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Alzheimer’s disease is currently among the most common < T
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velopment of amyloidosis in transgenic APPswe/PS1dE9/
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tive strategies for Alzheimer’s disease. APP /PS1 mice
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ABSTRACT This review examines the potential applications of affibody molecules in various fields of biotech-
nology and clinical medicine. Consideration is given to the high affinity and specificity of affibody molecules
for selected molecular targets, as well as their potential for the in vivo visualization of various malignant
tumors. Significant attention is paid to preclinical and clinical studies of affibody conjugates with various ra-
dioisotopes for targeted radionuclide tumor imaging, which is particularly relevant in addressing challenges
encountered during the diagnosis and treatment of these patients. Clinical trials demonstrate that radiophar-
maceuticals are well-tolerated and effective for the assessment of tumor process prevalence and the determi-
nation of HER2/neu status in breast cancer patients, supporting further research.

KEYWORDS Malignant tumors, theranostics, targeted radionuclide diagnostics, alternative scaffold proteins,
affibodies.

ABBREVIATIONS MT - malignant tumor; IHC — immunohistochemistry; RPH — radiopharmaceutical; ASP —
alternative scaffold proteins; RPD — radiopharmaceutical drug; SPECT - single-photon emission computed
tomography; PET — positron emission tomography; HCC — hepatocellular carcinoma; FDG — fluorodeoxyglu-

cose; FISH — fluorescence in situ hybridization.

INTRODUCTION

The International Agency for Research on Cancer
(IARC) indicates that approximately 20 million
new cancer cases are diagnosed annually around
the globe, with 9.7 million deaths reported in 2022.
A trend of annual increases at these rates has been
observed. Population forecasts suggest that by 2050,
the incidence of malignant tumors (MT) will reach 35
million cases [1]. In the Russian Federation, 674,000
instances of MT were documented in 2023, represent-
ing an 8% increase over the figures for 2022 [2]. Given
the significant prevalence and socioeconomic impact
of cancer, research into the development of more tar-
geted MT diagnostic methods, novel drugs, and strat-
egies to overcome antitumor therapy resistance is es-
sential [3-5].
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The critical step in oncology diagnostics involves
acquiring tumor tissue for subsequent histological
confirmation. This stage significantly influences sub-
sequent therapeutic strategies, prognosis, and the
necessity for supplementary investigations, includ-
ing a molecular genetic analysis [6]. Tumor samples
may be acquired through core biopsy and excisional
biopsy, with the latter entailing complete tumor re-
moval via diagnostic surgery [7, 8]. The methodolo-
gies employed are uniformly invasive and potentially
distressing, with some instances necessitating patient
recovery and rehabilitation, this entailing supple-
mentary financial expenditures. Hence, thoracoscopic
and laparoscopic manipulations require patient hos-
pitalization and anesthesia, and they do not preclude
the potential for procedural failure stemming from
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the tumor’s anatomical site, the presence of numer-
ous metastatic foci, and the patient’s unwillingness
to undergo the manipulation [9, 10]. The issue of
whether immunohistochemical analysis of additional
tumor structures is necessary, considering potential
receptor status differences from the primary tumor
and the limitations of routine application, requires
further investigation.

Furthermore, several difficulties are inherent in the
histological and immunohistochemistry (IHC) analyzes
of tumor tissues, stemming from the complexities of
determining tumor cell origins in poorly differenti-
ated and anaplastic lesions [13], as well as the subjec-
tive nature of parameter assessment [14]. Analysis of
statistical data reveals that the rate of disagreement
in diagnoses among pathologists could be as high as
30%, which can be attributed to diagnostic challenges,
human factors, and the use of additional staining pro-
cedures [15, 16].

The limitations of conventional radiological and
morphological techniques, the necessity of invasive
interventions, a substantial economic burden, and po-
tential challenges in results interpretation and repro-
ducibility necessitate the development and adoption
of supplementary diagnostic approaches. This ad-
justment aims to broaden diagnostic and therapeutic
possibilities for individuals afflicted with malignant
neoplasms, thereby fostering enhanced longevity and
improved quality of life. The evolution of new meth-
odologies utilizing small molecules, specifically those
exhibiting antibody-like characteristics and tumor an-
tigen tropism, is considered to be of significant im-
portance.

MALIGNANCY THERANOSTICS

With the developments in fundamental oncology, it
has become crucial to determine the molecular genet-
ic parameters of the tumor. This enables new points
of application of drug therapy to be identified, bring-
ing us closer to the concept of personalized medi-
cine, i.e, to the determination of treatment based on
the biological features of the tumor of each patient
with maximum efficiency [17]. Theranostics, a rapid-
ly evolving field in personalized medicine, integrates
diagnostic procedures, such as identifying tumor cell
molecular targets and therapy indications, with tar-
geted therapeutic interventions based on previous-
ly detected tumor growth markers in the patient.
Adoption of the theranostics approach on a larger
scale has the potential to improve therapy response
rates, lower the incidence of adverse events, increase
both overall and relapse-free survival, enhance pa-
tient quality of life, and lessen the economic burden
on healthcare provision [18].

In 1998, John Funkhouser, then the CEO of
PharmaNetics, used the term “theranostics” for the
first time to refer to the business strategy of his com-
pany, which centered on the creation of diagnostic
panels for the subsequent prescription of targeted
pharmaceutical treatments [19]. But the concept of
employing a single molecule for both cancer diagno-
sis and treatment had been established some decades
earlier. A significant advancement in the development
of theranostics was the discovery and widespread ap-
plication of radioactive iodine in the treatment of thy-
roid cancer [20]. The pretreatment imaging of the tu-
mor with the iodine-123 isotope aided in improved
treatment strategy planning for radioiodotherapy.
Thus, the combination of iodine-123 and iodine-131
was the first radioisotope pair used in theranostics.
Progress in this area has been significantly impact-
ed by advances in radiochemistry and enhanced in-
strumental investigation techniques [21]. It is impor-
tant to acknowledge that the journal Theranostics
(www.thno.org) has been providing summaries of per-
tinent data in this domain for over ten years. This
field has experienced a recent surge in development,
attributable to the use of radionuclides.

Classification includes photo-, sono-, chemo-, nano-
and radiotherapy, contingent on diagnostic methods
and therapeutic agents [22]. Targeted radionuclide di-
agnostics has potential as the only area of theranos-
tics implemented in clinical practice. This approach is
based on radioisotope-labeled “targeting” molecules
that selectively attach themselves to receptors present
on the surface of tumor cells. The recording of isotope
radiation using specialized equipment can facilitate
both the anatomical and molecular evaluation of tu-
mor presence in patients with malignant neoplasms,
eliminating the need for further invasive procedures,
and enabling repeated examinations at the stages of
primary diagnosis and treatment [23—25].

Radiopharmaceuticals (RPHs) incorporate diverse
molecular structures as targeting modules, such as
full-size monoclonal antibodies, antibody fragments,
and synthetic framework molecules/alternative scaf-
fold proteins (ASPs), with the latter exhibiting signifi-
cant potential in radionuclide diagnostics [26—29].

Alternative scaffold proteins

The accelerated evolution of technologies for the clon-
al selection of polypeptides via binding from substan-
tial libraries has enabled the development of a new
class of binding proteins, employing protein engineer-
ing approaches. In order to reduce immunogenicity,
these structures were designed using various scaf-
folds which differ in both size and structural organ-
ization from the original immunoglobulin. A range
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of non-immunoglobulin affinity proteins have been
documented, based on several surface-located amino
acid residues present in secondary structure elements
or unstructured loops, subsequently selected through
different display platforms [30].

The structure of these compounds typically com-
prises a constant scaffold part (constant region) and
a variable region. The first component contains a pair
of a-helices or B-sheets forming a rigid tertiary struc-
ture and maintains the conformational stability in-
herent in protein scaffolds. The second component
comprises several open loops or residues within rigid
secondary structures that permit specific binding to
different target molecules through structural ligand-
receptor pairing or chemical interactions [31].

The biodistribution and tumor penetration capa-
bilities of ASP are primarily determined by their
compact size (4—15 kDa). This results in a significant
reduction in the time interval between the adminis-
tration of the radiopharmaceutical medicinal product
(RPhMP) and the start of imaging study, improves the
degree of drug accumulation in the tumor, and influ-
ences the choice of a radioisotope suitable for specific
research goals and timing. ASPs are also typically
known for their robust ability to withstand environ-
mental conditions. The absence of disulfide bridges in
the ASP structure, typical for antibodies, as well as a
sufficiently dense structure, determines its high ther-
mal stability, stability in acidic and alkaline conditions,
and resistance to proteolysis. Furthermore, additional
structures can be introduced into protein scaffolds
through chemical synthesis for conjugation with phar-
maceuticals or diagnostic agents. The solubility and
robust physicochemical stability of small protein scaf-
folds are typically advantageous for in vivo applica-
tion. Given the aforementioned characteristics, scaf-
fold proteins can be regarded as versatile compounds
for modification and production [32].

