tumor cell.
IL-2-activated CD8+ T lymphocytes form an intercel-
lular NKG2D—MicA complex [51]. Although Tag?7 is
present on the membrane of these lymphocytes, and
both MicA and Hsp70 are expressed on the membrane
of the investigated tumor cells, no Tag7—Hsp70 com-
plex forms between CD8+ T lymphocytes and target
cells. This is probably due to the absence of Mtsl on the
lymphocyte membrane (see above).

The interaction of NKG2D with MicA underlies
two of the activities of cytotoxic lymphocytes. First-
ly, it is the induction of a cytotoxic signal, followed by
the death of tumor target cells due to binding of the
lymphocyte FasL to the Fas receptor of the tumor cell.
Secondly, it is the secretion of a soluble Tag7—Hsp70
cytotoxic complex to the cell-cell contact area [52].
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Binding of the Fas receptor to FasL on the lymphocyte
surface is supposed to induce an accumulation of the
Tag7—Hsp70 complex in the intracellular membranes
of lymphocytes. Additional binding of MicA on the
target cell to NKG2D on the lymphocyte surface is
required for secretion of this complex, presumably
for the formation of an intercellular contact area [52]
(Fig. 3).

HspBP1 CO-CHAPERONE IS INVOLVED IN THE
REGULATION OF Tag7—Hsp70 CYTOTOXICITY

HspBP1 co-chaperone is an inhibitor of the ATPase
activity of Hsp70; it can also bind to Tag7 and inhib-
it the cytotoxic activity of the Tag7—Hsp70 complex
[53]. Various mechanisms can cause this. For instance,
HspBP1 can bind to Tag7 and Hsp70, thus forming a
ternary complex, followed by irreversible aggregation
and formation of large conglomerates lacking cyto-
toxic activity. In addition, HspBP1 can competitively
displace Hsp70 from the Tag7—Hsp70 complex. The
resulting Tag7—HspBP1 complex has no cytotoxic ef-
fect on tumor cells. This complex is quite stable; it has
been found in conditioned media of some tumor cells
and human serum [54]. In the presence of high Hsp70
concentrations, Tag7—HspBP1 dissociates, with further
formation of the Tag7—Hsp70 cytotoxic complex [53].

Interestingly, cytotoxic CD8+ T lymphocytes secrete
Tag7—Hsp70 simultaneously with its inhibitor HspBP1,
the cytotoxic activity of this complex persists for no
more than 30 h. Addition of HspBP1 antibodies pre-
vents inactivation of the secreted Tag7—Hsp70 complex
during storage [53].

Thus, the inhibitor is present in lymphocytes con-
taining the Tag7—Hsp70 complex and is secreted via
the same mechanisms. Induction of its secretion also
requires the formation of a contact area between the
lymphocyte and the target cell [53].

PGLYRP1/Tag7 BINDS TO THE TREM-

1 RECEPTOR AND INDUCES MECHANISMS

OF INNATE AND ACQUIRED IMMUNITY

It has been recently established that Tag7 is a ligand
for the innate immunity receptor TREM-1 that belongs
to the immunoglobulin superfamily and is expressed
on monocytes and neutrophils [55]. TREM-1 is believed
to be involved in the activation of monocytes and the
pro-inflammatory immune response [56]. The interac-
tion between Tag7 and TREM-1 leads to the activation
of the genes encoding pro-inflammatory cytokines
(TNF-a, IL-6, and IL-1p) and the secretion of their
products [55, 57]. This is most likely one of the ways of
Tag7 involvement in antimicrobial defense in mam-
mals, which is associated with the secretion of these
cytokines.
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However, lymphocyte activation, followed by cy-
tokine secretion, observed during the interaction be-
tween Tag7 and TREM-1 is not limited to the stimu-
lation of antimicrobial defense mechanisms solely. An
activation signal induced by the innate immunity pro-
tein Tag?7 is transmitted to adaptive immune regulato-
ry and effector lymphocytes and further promotes the
formation of subsets of cytotoxic lymphocytes, killing
tumor and virus-infected cells that have escaped im-
mune surveillance [57]. Asin the case of IL-2-activated
lymphocytes, Tag7-activated CD4+ and CD8+ T cells
were shown to recognize stress proteins (Hsp70 and the
non-canonical molecules HLA and MicA) on the target
cell surface and kill these cells through the FasL—Fas
interaction via either apoptosis or necroptosis.