Currently, representatives of the alternative scaf-
fold protein class include affibody molecules, affil-
ins, anticalins, avimers, DARPins, Kunitz-type in-
hibitor domains, and albumin-binding domains (e.g.,
ADAPTSs), among others. Each of these is at various
stages of investigation, with an ongoing search for po-
tential points of future clinical application.

AFFIBODY IN BIOTECHNOLOGY

AND CLINICAL MEDICINE

Affibody, a synthetic molecule, is an example of an
alternative protein framework with a domain struc-
ture. The affibody molecule has a Z-domain at its
core, which is the peptide domain of protein A of
Staphylococcus aureus [33]. The spatial structure of
the Z-domain, which comprises 58 amino acid residues
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and has a relatively low molecular mass (~6.5 kDa), is
formed by three alpha-helices that create a bundle.
Affibody molecules exhibit good structural stability,
resistance to proteolysis, high temperatures (around
90°C), and acidic and alkaline conditions (pH from
2.5 to 11) [34]. Affibody combinatorial libraries can be
generated by randomly modifying genes that encode
13 amino acid residues in the first and second helices
of the Z-domain. For this purpose, phage, cellular, ri-
bosomal and mRNA displays are used. Libraries are
combined with the target antigen to facilitate the se-
lection of molecules, which are subsequently washed
to eliminate unbound ligands, leaving only those pep-
tides bound to the ligand. The primary targeting mol-
ecules obtained can be subjected to further re-ran-
domization to increase their affinity for a particular
target [35]. Variants of interest can be produced in
bacterial, yeast, and cell systems. Moreover, due to
their small size, affibodies can also be created via pep-
tide synthesis methods [36]. Introducing a functional-
izing group at the N- or C-terminus of a peptide ena-
bles the acquisition of a molecule with the properties
required for a specific application, such as radioiso-
tope labeling for radionuclide diagnostics or a cyto-
toxic group for targeted treatment [37, 38].

The unique properties of affibody molecules make
them of considerable interest in diagnostic and clini-
cal medicine, as well as diverse biomedical applica-
tions (Fig. 1).

Consequently, the possibility of employing affibody
molecules conjugated with fluorescent fragments for
the bioluminescent detection of malignant lesions is
actively being explored. This method offers several
key advantages: high sensitivity, the absence of toxic-
ity and the avoidance of invasive procedures, as well
as cost-effectiveness [39].

Affibody molecules can also function as a barri-
er between interacting proteins, offering a novel ap-
proach to treating diseases caused by these interac-
tions. Viral diseases can serve as an example. Viral
spike proteins are important targets for vaccine and
antiviral drug development. For instance, an affibody
molecule has been shown to have high specificity and
affinity for the RBMFP protein (a product synthe-
sized from the SARS-CoV-2 protein), and the inter-
action of the affibody molecule with the Receptor
Binding Motif (RBM) leads to the neutralization of
the SARS-CoV-2 pseudovirus infection [40].

Conjugates of affibody molecules with vari-
ous types of nanoparticles are considered promis-
ing agents for the therapy and imaging of malignant
neoplasms [41]. For example, an affibody conjugate
with the contrast agent nanobullbe is used for bind-
ing HER2 and IR783 and developing a method for
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Fig. 1. Biotechnological and clinical applications of affibody molecules

ultrasound detection of HER2-positive breast cancer
[42]. The potential therapeutic effect of high-affinity
probes such as Gd@C-dots-Cys-ZEGFR:1907 against
EGFR in the therapy of non-small cell lung can-
cer and PFH/AGM-CBA/HSV-TK/liposome (PAHL)-
affibody in the therapy of HER2-positive breast can-
cer is being studied [43, 44].

Of particular importance is the development of af-
fibody-based targeting drugs. A Phase III clinical trial
of Izokibep®, an IL-17 inhibitor; was initiated in 2022 to
examine its effects on numerous complement-depen-
dent diseases such as psoriatic arthritis, uveitis, anky-
losing spondylitis, and hidradenitis suppurativa [45, 46].

Affibody for targeted radionuclide

diagnostics of malignancies

The studies predominantly explore the potential of
using affibody as a basis for radiopharmaceuticals for

the targeted imaging of malignant neoplasms of var-
ious localizations. The selection of the imaging meth-
od is crucial for the radionuclide diagnosis of ma-
lignancies. This is due to the unique characteristics
of each radioisotope, among which are the half-life
(T,,), the type of radiation (positron or gamma ra-
diation), and the method of production (generator or
cyclotron) [47, 48]. Currently, single-photon emission
computed tomography (SPECT) and positron emis-
sion tomography (PET) are used for radiation de-
tection, with the choice depending on the isotope in-
corporated into the radiopharmaceutical preparation
(RPH) (Table 1). Presently, the radionuclides most fre-
quently used in conjunction with affibody molecules
encompass *Ga (T, = 68 min), *"Tc (T , = 6.02 h),

1/2

18F (T, = 109.8 min), among others. The long-
lived radionuclides used are %Ga (T, = 9.9 h),
“Cu (T,, = 12.7 h), "Re (T, = 17 h),

VOL. 17 Ne 4 (67) 2025 | ACTA NATURAE |7
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“Zr (T, = 78.4 h), "In (T, = 2.81 days),
"Lu (T, 6.7 days), "I (T, = 60 days),
Co (T, = 271.8 days) [49].

Radioconjugates are synthesized to target receptors
that are overexpressed on the surface of tumor cells
in many malignant pathologies. These receptors are
not only involved in the pathogenesis of malignant tu-
mors but also represent additional therapeutic options
for cancer patients. For instance, preclinical studies
are currently underway on radioconjugates target-
ing the ligand of the programmed cell death recep-
tor PD-L1. This receptor is a transmembrane protein
that regulates the cellular immune response, and the
expression of PD-L1 by tumor cells or cells of the tu-
mor microenvironment leads to the inhibition of the
cellular immune response. This allows tumor cells to
evade apoptosis associated with the cytotoxic action of
T-lymphocytes. PD-L1 expression has been detected
in various tumors, including melanoma, lung cancer,
breast cancer, bladder cancer, pancreatic cancer, and
ovarian cancer [50-52].

For example, Liang et al. [53] assessed the phar-
macokinetics of [*™Tc]Tc-PDA-affibody, its toxici-
ty profile, and the potential for in vivo imaging of
PD-L1-positive tumors via SPECT at 30, 60, and
120 min post-injection. The tumor was observed to
exhibit a fairly rapid accumulation of RPH after
30 min. Nevertheless, an imaging interval of 1-2 h
was considered optimal, given the overall drug distri-
bution. The disadvantages associated with this phar-
maceutical agent include poor SPECT resolution, sub-
stantial drug concentration in the kidneys, thyroid,
and gastrointestinal tract, attributed to the binding of
unconjugated technetium-99m oxide.

Another promising target for targeted imaging is
the B7-H3 (CD276) receptor, a transmembrane pro-
tein from the immune checkpoint molecule family
that has a co-activating or co-inhibitory effect on
T-lymphocytes. In normal tissues, this protein is ex-
pressed at a rather low level, but overexpression of
this protein has been observed in some tumors [54].
These include prostate cancer, renal cell and urothelial
cancer, ovarian cancer, and others. Within tumor tis-
sue, this protein exerts a pro-oncogenic effect by sup-
pressing the antitumor immune response. Given the
active development of immunotherapy, this receptor is
considered a viable target, thereby making the devel-
opment of specific diagnostics for B7-H3 overexpres-
sion in tumor tissue a priority [55].

Oroujeni et al. [56] investigated the drug
[9¥mTc]Tc-AC12-GGGC in ovarian and breast can-
cer cell lines. A Ramos lymphoma cell line lacking
B7-H3 expression served as a negative control. The
B7-H3-positive xenograft cells demonstrated a six-
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Table 1. Radioisotopes for radionuclide diagnostics using
PET or SPECT

Radioisotope T, Entgi,si)sei)on Piﬁgﬁfgfn
%Ga 68 min Bty Generator
=N 6.02 h Y Generator

1eF 109.8 min p* Cyclotron
%Ga 99 h Bty Cyclotron
%Cu 12.7 h BB,y Cyclotron
18Re 17 h B,y Generator
8Zr 784 h p* Cyclotron
T 2.81 days Y Cyclotron
Lu 6.7 days B,y Cyclotron
1257 60 days Y Cyclotron
*Co 271.8 days % Cyclotron

fold increase in drug accumulation compared to the
control group. However, a minimal absolute amount
of drug accumulation was observed in the tumor.
SPECT imaging, conducted four hours after RPH in-
jection, demonstrated visualization of the xenografted
B7-H3-positive tumor, while in the negative control
group the tumor was not visualized. High accumula-
tion of [*™Tc]Tc-AC12-GGGC was also noted in tis-
sues such as the kidneys and liver.

Oroujeni et al. [57] also investigated the possi-
bility of improving the detection of B7-H3 overex-
pression with the radiopharmaceutical preparation
[*mTc]Tc-AC12-GGGC by increasing the affinity of
the affibody molecule. After they were generated via
phage display, three daughter molecules were labeled
with technetium-99m and evaluated in mouse models,
along with the original AC12 molecule. As a result,
the SYNT-179 molecule was selected, as it possess-
es superior characteristics: higher tumor accumu-
lation, lower accumulation in normal tissues with
an improved tumor-to-organ ratio, and lower RPH ac-
cumulation in the liver. The study demonstrated that
affinity maturation improved molecular biodistribu-
tion and imaging performance, and that the optimized
Affibody protein exhibited enhanced performance in
targeting B7-H3 overexpression.
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Table 2. Affibody-based radiopharmaceuticals in various stages of clinical and preclinical trials

RPH Igl;%igég rzsgrg)tec:r Research phase Authors, year
[*#mTec]Te-PDA-Affibody SPECT PD-L1 Preclinical Liang et al., 2022 [53]
[*™Tec]Te-AC12-GGGC SPECT B7-H3 Preclinical Oroujeni et al., 2022 [56]

[*mTc]Te-SYNT-179 SPECT B7-H3 Preclinical Oroujeni et al., 2023 [57]
[¥Ga]Ga-DOTA-Z, ., PET PDGFRJ Preclinical Cai et al, 2023 [58]
[*F]AIF-NOTA-HER2 PET HER2 Preclinical Han et al, 2022 [64]
[#"Tc]Te-(HE),Z 1o SPECT HER2 Preclinical Hu et al., 2024 [68]
[*"In]In-ABY-002 SPECT HER2 Clinical (Phase I) Baum et al., 2010 [72]
[**Ga]Ga-ABY-002 PET HER2 Clinical (Phase I) Baum et al., 2010 [72]
[MMIn]In-ABY-025 SPECT HER2 Clinical (Phase I) Sorensen et al., 2014 [73]
[*Ga]Ga-ABY-025 PET HER2 Clinical (Phase I) Sorensen et al., 2016 [74]
[**Ga]Ga-NOTA-Mal-Cys-MZHer342 PET HER2 Clinical (Phase I) Miao et al., 2022 [75]
[**Ga]Ga-ABY-025 PET HER2 Clinical (Phase II) | Alhuseinalkhudhur et al., 2023 [76]
[**Ga]Ga-ABY-025 PET HER2 Clinical (Phase II) Altena et al,, 2024 [77]
[*mTc]Te-ZHER2:41071 SPECT HER2 Clinical (Phase I) Bragina et al, 2023 [78]

In a preclinical study, Cai et al. [58] investigated
the use of a trimeric affibody molecule labeled with
%Ga([*®Ga]Ga-DOTA-Z ;) for PET diagnostics of he-
patocellular carcinoma (HCC). [*Ga]Ga-DOTA-Z ., ex-
hibits high affinity for platelet-derived growth factor
receptor type beta (PDGFRf), which is expressed on
the surface of pericytes, cells found within the walls
of small blood vessels. In normal blood vessels, peri-
cytes are covered by an intact endothelium. However,
in tumors, the architecture of the vascular walls is
disrupted, resulting in areas of pericytes not covered
by endothelium, which renders PDGFRf on their sur-
face accessible for detection [59]. Therefore, it was
hypothesized that PDGFRJ could serve as a potential
biomarker for HCC, which is a highly vascularized
neoplasm, suggesting that this receptor could be over-
expressed in HCC compared to normal liver tissue.

In the initial stage, PDGFRB was validated as a
biomarker for HCC and the trimeric affibody Z_,
was found to have high affinity for PDGFRf. In ad-
dition, the PET data indicated that the accumula-
tion of [*Ga]Ga-DOTA-Z_, correlated directly with
PDGFRf expression by tumor cells; therefore, the
drug actively accumulated in PDGFRp-positive HCC
cells in laboratory animals. At the same time, no ac-
cumulation of [*Ga]Ga-DOTA-Z . was detected in

healthy liver tissues. Thus, the high potential of the
radiopharmaceutical preparation [*Ga]Ga-DOTA-Z,
for PET diagnostics of HCC and the rationale for its
further study and implementation in clinical practice
were demonstrated.

Affibody for the detection

of HER2-positive malignancies

Targeted therapy for malignant diseases often fo-
cuses on human epidermal growth factor receptor
type 2 (HER2/neu), a tyrosine kinase receptor that is
key to cell differentiation, proliferation, and apoptosis.
HER2 overexpression, primarily attributed to ERBB2
gene amplification, has been identified in breast, gas-
tric, pancreatic, lung, endometrial, ovarian, bladder,
colorectal cancer, and various other tumor localiza-
tions [60].

Current approaches for determining HER2 status
include THC and fluorescence in situ hybridization
(FISH) techniques. As per the 2023 ASCO/CAP guide-
lines, a HER2/neu expression result is deemed nega-
tive in the absence of staining or with faint, sporad-
ic membrane staining (0 and 1+) and is considered
positive with intense, complete circumferential mem-
brane staining in more than 10% of tumor cells (3+).
For ambiguous cases (2+), the result is confirmed via
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amplification of the HER2 gene using FISH and an
ERBB2(17q12)/SE17 DNA probe (Kreatech, USA) [61].

The scientific community is currently directing its
attention toward investigating targeted radionuclide
detection using affibody to evaluate HER2/neu recep-
tor expression in gastric and ovarian cancers. This is
due to the unique anatomical challenges and the pur-
suit of supplementary therapeutic strategies within
these oncological contexts. Gastric cancer is often di-
agnosed at late stages when surgical treatment is not
feasible, requiring the molecular biological param-
eters of the tumor to be determined for selecting a
systemic therapy option. HER2 expression is detected
in 17-20% of gastric cancer cases. However, a very
high level of heterogeneity in HER2 expression is ob-
served (14-79% by IHC and 23-54% by IHC + FISH).
Furthermore, the HER2 status of a tumor can change
during anti-HER2 therapy, causing difficulties in as-
sessing the effectiveness of the ongoing treatment, as
performing multiple biopsies is associated with risks
of complications and is not always an option [62, 63].

Han et al. [64] researched the possibility of tar-
geted detection using the ["*F]AIF-NOTA-HER2 prep-
aration. The HER2-positive cell line was NCI-N87,
whereas the HER2-negative cell line was MKN74.
In vitro studies demonstrated the accumulation of the
RPH in question in HER2-expressing cells. In vivo,
['®*F]AIF-NOTA-HER2 was found to rapidly accumu-
late in HER2-positive xenografts and to be quickly
eliminated from the blood, primarily by the kidneys.
Within normal tissues, the highest accumulation was
observed in bones and kidneys, which was a sig-
nificant drawback of this molecule, as the high lev-
el of absorbed radioactivity requires nephroprotec-
tion. The comparison of ['*F]AIF-NOTA-HER2 and
Ga-NOTA-HER2 demonstrated a benefit in using
fluorine-18 over gallium-68, due to its longer half-life
(109.8 min vs. 67.7 min, respectively), which provid-
ed more time for the study. Additionally, the shorter
positron diffusion range of fluorine-18 results in im-
proved resolution in PET imaging.

Ovarian cancer presents multiple diagnostic and
therapeutic challenges attributable to its high recur-
rence and distant metastasis rates, in addition to the
large proportion of cases diagnosed in advanced stag-
es [65, 66]. Until recently, anti-HER2 therapy was not
used to treat tumors of this type, owing to adverse
outcomes with trastuzumab. Nonetheless, research in
this area has been resumed due to the development
of monoclonal antibody conjugates with cytostatics.
For example, the DESTINY-PanTumor02 study inves-
tigating the efficacy of trastuzumab-deruxtecan thera-
py in various solid tumors reported objective response
rates (ORR) in 63-64% of patients with HER2-positive
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ovarian cancer, which makes it promising in deter-
mining the HER2 status in this oncopathology [67].