A low-molecular-weight immunity activator, Ti-
lorone, was shown to induce production of the same
cytotoxic lymphocytes, which indicates a common
mechanism for the formation of these cytotoxic pop-
ulations [58].

Tag7 AND CANCER THERAPY

The data herein suggest that Tag7 is a promising anti-
cancer agent. In fact, studies in this area have already
been started. The very first studies on Tag7 functions
assessed its effect on the growth of grafted VMR-0 tu-
mors in mice [59, 60]. Like the vast majority of tumors,
these cells do not synthesize Tag7. The cells were trans-
fected, with genetic constructs providing a moderate
expression of tag7 since its more active production
results in cell death.

Control VMR-0 tumors grew rapidly and caused the
death of mice after about a month. Tumors expressing
Tag7 grew much more slowly and disappeared after
several months. Next, the mice were administered a
mixture of control and transfected cells. Growth of
these tumors was intermediate between the growth
of control and transfected cells. However, the tumors
disappeared again after several months. Interestingly,
Tag7-producing tumors were heavily infiltrated with
NK cells, in contrast to the control tumors.

Given the obtained results, the first-phase clinical
trials of autologous vaccines based on tag7 were carried
out at the N.N. Blokhin Russian Cancer Research Cen-
tre (Moscow) and N.N. Petrov Research Institute of On-
cology (St. Petersburg) [61, 62]. The trials were carried
out in patients with either stage IV melanoma or stage
IV renal cancer for whom all mandatory therapies had
failed. Cell cultures were obtained from surgical sam-
ples. The cells were transfected with a construct carry-
ing the human tag7 gene expressing the Tag7 protein.
Following inactivation of the cells by X-ray irradiation,
they were subcutaneously injected to the same patient
from whom the tumor was obtained. The vaccine was

shown to be completely safe; some positive effect was
noted in 20—25% of cases, which was observed in the
form of either tumor growth stabilization or its partial
regression up to a complete reduction of large metas-
tases.

Phase 2 clinical trials of these vaccines were carried
out in 80 patients with the same tumor types at the
N.N. Petrov Research Institute of Oncology [63]. The
number of vaccine injections was increased (up to 26
injections). Some of the patients did not respond to
therapy. Contact with the remaining patients was lost
at different time points for reasons unrelated to the
disease. Only those patients who were followed up for
up to five years were taken into account. A total of 12
out of these 74 patients survived for more than five
years: Contact with them was lost after 5—15 years.
Moreover, the patients had no signs of tumor progres-
sion at the time of the last follow-up. The Table shows
that the fate of some patients can be followed up for

Tag7 therapeutic effect
Last
Tumor | follow-up T . Baseline
. umor progression
staging | (years after age
therapy)
MELANOMA (63)
3 15.4 No cases 33
3 15.2 Same 39
4 14.9 «=» 40
3 12.1 «=» 67
4 8.9 «=» 56
4 8.8 «=» 65
3 8.6 «=» 59
4 7.1 «—» 62
3 6.9 «=» 41
3 5.3 «=» 35
RENAL CANCER (11)
There were no cases. The
4 9.9 patient died 10 years later 58
due to another cause

4 5.2 No cases 65
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up to 15 years. Unfortunately, these results were not
formally approved, because the trials were carried out
according to the previous regulations, when preclinical
studies were performed by a research and develop-
ment laboratory, and vaccines were prepared not at
a certified institution but either in a laboratory or in a
clinic.