Hu et al. conducted a feasibility study on af-
fibody molecules in ovarian cancer utilizing
[*"Tc]Te-(HE),Z, ., [68]. The results demonstrated
elevated compound accumulation in HER2/neu-over-
expressing tumors, whereas tumors lacking HER2/neu
expression did not exhibit drug accumulation. A dis-
advantage of [*"Tc]Tc-(HE),Z,.,, discovered dur-
ing the study was its high accumulation in the kid-
neys, which could potentially lead to nephrotoxicity.
However, it is assumed that this shortcoming may be
remedied through enhanced patient hydration in clini-
cal settings.

Affibody for diagnosing HER2-positive breast cancer
Overexpression of the HER2 receptor occurs in
15-20% of breast cancer (BC) cases and has tradition-
ally been associated with a more aggressive course
and, consequently, a worse prognosis. Nevertheless,
the use of targeted anti-HER2 therapy has improved
the overall survival of patients with HER2-positive
cancer, approaching the prognosis observed in more
favorable molecular genetic subtypes [69]. Currently
employed in clinical practice are drugs including tras-
tuzumab, pertuzumab, and lapatinib, in addition to a
new class: conjugates of monoclonal antibodies and
cytostatics (trastuzumab-emtansine and trastuzum-
ab-deruxtecan) [70, 71].

To date, multiple trials have been performed using
affibody as a targeting agent for radionuclide diagno-
sis of HER2/neu status in individuals with operable,
locally advanced and metastatic breast cancer.

In 2005, Baum et al. [72] performed the first clinical
study of the indium-111- and gallium-68-labeled af-
fibody molecule ABY-002 to evaluate safety, pharma-
cokinetics, and the feasibility of imaging tumor foci
in breast cancer patients. Following administration,
[*MIn]In-ABY-002 and [%*Ga]Ga-ABY-002 demonstrated
swift clearance from the circulation, enabling SPECT
and PET imaging to commence within 2-3 h post-
injection. It was also shown that these drugs were
effective in radionuclide tumor imaging: all patients
demonstrated an accumulation of the investigated
compounds in HER2-positive tumors. Additionally, in
one case, [%Ga]Ga-ABY-002 allowed muscle metastasis
(quadriceps) to be detected, which was not identified
by ¥F-FDG PET. Notwithstanding the favorable out-
comes, ['"'In]In-ABY-002 and [®*Ga]Ga-ABY-002 pres-
ent drawbacks, including elevated accumulation in
the liver and kidneys, thereby substantially impeding
tissue visualization within those areas. For example,
it proved impossible to detect liver metastasis in one
patient and an adrenal gland metastasis in another.
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The next stage involved studying a second-gen-
eration affibody molecule (ABY-025). The study by
Sorensen et al. [73] included seven patients with met-
astatic breast cancer: five with the HER2-positive and
two with the HER2-negative disease. As in the study
with ABY-002, the administration of [''!In]In-ABY-025
was safe and not associated with adverse events.
According to SPECT data, in addition to clear visual-
ization of HER2-positive tumors, weak accumulation
of the studied drug was observed in HER2-negative
foci, attributable to the presence of a certain amount
of the HER2 receptor on the surface of tumor cells.
During the study, metastatic foci in the liver, not de-
tected using the ABY-002 molecule, were visualized.
An interesting finding of this analysis was the detec-
tion of a brain tumor metastasis, previously undetect-
ed by F-FDG-PET, as well as the identification of
a HER2-negative tumor metastasis in a patient with
a positive HER2 status of the primary breast tumor.
The primary limitation observed was the failure to
identify metastatic nodes below 1 cm.

Since the low visualization of small tumor foci
could be due to the low resolution of SPECT, a study
of the [®*Ga]Ga-ABY-025 drug using PET was con-
ducted. An analysis of 16 patients with metastatic BC,
conducted by Sorensen et al. [74], demonstrated good
visualization of small-sized foci, enabling the detection
of breast cancer metastases in the liver, bones, lymph
nodes, brain, and other organs. Furthermore, in two
patients after the [®*Ga]Ga-ABY-025 study, the HER2
status in the primary breast tumor was changed from
negative to positive. In most cases, differences in
HER2 expression between the primary tumor and
metastatic foci were found.

Miao et al. [75] investigated the usage of
the gallium-68-labeled affibody molecule
NOTA-Mal-Cys-MZHer342 in a clinical trial that in-
cluded 24 BC patients. An important component
of the analysis included the utilization of PET/CT
scans “on demand” by oncologists to address com-
plex diagnostic issues. This approach was used
in six patients to differentiate between metasta-
ses and two concurrent breast cancers, or concur-
rent MT of a different origin. In all cases, the
SUVmax of [®Ga]Ga-NOTA-Mal-Cys-MZHer342
[8Ga]Ga-NOTA-Mal-Cys-MZHer342 in tumor foci
was compared with the results of immunohisto-
chemical examination. According to the analysis,
[%*Ga]Ga-NOTA-Mal-Cys-MZHer342 usage allowed
researchers to detect HER2 overexpression in tumor
tissue with a 91.7% specificity and to detect negative
HER2 expression with an 84.6% specificity, with a con-
version of HER2/neu status from positive to negative
observed in seven patients.

A Phase II study conducted by Alhuseinalkhudhur
et al. [76] included 19 patients with primary
stage II-IIT BC scheduled for neoadjuvant ther-
apy with dual targeted anti-HER2 blockade, and
21 patients with metastatic breast cancer under-
going systemic therapy. The premise for this anal-
ysis was the assumption that the accumulation of
[%Ga]Ga-ABY-025 could be a predictor of an ear-
ly tumor response to ongoing anti-HER2 therapy.
According to the study design, patients underwent
BF-FDG-PET/CT before and after two courses of
chemo/targeted therapy to assess early metabolic re-
sponse, and [%#Ga]Ga-ABY-025 before treatment.

A repeat biopsy was performed in all cases on a
tumor focus to evaluate the HER2 status relative to
the treatment. In a cohort of 12 patients, a comparison
of PET imaging with [®Ga]Ga-ABY-025 and biopsy
data uncovered a discrepancy in HER2/neu status,
which was ascribed to several factors. These encom-
passed challenges in tumor material acquisition, such
as the observed prevalence of negative HER2 expres-
sion in positive PET scans when samples originated
from the liver or bone, intratumoral heterogeneity,
and drug binding impediments to HER2 receptors,
which garnered specific attention due to the asso-
ciation between a positive biopsy result with dimin-
ished [®*Ga]Ga-ABY-025 accumulation and a poorer
prognosis within the metastatic breast cancer cohort.
Furthermore, the study revealed an inverse relation-
ship between the number of prior treatment lines
and the metabolic response to the current thera-
py: increased prior treatment lines corresponded to
a higher RPH accumulation threshold for a meta-
bolic response. However, given that this correlation
was observed in only 30% of cases and that no sig-
nificant concordance was found between PET with
Affibody and biopsy results, a phase III study with
[8Ga]Ga-ABY-025 was deemed unwarranted.

Altena et al. [77] performed the initial clinical tri-
al involving [%Ga]Ga-ABY-025, which explored the
potential to visualize metastatic breast cancer with
HER2-low tumors. The study included eight patients
with negative (IHC 1+) and an equivocal (IHC 2+,
FISH negative) HER2 status, as well as two patients
with no HER2 expression (IHC 0), previously deter-
mined based on primary breast tumor biopsy re-
sults. In one patient, the absence of HER2 expres-
sion was accompanied by minimal accumulation of
[8Ga]Ga-ABY-025, which correlated with the THC
results. In another case, the drug accumulation was
higher and did not correspond to the status deter-
mined by HER2 biopsy. A detailed study of the tumor
focus revealed heterogeneity of HER2 expression with
higher RPH accumulation at the periphery and low
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HER2-

HER2+

Fig. 2. Accumulation of [*"Tc]Tc-ZHER2:4107 1 in breast cancer patients 2 h after its administration at a dose
of 1,000 pg: (A) — patient with HER2-negative breast cancer (blue arrow indicates breast tumor; red — metastatic axil-
lary lymph node); (B) — patient with HER2-positive breast cancer (blue arrow indicates breast tumor; red — liver metas-

tases)

accumulation in the center. Therefore, it is probable
that the biopsy sample originated from the central,
“cold” region, whereas the primary tumor exhibited a
HER2-low status. In two other cases, high accumula-
tion was observed in previously unverified foci, which
could indicate HER2 overexpression and the poten-
tial for prescribing first-line anti-HER2 therapy. In
the remaining eight cases, proportional accumulation
of [*®Ga]Ga-ABY-025 according to HER2 status was
noted, consistent with the results of numerous stud-
ies of this RPH. Thus, PET using [®*Ga]Ga-ABY-025
can serve as an additional diagnostic tool for select-
ing patients eligible for therapy with antibody-drug
conjugates.

In the Russian Federation, Bragina et al. were the
first to implement a clinical trial utilizing the radio-
pharmaceutical [*™Tc¢]Tc-ZHER2:41071 [78] for the
targeted radionuclide diagnostics of HER2-positive
breast cancer, using affibody molecules. The research
involved 31 BC patients without prior local or sys-
temic therapies. In all patients, the safety, toler-
ability, and pharmacokinetics of the drug were as-
sessed, with the accumulation of the RPH by the
tumor compared with the results of THC/FISH. The
patients were divided into three cohorts depending
on the administered dose of [*™Tc]Tc-ZHER2:41071:
500, 1,000 and 1,500 pg. All patients showed good tol-
erability of RPH at all stages of dynamic follow-up.
Additionally, at a dose of 1,000 pg, the drug exhib-
ited enhanced pharmacokinetic properties two hours
after administration, along with superior breast tu-
mor separation rates contingent upon HER2/neu sta-
tus. The [*™Tc]Tc-ZHER2:41071 preparation exhibited
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a low level of accumulation in normal liver tissue,
thereby enabling the visualization of a liver metas-
tasis in one patient, which was later verified through
contrast-enhanced computed tomography. A clinical
example of the use of RPH is shown in Fig. 2.

CONCLUSION

Worldwide, the incidence and mortality rates of ma-
lignant tumors are notably high. In this context, the
diagnostic stage, involving the investigation of clini-
cal-instrumental, morphologic, and molecular param-
eters, is of particular importance in identifying the
optimal strategies for local and systemic treatment [6].
Given the challenges involved in one-step assessment
of tumor process prevalence, the necessity of numer-
ous invasive interventions, the financial implications,
and the possibility of subjective interpretation, of sig-
nificant relevance is the introduction of supplementa-
ry patient examination methods for those with malig-
nant conditions. Targeted radionuclide imaging shows
great potential, because it enables both anatomical
staging and the analysis of tumor nodule molecular
characteristics, ultimately leading to improved exami-
nations and fewer invasive procedures [23, 24].

This review highlights the potential for affibodies
to be used as beneficial agents in biotechnology and
clinical medicine, especially in the context of biolumi-
nescent ultrasound imaging and in developing antivi-
ral and targeted therapies [38—40]. At present, most
studies focus on radio conjugates of affibody with
varied isotopes for targeted imaging of malignant tu-
mors in various locations. Preclinical trials have con-
sistently demonstrated a strong affinity of Affibody
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for molecular targets like epidermal growth factor re-
ceptor type 2 (HER2/neu) [59], programmed cell death
receptor ligand (PD-L1) [52], B7-H3 receptor (CD276)
[58], platelet-derived growth factor receptor type beta
(PDGFRB), and other receptors, as well as suitability
for tumor imaging using PET and SPECT techniques.

The findings from several inpatient clinical trials of
affibody for HER2-positive breast cancer are compel-
ling [71-75], demonstrating excellent radiopharma-
ceutical tolerability and no adverse effects throughout
dynamic monitoring. The clinical significance of visu-
alizing breast tumor structures, regional lymph nodes,

and distant organs and tissues, alongside HER2/neu
expression, is notable, with results comparable to im-
munohistochemical and FISH analyses [76, 77]. The
analysis performed clearly demonstrates the high
potential of using alternative non-immunoglobulin
framework proteins, like affibody molecules, in clini-
cal applications. @

This study was financially supported
by the Russian Science Foundation
(grant No. 075-15-2024-536).
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ABSTRACT mRNA-based cancer vaccines represent an innovative approach to cancer treatment. Cancer mRNA
vaccines are structurally based on specific tumor antigens, a technique which enables the patient’s immune
system to become activated against cancer cells. Clinical trials of mRNA vaccines against various types of
tumors, including melanoma, lung cancer, pancreatic carcinoma, breast cancer and others, are currently un-
derway. Because of their favorable safety profile and adaptability, these therapeutics hold considerable prom-
ise in efforts to enhance cancer treatment efficacy and prolong patient life. This review outlines steps in the
development of manufacturing technologies for mRNA-based therapeutics, describes the algorithm used to
design personalized anti-tumor mRNA vaccines, discusses their practical implementation, and summarizes
current clinical trials in cancer immunotherapy.

KEYWORDS mRNA vaccine, cancer, immunotherapy, neoantigens, liposomes, clinical trials.

ABBREVIATIONS APCs — antigen-presenting cells; LNPs — lipid nanoparticles; LPPs — lipopolyplexes; PEG —
polyethylene glycol; CpG-ODNs — CpG-oligodeoxynucleotides; BDMPs — biotechnology-derived medicinal
preparations; CTLA-4 — cytotoxic T-lymphocyte antigen-4; PD-1 — programmed cell death receptor; PD-L1 —

programmed cell death receptor ligand.

INTRODUCTION

Cancer is a leading cause of death and disability
worldwide, which justifies its status as a top medical
and societal concern. Despite decades of innovation,
solid tumors remain among the leading causes of can-
cer-related mortality worldwide, owing to their high
incidence and the complexity of achieving effective
intervention [1]. Even with refined treatment proto-
cols, long-term survival remains hard to achieve: in
lung cancer — the most frequently diagnosed cancer —
more than 50% of patients do not survive beyond 3.5
years post-diagnosis [2].

Novel therapeutic strategies are urgently need-
ed to enhance treatment efficacy and improve both
survival and the quality of life of cancer patients. In
this regard, modulation of the anti-tumor immune
response holds particular promise. The inclusion of
immunotherapy with immune checkpoint inhibitors
in clinical guidelines has significantly improved treat-

ment efficacy with melanoma, lung cancer, breast can-
cer, ovarian cancer, and other types of solid tumors
[3, 4]. Nucleic-acid—based anti-tumor vaccines, partic-
ularly those utilizing DNA or mRNA platforms, rep-
resent a promising frontier in cancer immunotherapy.

mRNA-based anti-tumor vaccines exploit the natu-
ral protein synthesis machinery of antigen-presenting
cells (APCs): by delivering transcripts encoding tu-
mor antigens into the cytoplasm, mRNA enables en-
dogenous production and immunogenic presentation
of the target antigen. Following processing, proteins
associated with the target antigen (epitopes) can ap-
pear on the surface of APCs by binding to the mol-
ecules of the major histocompatibility complex classes
I and II — MHC I and MHC II, respectively (Fig. 1).
The resulting immune activation engages both of the
arms of adaptive immunity: CD4+ T helper cells and
B cells (for antibody production), as well as CD8+ cy-
totoxic T lymphocytes, which are capable of directly
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eliminating target cells [5]. mRNA-based vaccine plat-

forms offer advantages such as:

1) Enhanced stability and translational efficiency.
Advances in nucleotide modification and delivery
technologies have rendered mRNA more resistant
to degradation and significantly improved its pro-
tein expression in target cells [6].

2) Intrinsic immunostimulatory properties. The
mRNA molecule itself can activate the innate im-
mune system, thereby acting as a built-in adjuvant
that enhances vaccine efficacy [7].

3) Favorable safety profile. Unlike DNA vaccines or
viral vectors, mRNA remains extranuclear and
does not integrate into the host genome, thereby
eliminating the risk of insertional mutagenesis [8].

4) Economical and scalable production pipeline. The
development of personalized mRNA vaccines re-
lies on the synthesis of a single DNA template, fol-
lowed by enzymatic in vitro transcription to yield
large quantities of mRNA — a streamlined process
that is substantially less resource-intensive than
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the complex manufacturing required for viral vec-

tor or plasmid DNA vaccines.

This review critically assesses the promise
of mRNA-based therapeutic vaccines in solid malig-
nancies, addressing key aspects, including mRNA de-
sign and production, delivery systems for efficient
targeting of APCs, and the status of ongoing and
completed clinical trials.