Complete cure of 16% of fatal patients is of certain
interest, especially because there are suggestions as
to why other cases failed. On the one hand, one of the
most important factors in the described therapeutic
approach seems to be the recruitment of different T
lymphocyte types to the tumor. On the other hand,
a number of mechanisms are known through which
tumor cells become unrecognizable to protective T
lymphocytes [64]. One of the important mechanisms
is synthesis of DP-L1, a DP1 receptor ligand, by tu-
mor cells [64]. Antibodies to DP-L1 or DP1 were shown
to cause a strong therapeutic effect in patients with
melanoma and other tumors, due to disrupted DP-L1-
DP1 interaction [64]. There exist several commercial
drugs of this type. A strong synergistic effect may be
expected from a combined use of the two technologies,
because each of them complements the other.

In addition, autologous vaccines should be substitut-
ed for allogeneic ones, which are much more techno-
logically convenient. This switch requires a number of
genetic, technological manipulations. There exist some
studies in this area.

Thus, of 74 patients followed for > 5 years (from the
time of the last follow-up), 12 (16.2%) patients remained
alive and had no signs of tumor progression at the last
follow-up after > 5 years, while nine and three patients
remained alive after seven and 15 years, respectively.
The follow-up was terminated for reasons unrelated to
the disease.

CONCLUSIONS

In conclusion, we would like to emphasize that
PGLYRP1/Tag?7 is one of the key regulatory proteins
involved in immune responses. PGLYRP1/Tag?7 is clas-
sified as an innate immunity protein, but it can par-
ticipate in the regulation of the immune mechanisms
of both innate and acquired immunity. Tag7 induces
antimicrobial defense mechanisms and the formation
of subsets of cytotoxic lymphocytes killing cells that
have escaped the antitumor immune response. The
Tag7—Hsp70 complex causes the death of tumor cells
carrying the TNFRI1 receptor.

Investigation of the Tag7 crystal structure revealed
the presence of a protein-protein interaction site in it.
Apparently, Tag7 can interact with various proteins
and this interaction determines its multiple function-
al activities. To date, the ability of proteins to change
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their function after interacting with other proteins and
forming stable complexes is well known and referred to
as moonlighting [65].

The above data indicate that Tag7 can bind to five
proteins: TREM-1, TNFR1, Hsp70, HspBP1, and Mts.
Two of these proteins are receptors exposed on the
plasma membrane of immune and tumor cells and in-
volved in the induction of the immune response. The
interaction of Tag7 with these proteins triggers the
innate and adaptive responses involved in the host de-
fense against pathogens (Fig. 4).

The antimicrobial effect of Tag7 in insects is asso-
ciated with activation of the serine protease cascade,
which converts Spatzle, a Toll receptor ligand, into an
active form, followed by the release of antimicrobial
peptides. The antimicrobial activity of PGRP in mam-
mals is associated with three cytotoxic mechanisms:
induction of oxidative, thiol, and metal stress. However,
PGRP also functions in cooperation with other immune
defense mechanisms and antimicrobial peptides.

The interaction between Tag7 and the human innate
immune receptor TREM-1 at an early stage of mono-
cyte activation results in the secretion of pro-inflam-
matory cytokines, inducing one of the antimicrobial de-
fense pathways. Further transmission of the activation
signal to regulatory cells activates subsets of cytotoxic
lymphocytes, eliminating tumor and virus-containing
cells that have lost their surface HLA antigens.

These lymphocytes can kill tumor cells through both
the contact mechanism of lysis through the FasL—Fas
interaction and the secretory mechanism through the
release of the Tag7—Hsp70 cytotoxic complex into the
contact area.

Secretion of the HspBP1 co-chaperone regulates the
cytotoxic effect of the Tag7—Hsp70 complex. HspBP1
is secreted by lymphocytes simultaneously with the
cytotoxic complex and can inhibit its activity through
either disordered aggregation of the ternary Tag7—
Hsp70—HspBP1 complex or dissociation of the Tag7—
Hsp70 complex.

By binding to the extracellular domain of the recep-
tor, Tag7 alone inhibits transduction of the cytotoxic
signal to tumor cells. It is not only unable to cause cell
death, but also inhibits the cytotoxic effect of other
TNFRI1 ligands, mainly TNF-a activity. Both Hsp70
and the formation of the cytotoxic complex on the cell
surface are required for cytolysis induction by Tag7. In
this regard, identification of a Tag7 peptide fragment
modulating its functions is of particular interest. Ex-
panding the spectrum of these functional peptides may
be relevant in the development of drugs that inhibit
acute inflammatory processes.