KEY MILESTONES IN THE EVOLUTION

OF mRNA TECHNOLOGIES

Despite the discovery of mRNA and transcription
in the 1960s, the therapeutic potential of synthetic
mRNA was not immediately understood. A pivotal
shift occurred in 1984, when researchers demonstrat-
ed that in vitro—transcribed mRNA could direct func-
tional protein expression in cells, laying the founda-
tion for mRNA-based gene regulation and therapy [9]
(Fig. 2). Early progress in mRNA therapeutics was
hampered by the molecule’s susceptibility to degra-
dation and inefficient cellular delivery [10]. This chal-
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Fig. 2. Development history of mMRNA-based vaccine production and application technologies. CEA — carcinoembryonic
antigen, DC — dendritic cells, mMRNA — messenger ribonucleic acid

lenge was first overcome in 1989, with the success-
ful delivery of synthetic Photinus pyralis luciferase
mRNA into murine cells via liposomes formulated
with the cationic lipid DOTMA (N-[1-(2,3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium chloride) [11]. In
the 1990s, most companies that had pursued mRNA
vaccine development redirected their investments
elsewhere, as the production of stable liposomal
mRNA formulations remained prohibitively expen-
sive. Nevertheless, research continued: as early as
1990, a landmark study demonstrated that synthetic
mRNA could be expressed in vivo following direct in-
jection into mice [12, 13]. In 1993, researchers synthe-
sized the first prophylactic mRNA vaccine, designed
to express the nucleoprotein of the influenza virus
and demonstrated its ability to activate antigen-spe-
cific cytotoxic T lymphocytes in murine models [14].
The first evidence of anti-tumor immunity in-
duced by mRNA vaccination was reported in 1995,

following intramuscular delivery of a mRNA-en-
coding carcinoembryonic antigen (CEA) into mice
[15]. Subsequently, in 1999, using a mouse melano-
ma model, it was demonstrated that the introduc-
tion of gpl00 mRNA, which encodes the melanosome
matrix glycoprotein, into the spleen inhibits tumor
growth [16]. Meanwhile, a Phase 1 clinical trial was
initiated to activate antigen presentation in autolo-
gous dendritic cells from prostate cancer patients by
means of synthetic mRNA encoding prostate-specif-
ic antigen (PSA) [17]. In 2000, Ingmar Hoerr et al.
discovered that direct injections of mRNA can in-
duce an immune response in mice and, then, with
the promising development of mRNA vaccines in
mind, CureVac (Germany) was incorporated, a com-
pany that remains one of the leading developers of
mRNA-based vaccines to this day [18, 19].

The seminal work of Katalin Karik6 and Drew
Weissman laid the groundwork for modern mRNA
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therapeutics. During early efforts to develop an
mRNA-based HIV vaccine in the late 1990s, they
discovered that unmodified mRNA activated innate
immune pathways — specifically through Toll-like
receptors (TLR3, TLR7, TLR8) — eliciting a robust
inflammatory response in murine models [20]. A piv-
otal advance happened in 2005, when Karikd and
Weissman reported and patented the incorporation
of pseudouridine, in place of uridine, within mRNA.
This chemical modification prevented recognition by
innate immune sensors, thereby suppressing inflam-
matory responses and markedly improving trans-
lational efficiency — a discovery that underpins the
development of modern mRNA vaccines [21, 22].
In 2023, Katalin Kariké and Drew Weissman were
awarded the Nobel Prize in Physiology or Medicine
for their discovery that nucleoside-modified mRNA
can suppress innate immune activation — a break-
through that enabled the development of effective
mRNA vaccines [23].

Improvements in mRNA-based technology have
enabled pharmaceutical companies such as Moderna
and Pfizer-BioNTech to develop effective mRNA vac-
cines against COVID-19 [6]. The successful and ex-
panded clinical use of mRNA vaccines has driven
the rapid advancement and optimization of the en-
tire mRNA manufacturing pipeline [24]. Moreover,
mRNA technologies are suitable for creating prepa-
rations not only against infectious diseases (rabies,
influenza, Epstein-Barr virus, Zika virus, Nipah vi-
rus, etc.), but also against oncological diseases, such
as prostate cancer, hepatocellular carcinoma, mela-
noma, and non-small cell lung cancer, thereby at-
tracting the attention of scientists and biotechnology
and pharmaceutical companies in Russia, the United
States, Germany, China, and other countries [24].
Against this background, the first clinical trial of a
personalized mRNA-based vaccine against melanoma
(NCT02035956) was initiated in 2013 [25].

Personalized therapy represents the most prom-
ising strategy in modern oncology. mRNA-based
anti-tumor vaccines targeting tumor neoantigens —
unique antigens arising from somatic mutations in
malignant cells — have demonstrated high efficacy.
Neoantigens are broadly classified into two catego-
ries: shared (or common) neoantigens, which occur
across multiple patients and are absent from the
normal genome, and personalized (or private) neo-
antigens, which are unique to an individual’s tumor
mutanome [26, 27]. Shared neoantigens represent
promising targets for “off-the-shelf” therapeutic can-
cer vaccines with broad applicability, whereas per-
sonalized neoantigens — though patient-specific —
have demonstrated remarkable therapeutic efficacy
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in clinical settings [28—32]. Production of a personal-
ized anti-tumor mRNA vaccine involves a sequential
workflow: (1) comprehensive profiling of the patient’s
tumor neoantigen repertoire, (2) computational de-
sign of the mRNA construct, (3) synthesis of the DNA
template, (4) in vitro transcription to generate mRNA,
and (5) formulation into a delivery vehicle, such as
lipid nanoparticles.

Identification of tumor neoantigens

The identification of neoantigens, defined as pa-
tient-unique tumor antigens generated by somatic
mutations, represents the cornerstone of personalized
mRNA vaccine design. This process involves a mul-
timodal genomic analysis including whole-exome se-
quencing (WES), whole-genome sequencing (WGS),
and transcriptome profiling, coupled with advanced
computational algorithms to predict and rank neoan-
tigens based on immunogenicity and expression lev-
els [33, 34]. At the same time, DNA sequencing makes
it possible to identify somatic mutations (missense,
nonsense, deletions, insertions, etc.) that potentially
encode neoepitopes, while RNA sequencing confirms
their expression status, which serves as an important
criterion for selecting neoantigens [35]. Additionally,
the use of RNA sequencing allows for the false pos-
itives detected in a DNA sequencing analysis but
not actually expressed to be excluded [35]. Actually,
comparing DNA and RNA sequencing data in prac-
tice yields more reliable results when forming a pool
of potential neoantigens [34].

Once the “raw” data has been collected, it under-
goes preliminary processing, including quality control
(using FastQC?), filtering and trimming of incorrect
sections (Trimmomatic or Cutadapt), and alignment
of reads to the reference genome (Bowtie 2) [36—38].
The subsequent step involves identifying somatic
mutations in the tumor as compared to normal sam-
ples, using tools such as MuTect2 (from the GATK
pipeline), Strelka, or VarScan2 [39—-41]. In addition,
the variant allele frequency (VAF) is calculated, re-
flecting the proportion of mutations in the tumor
cell genome [42]. Simultaneously, RNA sequencing
data is analyzed using STAR + RSEM, the Salmon
or Kallisto pipeline which allows quantitative ex-
pression metrics to be collected — TPM (Transcripts
Per Million) and FPKM (Fragments Per Kilobase of
transcript per Million mapped reads) [43—46]. Such
normalization approaches incorporate both the tran-
script length and sequencing depth, allowing for re-

I Andrews S. FastQC: A Quality Control Tool for High Throughput
Sequence Data. In: Babraham Bioinformatics [Internet]. Cambridge:
Babraham Institute; 2004-. [cited 2024 Dec 15]. Available at: https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/
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liable cross-sample and cross-transcript expression
quantification, which is essential in prioritizing im-
munogenic neoantigens [34].

The next stage involves running computational pre-
dictions of neoepitopes and an assessment of the like-
lihood that they would elicit a T-cell-mediated im-
mune response. Determination of the patient’s HLA
genotype using, for example, the OptiType algorithm
is particularly significant [47]. The binding affinity
of mutant peptides to MHC I/IT molecules is also as-
sessed using various tools, the most popular of which
are NetMHC and NetMHCpan, MHCflurry, and IEDB
[48-50]. With these tools, the IC,, or percentile rank,
is calculated, allowing epitopes with a high predict-
ed binding affinity (IC,, < 500 nM) to be sampled.
Today’s neoantigen prioritization strategies incorpo-
rate multiple biological and computational parameters:
the expression level of the mutant allele, variant al-
lele frequency (VAF), dissimilarity of the mutant pep-
tide from its wild-type counterpart, and the thermo-
dynamic stability of the peptide-MHC complex [34].
Although in silico neoantigen screening is standard in
personalized mRNA vaccine pipelines because of its
efficiency, immunopeptidomics-mass spectrometry-
based identification of naturally presented peptide—
MHC complexes offers definitive validation of surface
presentation [51, 52].