Involvement of Tag7 in the immune response is not
limited to the activation of cytotoxic lymphocytes and
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Fig. 4. Functions of the PGLYRP1 /Tag7 protein

the cytotoxic effect, together with Hsp70, on tumor
cells. Tag7 can also interact with the Mtsl (S100A4)
protein present in a wide range of metastatic tumors.
Soluble Mtsl competes with Hsp70 for binding to Tag?,
displacing the latter from the cytotoxic Tag7—Hsp70
complex to form an inactive Tag7—Mtsl complex. How-
ever, the Tag7—Mtsl complex has chemotactic activity
and induces directed migration of innate and adaptive
immune effector lymphocytes along the complex con-
centration gradient.

The Tag7—Mtsl complex is secreted by immune sys-
tem cells, mainly neutrophils and monocytes, without
pre-activation, which can yield rapid development of
immune responses upon pathogen infection.

Pro-inflammatory immune response
secretion of TNF, IL-133, and IL-6

Experiments on mice using a number of tumor cell
lines showed that an injection of tumor cells trans-
fected with a construct producing Tag7 inhibits the
growth of a grafted tumor of the same cell line. Autol-
ogous vaccines have been created based on these data;
they have passed the first and second phases of clinical
trials in fatal patients with melanoma or kidney can-
cer. Complete cure was observed in 12 out of 74 cases.
There exist a number of opportunities to significantly
improve the treatment effectiveness.

The above facts indicate that Tag7 is a multifunc-
tional protein that is involved in the regulation of var-
ious stages of the immune response and is a promising
agent for practical use in oncology. @

REFERENCES

1. Kustikova O.S., Kiselev S.L., Borodulina O.R., Senin V.M.,
Afanas’eva AV, Kabishev A.A. // Genetika. 1996. V. 32.

No 5. P. 621-628.

2. Kiselev S.L., Kustikova O.S., Korobko E.V,, Prokhortchouk
E.B., Kabishev A.A., Lukanidin E.M., Georgiev G.P. // J.
Biol. Chem. 1998. V. 273. Ne 29. P. 18633—18639.

3.Kang D, Liu G., Lundstrom A., Gelius E., Steiner H. //
Proc. Natl. Acad. Sci. USA. 1998. V. 95. Ne 17. P. 10078—10082.

4. Liu C., Gelius E., Liu G., Steiner H., Dziarski R. // J. Biol.
Chem. 2000. V. 275. Ne 32. P. 24490—24499.

5. Werner T., Liu G., Kang D., Ekengren S., Steiner H., Hult-

mark D. // Proc. Natl. Acad. Sci. USA. 2000. V. 97. Ne 25.
P. 13772-13777.

6. Liu C., Xu Z., Gupta D., Dziarski R. // J. Biol. Chem. 2001.
V. 276. Ne 37. P. 34686—34694.

7. Kibardin AV, Mirkina LI, Baranova EV., Zakeyeva LR,
Georgiev G.P, Kiselev S.L.. // J. Mol. Biol. 2003. V. 326. No 2.
P. 467-474.

8.Lu X., Wang M., Qi J., Wang H., Li X., Gupta D., Dziarski R.
// J. Biol. Chem. 2006. V. 281. Ne 9. P. 5895—5907.

9. Mirkina LI, Kiselev S.L., Sashchenko L.P,, Sadchikova
E.R., Gnuchev NV. // Dokl. Akad. Nauk. 1999. V. 367. No 4.
P. 548—552.

VOL.13 Ne 1 (48) 2021 | ACTA NATURAE |99



REVIEWS

10. Kim M.S,, Byun M., Oh B.H. // Nat. Immunol. 2003. V. 4.
Noe 8. P. 787—-1793.

11. Hultmark D. // Curr. Opin. Immunol. 2003. V. 15. Ne 1.

P. 12-19.

12. Soderhill K., Cerenius L. // Curr. Opin. Immunol. 1998.
V.10. Ne 1. P. 23—28.

13. Gottar M., Gobert V., Michel T., Belvin M., Duyk G., Hoff-
mann J.A., Ferrandon D., Royet J. // Nature. 2002. V. 416.
Ne 6881. P. 640—644.

14. Wang L, Weber A.N., Atilano M.L., Filipe S.R., Gay N.J.,
Ligoxygakis P. // EMBO J. 2006. V. 25. Ne 20. P. 5005—5014.

15. Khush R.S., Leulier F., Lemaitre B. // Trends Immunol.
2001. V. 22. Ne 5. P. 260—264.

16. Hoffmann J.A., Kafatos F.C., Janeway C.A., Ezekowitz
R.A. // Science. 1999. V. 284. Ne 5418. P. 1313—-1318.

17. Takehana A., Katsuyama T., Yano T., Oshima Y., Takada
H. Aigaki T, Kurata S. // Proc. Natl. Acad. Sci. USA. 2002.
V. 99. Ne 21. P. 13705—13710.

18. Dziarski R., Park SY., Kashyap D.R., Dowd S.E., Gupta D.
// PLoS One. 2016. V. 11. Ne 1. e0146162.

19. Royet J., Dziarski R. // Nat. Rev. Microbiol. 2007. V. 5. Ne 4.
P. 264-277.

20. Lu X., Wang M., Qi J., Wang H., Li X., Gupta D., Dziarski
R. // J. Biol. Chem. 2006. V. 281. Ne 9. P. 5895—5907.

21. Tydell C.C, Yount N., Tran D., Yuan J., Selsted ML.E. // J.
Biol. Chem. 2002. V. 277. Ne 22. P. 19658—19664.

22. Tydell C.C,, Yuan J,, Tran P, Selsted M.E. // J. Immunol.
2006. V. 176. Ne 2. P. 1154—1162.

23.Li X., Wang S., Qi J., Echtenkamp S.F., Chatterjee R,
Wang M., Boons G.J., Dziarski R., Gupta D. // Immunity.
2007. V. 27. Ne 3. P. 518—529.

24. Gelius E., Persson C., Karlsson J., Steiner H. // Biochem.
Biophys. Res. Commun. 2003. V. 306. Ne 4. P. 988—994.

25. Wang Z.M,, Li X., Cocklin R.R., Wang M., Wang M.,
Fukase K., Inamura S., Kusumoto S., Gupta D., Dziarski R.
// J. Biol. Chem. 2003. V. 278. Neo 49. P. 49044—49052.

26. Sharma P., Dube D., Sinha M., Mishra B., Dey S., Mal
G., Pathak K.M,, Kaur P, Sharma S., Singh T.P. // J. Biol.
Chem. 2011. V. 286. Ne 36. P. 31723—31730.

27. Kashyap D.R., Rompca A., Gaballa A., Helmann J.D,,
Chan J.,, Chang C.J.,, Hozo I, Gupta D., Dziarski R. // PLoS
Pathog. 2014. V. 10. Ne 7. e1004280.

28. Kashyap D.R., Kuzma M., Kowalczyk D.A., Gupta D.,
Dziarski R. // Mol. Microbiol. 2017. V. 105. Ne 5. P. 755—776.

29. Chandrangsu P, Rensing C., Helmann J.D. // Nat. Rev.
Microbiol. 2017. V. 15. Ne 6. P. 338—350.

30. German N., Doyscher D., Rensing C. // Future Microbiol.
2013. V. 8. Ne 10. P. 1257-1264.

31. Cho J.H,, Fraser I.P, Fukase K., Kusumoto S., Fujimoto
Y., Stahl G.L., Ezekowitz R.A. // Blood. 2005. V. 106. Ne 7.

P. 2551-2558.

32. Sashchenko L.P, Dukhanina E.A., Yashin D.V,, Shatalov
YV, Romanova E.A., Korobko EV., Demin AV, Lukyanova
T.I, Kabanova O.D., Khaidukov SV, et al. // J. Biol. Chem.
2004. V. 279. Ne 3. P. 2117—-2124.