While predicting which neoepitopes will elicit a
strong immune response is far from a perfect ap-
proach, the synergy of multi-omics data and intelli-
gent computational models now offers a powerful and

increasingly reliable strategy for designing personal-
ized mRNA vaccines with real therapeutic potential
[34].

Key structural elements of mRNA

Modern mRNA vaccines are engineered with an op-
timized molecular architecture to enhance stability,
maximize protein expression, and minimize unintend-
ed immune activation [53]. The mRNA molecule has
several essential elements (5’-cap, 5-UTR, coding se-
quence, 3-UTR, and poly(A)-tail), each of which plays
a key role (Fig. 34) [53].

The rational engineering of therapeutic mRNA
now relies heavily on advanced bioinformatic soft-
ware capable of predicting higher order RNA struc-
tures. Secondary and tertiary folding patterns — key
determinants of mRNA stability, innate immune ac-
tivation, and protein yield in APCs — are modeled
using tools such as RNAfold, NUPACK, and mfold.
These platforms facilitate the identification of struc-
turally optimal regions where to incorporate modified
nucleosides, thereby fine-tuning vaccine efficacy and
safety [54—56].

The 5 Cap is the most critical structural element of
mRNA, as it protects the transcript from exonucleo-
lytic degradation and facilitates the initiation of trans-
lation (Fig. 3A). Several types of caps are classified:
Cap0, Capl, Cap2, m6Am Cap. Modern technologies,
such as CleanCap, enable a capping efficiency of up to
99%, which is critical for the synthesis of target pro-
teins in APCs [53]. Modified nucleosides (pseudouri-
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dine, 5-methylcytidine, N1-methylpseudouridine) are
often involved in mRNA production, which increases
expression levels and reduces innate immunogenic-
ity. The cap is followed by a 5-untranslated region
(5’-UTR) which affects the stability and efficiency of
translation.

The coding sequence (CDS), located in the central
part of the molecule, contains information about the
target antigen. In mRNA-based antitumor vaccines,
these may be tumor-associated antigens (TAAs) or tu-
mor-specific antigens (TSAs). Multiple antigens can be
encoded simultaneously, which enhances the immune
response [57, 58]. Codons optimization improves the
speed and accuracy of translation, thereby enhancing
vaccine efficacy [57]. The 3" end of mRNA comprises
the 3'-untranslated region (3'-UTR) and a polyadenyl-
ated tail, which together modulate mRNA decay ki-
netics, subcellular localization, and translational per-
sistence (Fig. 34) [53].

In addition to linear mRNA molecules, self-repli-
cating mRNAs are being developed that include viral
replication elements which increase their copy num-
ber in cells and thereby reduce the required dose of
the mRNA preparation [53]. Circular mRNAs with a
closed structure are an alternative, allowing mRNAs
to remain in the body over a longer period of time
and ensuring more prolonged antigen expression [58].
Both areas are being actively researched, with ac-
count of the potential to improve the efficacy and
safety of mRNA-based vaccines [53, 58].

Delivery systems for mRNA-based cancer vaccines
The mRNA molecule that has been administered to
the patient must be delivered to the APCs without
it losing its integrity. Selecting the optimal mRNA
delivery system is an important step in the produc-
tion of mRNA-based vaccines. The most common-
ly used mRNA-based delivery systems include lipid
platforms, which comprise liposomes, lipid nanoparti-
cles (LNPs), and lipopolyplexes (LPPs). They all differ
in structure and functional characteristics (Fig. 3B—D).

Liposomes consist of a bilipid layer forming an
outer shell inside which mRNA is encapsulated. The
surface of liposomes may contain polyethylene glycol
(PEG) molecules, which provide steric stabilization
and increase circulation time in the blood. LNPs are
more complex optimized structures that include ioniz-
able lipids, phospholipids, cholesterol, and PEG-lipids,
which not only effectively encapsulate mRNA but
also protect it from degradation and ensure that it is
delivered into the cells’ cytoplasm [59]. LNPs are suc-
cessfully utilized in antitumor mRNA-based vaccines,
in which they demonstrate high stability and delivery
efficiency [53, 60].
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The efficiency of lipid delivery platforms is affect-
ed by a variety of factors, such as size, charge, lipid
composition, membrane phase state, antigen localiza-
tion method, and the presence of immunomodulatory
components.

The size of mRNA delivery vehicles dictates their
biodistribution and the immunological outcome.
Small nanoparticles — typically < 100 nm for lipid
nanoparticles (LNPs) and < 200 nm for convention-
al liposomes — readily access lymphoid tissues, en-
gage resident dendritic cells, and are associated with
Th2-polarized responses. In contrast, larger particles
(> 100 nm for LNPs; > 500 nm for liposomes) exhib-
it prolonged retention at the injection site, creating
an antigen deposit that supports Thl-type immunity
[60—63].

Particle charge also plays a significant role: cationic
particles, for example, based on dioctadecyl dimethyl-
ammonium bromide (DDA), are actively absorbed by
APCs, promote cross-presentation and the activation
of CD8+ T-lymphocytes, whereas neutral and anionic
liposomes predominantly induce humoral immunity
[64, 65]. In LNPs, ionizable lipids acquire a positive
charge at low pH values in endosomes, facilitating the
release of mRNA into the cytoplasm [66].

The phase state of the bilipid layer determines the
ability of liposomes to fuse with cell membranes and
release antigen intracellularly. Liquid-crystalline lipo-
somes facilitate cross-presentation via MHC I, where-
as more rigid liposomes induce a pronounced Thl re-
sponse in vivo [66—68]. Cholesterol, which is part of
the membrane, increases the stability of liposomes
and may enhance or reduce complement activation
depending on its charge and size [66, 69].

The addition of immunomodulatory com-
ponents such as Toll-like receptor ligands, e.g.
CpG-oligodeoxynucleotides (CpG-ODNs), poly(I:C),
synthetic glycolipids and cytokines, allows the im-
mune response to be directed towards the desired
type of inflammation. Specifically, CpG-ODNs recog-
nized by TLRY9 and trehalose-6,6’-dibeheneate (TDB)
promote the induction of a Thl response accompanied
by IFN-y production [70-73]. Poly(I:C), which mimics
viral double-stranded RNA and activates TLR3, en-
hances the cross-presentation of antigen and stimu-
lates the development of a cytotoxic T-lymphocyte re-
sponse [74, 75]. Additionally, the combination of TDB
with lipids such as DDA may lead to the activation
of the Th17 response and the production of IL-17 [67,
76-78].

Encapsulated antigens have been demonstrated to
efficiently enter the intracellular compartments of
APCs, where they are processed and presented via
both class I and class II MHC molecules, enabling the
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activation of CD8+ and CD4+ T-lymphocytes [68]. At
the same time, antigens associated with the surface of
liposomes have a lower capacity for intracellular pro-
cessing but may be accessible for direct recognition
by B-lymphocytes via BCR receptors, contributing to
the formation of a humoral response [68, 79].

Lipopolyplexes (LPPs) are hybrid systems that
combine cationic lipids, such as DOTAP (1,2-dioleo-
yl-3-trimethylammonium-propane), and polymers,
such as protamine, to form stable complexes with
mRNA [80]. Lipids protect mRNA and facilitate its
delivery across cell membranes, while polymers en-
hance mRNA compaction, increasing the stability of
the complex. LPPs are highly stable in vitro and ef-
fectively deliver mRNA, including self-replicating
mRNA, to dendritic cells, eliciting a strong immune
response. LPPs used to deliver mRNA encoding neo-
antigens have been demonstrated to induce potent
T-cell responses and exhibit anti-tumor activity in
mouse models [80].

Beyond lipid-based systems, alternative mRNA de-
livery strategies for targeting APCs include polymeric
nanoparticles, dendrimers, peptide-based complexes,
physical methods such as jet injection and electropor-
ation, and engineered viral vectors.