33. Multhoff G., Pfister K., Gehrmann M., Hantschel M.,
Gross C., Haftner M., Hiddemann W. // Cell Stress Chaper-
ones. 2001. V. 6. Ne 4. P. 337—344.

34. Dukhanina E.A., Yashin DV, Lukjanova T.I., Romano-
va E.A.,, Kabanova O.D., Shatalov Y.V., Sashchenko L.P,,
Gnuchev N.V. // Dokl. Biol. Sci. 2007. V. 414. P. 246—248.

35. Yashin DV, Ivanova O.K., Soshnikova N.V., Sheludchenk-
ov A.A,, Romanova E.A., Dukhanina E.A., Tonevitsky A.G.,
Gnuchev NV, Gabibov A.G., Georgiev G.P., Sashchenko
L.P. // J. Biol. Chem. 2015. V. 290. Ne 35. P. 21724—21731.

100 | ACTA NATURAE| VOL.13 Ne1(48) 2021

36. Christofferson D.E., Yuan J. // Curr. Opin. Cell Biol. 2010.
V. 22. Ne 2. P. 263—268.

37.Holler N., Zaru R., Micheau O., Thome M., Attinger A.,
Valitutti S., Bodmer J.L., Schneider P., Seed B., Tschopp J.
// Nat. Immunol. 2000. V. 1. Ne 6. P. 489—495.

38. Nagata S. // Cell. 1997. V. 88. Ne 3. P. 355—365.

39. Yashin DV,, Romanova E.A., Ivanova O.K., Sashchenko
L.P. // Biochimie. 2016. V. 123. P. 32—36.

40. Wingfield P., Pain R.H., Craig S. // FEBS Lett. 1987. V. 211.
No 2. P. 179-184.

41. Romanova E.A., Sharapova T.N., Telegin G.B., Minakov
AN, Chernov A.S,, Ivanova O.K., Bychkov M.L., Sashchen-
ko L.P, Yashin DV. // Cells. 2020. V. 9. Ne 2. P. 488.

42. Ebralidze A., Tulchinsky E., Grigorian M., Afanasyeva
A., Senin V., Revazova E., Lukanidin E. // Genes Dev. 1989.
V. 3. Ne 7.P. 1086—1093.

43. Kriajevska M.V, Cardenas M.N.,, Grigorian M.S., Am-
bartsumian N.S., Georgiev G.P,, Lukanidin E.M. // J. Biol.
Chem. 1994. V. 269. No 31. P. 19679—19682.

44. Dukhanina E.A., Kabanova O.D., Lukyanova T.I, Shatal-
ov YV, Yashin DV,, Romanova E.A., Gnuchev N.V, Galkin
AV, Georgiev G.P, Sashchenko L.P. // Proc. Natl. Acad.
Sci. USA. 2009. V. 106. Ne 33. P. 13963—13967.

45. Dukhanina E.A., Yashin D.V,, Galkin AV,, Sashchenko
L.P. // Cell Cycle. 2010. V. 9. Ne 4. P. 676—682.

46. Dukhanina E.A., Lukyanova T.I,, Romanova E.A., Guer-
riero V., Gnuchev N.V,, Georgiev G.P,, Yashin DV., Sash-
chenko L.P. // Cell Cycle. 2015. V. 14. Ne 22. P. 3635—3643.

47. Sharapova T.N., Romanova E.A., Sashchenko L.P, Yashin
DV. // Acta Naturae. 2018. V. 10. Ne 4. P. 115—120.

48. Appay V., Zaunders J.J., Papagno L., Sutton J., Jaramillo
A., Waters A., Easterbrook P., Grey P., Smith D., McMichael
A.J., etal // J. Immunol. 2002. V. 168. Ne 11. P. 5954—5958.

49. Sashchenko L.P., Dukhanina E.A., Shatalov Y.V, Yash-
in DV, Lukyanova T.I., Kabanova O.D., Romanova E.A.,
Khaidukov SV, Galkin AV, Gnuchev NV, Georgiev G.P. //
Blood. 2007. V. 110. Ne 6. P. 1997—2004.

50. Sharapova T.N., Romanova E.A., Sashchenko L.P,, Yashin
DV. // J. Immunol. Res. 2018. V. 2018. P. 4501273.

51. Ivanova O.K., Sharapova T.N., Romanova E.A., Soshniko-
va NV, Sashchenko L.P,, Yashin DV. // J. Cell. Biochem.
2017. V. 118. Ne 10. P. 3359—3366.

52. Sashchenko L.P,, Romanova E.A., Ivanova O.K., Shara-
pova T.N., Yashin DV. // TUBMB Life. 2017. V. 69. Ne 1.

P. 30—-36.

53. Yashin DV,, Dukhanina E.A., Kabanova O.D., Romano-
va E.A. Lukyanova T.I, Tonevitskii A.G., Raynes D.A.,
Gnuchev N.V,, Guerriero V., Georgiev G.P,, Sashchenko L.P.
// J. Biol. Chem. 2011. V. 286. No 12. P. 10258—10264.

54. Yashin D.V,, Dukhanina E.A., Kabanova O.D., Romanova
E.A., Lukyanova T.I, Tonevitskii A.G., Belogurov A.A.,
Raynes D.A., Sheludchenkov A.A., Gnuchev NV, et al. //
Biochimie. 2012. V. 94. Ne 1. P. 203—206.

55. Read C.B., Kuijper J.L., Hjorth S.A., Heipel M.D., Tang X.,
Fleetwood A.J., Dantzler J.L.., Grell S.N., Kastrup J., Wang
C,etal. // J. Immunol. 2015. V. 194. No 4. P. 1417—-1421.

56. Gibot S., Kolopp-Sarda M.N., Béné M.C., Bollaert PE.,
Lozniewski A., Mory F., Levy B., Faure G.C. // J. Exp. Med.
2004. V. 200. Ne 11. P. 1419-1426.

57. Sharapova T.N., Ivanova O.K., Soshnikova N.V., Romano-
va E.A. Sashchenko L.P, Yashin DV. // J. Innate Immun.
2017. V. 9. Ne 6. P. 598—608.

58. Sharapova T.N., Romanova E.A., Sashchenko L.P, Yashin
DV. // TUBMB Life. 2019. V. 71. Ne 3. P. 376—-384.

59. Larin S.S., Korobko E.V,, Kustikova O.S., Borodulina O.R.,



REVIEWS

Raikhlin N.T., Brisgalov I.P., Georgiev G.P, Kiselev S.L.. //
J. Gene Med. 2004. V. 6. Ne 7. P. 798—808.

60. Kiselev S.L.,, Larin S.S., Gnuchev NV, Georgiev G.P. //
Genetika. 2000. V. 36. Ne 11. P. 1431-1435.

61. Moiseenko V.M., Danilov A.O., Baldueva I.A., Danilova
A.B,, Tiukavina NV, Larin S.S,, Kiselev S.L.,, Orlova RV,
Semenova A.L, Turkevich E.A., et al. // Vopr. Onkol. 2004.
V. 50. Ne 3. P. 293—303.

62. Moiseyenko V.M., Danilov A.O., Baldueva I.A., Danilova
A.B., Tyukavina NV, Larin S.S., Kiselev S.L.,, Orlova RV,
Anisimov V.V, Semenova A.L, et al. // Ann. Oncol. 2005.

V. 16. Ne 1. P. 162—168.

63. Novik AV, Danilova A.B., Sluzhev M.I.,, Nehaeva T.L.,
Larin S.S., Girdyuk DV, Protsenko S.A., Semenova A.IL,
Danilov A.O., Moiseyenko V.M., et al. // Oncologist. 2020.
doi: 10.1634/theoncologist.2020-0160. Online ahead of print.

64. Ingram J.R., Blomberg O.S., Rashidian M., Ali L., Gar-
forth S., Fedorov E., Fedorov A.A., Bonanno J.B., Gall C.L.,
Crowley S, et al. // Proc. Natl. Acad. Sci. USA. 2018. V. 115.
Noe 15. P. 3912—3917.

65. Jeffery C.J. // Protein Sci. 2019. V. 28. Ne 7. P. 1233—-1238.

VOL. 13 Ne1(48) 2021 | ACTA NATURAE |101