Polymeric nanoparticles, such as poly(Bf-amino-
esters), are biodegradable polymers containing amino
and ether groups in their structure, which enables
them to bind mRNA through electrostatic interac-
tions. The flexibility in modifying polymer nanoparti-
cles provides the ability to vary the molecular weight,
degree of branching, and polymer chemical compo-
sition, optimizing the charge, particle size, and their
ability to protect mRNA from enzymatic degradation
[53].

Dendrimers are highly branched polymer mole-
cules with a tree-like structure. Dendrimers feature
a compact central core — typically a small molecule
or ion — serving as the focal point for the iterative,
layer-by-layer growth of branched monomeric units,
resulting in a well-defined, tree-like nanostructure.
Functional groups such as amines or hydroxyl groups
are located on the outer surface of the dendrimer,
which confers the ability to bind and protect mRNA
[63]. Peptide complexes consist of mRNA bound to
cationic peptides such as protamine, which form
dense nanoparticles as a result of electrostatic interac-
tions between positively charged peptides and nega-
tively charged mRNA, protecting it from degradation
and facilitating its penetration into cells [53].

Jet injection allows researchers to deliver “na-
ked” mRNA without carriers using jet injectors such
as PharmalJet or Bioject. The devices have no nee-
dles and use high pressure (up to 1,000 bar) to push

mRNA through the skin into the subcutaneous fat
or muscle tissue. An mRNA penetration mechanism
into cells is based on a temporary disruption of cell
membrane integrity as a result of mechanical stress
caused by a high-speed jet, which allows mRNA to
reach the cytoplasm of APCs [81]. Studies show that
introducing mRNA using this method can trigger an
innate immune response comparable to that induced
by LNPs [81].

Electroporation is primarily used for ex vivo de-
livery of mRNA into dendritic cells or other immune
cells which are subsequently administered to the
body. This method involves the use of electrical puls-
es to temporarily increase the permeability of cell
membranes, facilitating penetration by the mRNA.
Electroporation is effective for activating the immune
response, but its use in vivo remains limited as a con-
sequence of the risk of tissue damage and the com-
plexity of implementation [53].

Viral vectors, more commonly used to deliver self-
replicating mRNA, consist of a modified viral genome
containing mRNA or self-replicating mRNA, as well
as a protein capsid or lipid envelope that enables cell
penetration. Adenoviruses, lentiviruses, or alphavirus-
es modified to express tumor antigens are often used.
Self-replicating mRNA includes viral replication ele-
ments that enhance antigen translation in cells, reduc-
ing the required dose of the mRNA vaccine and en-
hancing the immune response. Vaccines utilizing viral
vectors are being actively explored as immunothera-
peutic agents against multiple cancer types, with par-
ticularly promising results in preclinical studies with
HPV-driven tumors [82].

Storage and transportation of

mRNA-based therapeutics

Immunobiological medicinal preparations, which in-
clude all known vaccines, are stored at a tempera-
ture between +2°C and +8°C! The exception is
mRNA-based vaccines, which are classified as bio-
technology-derived medicinal preparations (BDMPs)
with specific storage and transportation require-
ments® As an example, Pfizer’s mRNA vaccine is sta-
ble for 6 months at —80°C and only 5 days at +2 to

! General Pharmacopoeia Article (GPA) 1.7.1.0018.18, approved by
Order of the Ministry of Health of Russia No. 749 dated 31 October
2018. Available at: https://pharmacopoeia.regmed.ru/pharmacopoeia/
izdanie-14/1/1-7/1-7-1/ [Accessed: February 25, 2024].

2 Resolution of the Government of the Russian Federation No. 213 of
February 24, 2025. “About biotechnological medicinal preparations in-
tended for use in accordance with individual medical prescriptions and
specially manufactured for a specific patient directly in the medical or-
ganization where such biotechnological medicinal preparations are used,
containing compounds synthesized based on the results of genetic stud-
ies of material obtained from the patient for whom such biotechnological
medicinal preparations are manufactured.” Available at: http://govern-
ment.ru/docs/all/157884/ [Accessed: February 25, 2024].
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+8°C. Moderna’s vaccine can be stored for 6 months
at —20°C but 30 days at 2—8°C [83].

Storage and transportation of mRNA vaccines re-
quires strict temperature control as specified by the
manufacturer and special equipment such as refrig-
erators and freezers, refrigerated boxes, and vac-
cine carriers that can be stored at —80°C and meet
the performance standards as defined by the World
Health Organization (WHO) [84].

One of the newest methods of delivery of mRNA
into a patient’s body is the use of micro-needle chips
[84]. This method allows the mRNA preparation to
be stored and transported at room temperature for
several months. To date, this method has been ap-
plied exclusively to anti-infective mRNA vaccines; the
technical intricacies and scalability limitations of chip-
based production systems render it poorly suited to
personalized cancer vaccine development.

All of the above-mentioned transportation issues
lead to certain difficulties in the further implementa-
tion of mRNA vaccines; however, they do not make
their use impossible in clinical practice. One way to
resolve this issue could be to manufacture and use
the preparation within a single institution, which
is currently being done in the Russian Federation
through Resolution No. 213 dated February 24, 2025,
related to BDMPs intended for use in accordance
with individual medical prescriptions.

Administration strategies for therapeutic
mRNA cancer vaccines
Selecting an appropriate route of administration
is essential in maximizing the therapeutic potential
of mRNA vaccines while minimizing off-target effects
and systemic toxicity. Administration routes have dif-
ferent characteristics and influence the distribution
of the vaccine in the body, the type of immune cells
activated, and, consequently, the strength and dura-
tion of the response. mRNA-based vaccines can be ad-
ministered intradermally, subcutaneously, intranasal-
ly, intranodally, intraperitoneally, intramuscularly, and
intravenously. In modern clinical trials, intravenous, in-
tramuscular, and subcutaneous administration of mRNA
vaccines are the most commonly practiced protocols.
In intravenous administration, the preparation pen-
etrates the systemic bloodstream, spreading through-
out organs and tissues, and rapidly reaches the APCs.
This method allows for the administration of signifi-
cant volumes of the vaccine and repeated runs to en-
sure a high level of anti-tumor immunity [58]. Data
from clinical trials of BioNTech SE’s intravenous vac-
cine Cevumeran have confirmed its safety, good tol-
erability, and effectiveness in stimulating an immune
response against cancer cells [32, 85]. This method
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of administration may, however, cause the develop-
ment of a generalized febrile syndrome and flu-like
symptoms, and there is also a risk of systemic toxicity,
which is important to consider when planning studies.
As a consequence of the specific structure of the liv-
er’s vascular network and the mechanism of receptor-
mediated uptake of mRNA vaccines by hepatocytes,
these vaccines have an increased tropism for this or-
gan, which can lead to immune-mediated hepatitis or
hepatotoxicity [86]. With this method of preparation
administration, it is essential to conduct a risk-benefit
analysis of the treatment, and this puts restrictions on
mRNA vaccine treatment.

Intramuscular administration of vaccines is better
tolerated compared to intravenous administration. As
a result of the muscle tissue’s good vascularization
and the presence of APCs precursors that migrated
during ontogenesis and converged to the injection site,
intramuscular administration is sufficient to induce an
anti-tumor immune response. The additional advan-
tages of this method include flexibility in selecting
the dose administered, the possibility of repeated ad-
ministration to maintain anti-tumor immune activity,
and a reduced risk of adverse reactions at the injec-
tion site [87]. The only side effects as relates to this
method may be fever and flu-like symptoms, which
can be treated with anti-inflammatory preparations.
Moderna’s mRNA-4157 vaccine, encapsulated in lipid
nanoparticles, was administered intramuscularly in all
clinical trials, demonstrating sufficient safety and elic-
iting clinical responses in patients with melanoma and
solid tumors [88, 89]. Considering its numerous ad-
vantages, the intramuscular route is widely used for
the administration of already-approved anti-infective
mRNA-based vaccines, including prophylactic prepa-
rations against SARS-CoV-2 [90-93].

Intradermal and subcutaneous methods of mRNA
administration may be implemented using either the
traditional syringe method, microchips, or jet injection
[81, 84]. Intradermal administration of mRNA-based
vaccines stimulates a Thl-type immune response,
which is explained by the high concentration of APCs
in the dermis and epidermis layers and the favorable
microenvironment for antigen transfer [94]. Whilst
this method provides an opportunity to use smaller
volumes of the preparation, it often leads to local ad-
verse reactions, such as swelling, soreness, hyperemia,
and itching [95, 96]. As opposed to this, the subcuta-
neous method of administration is characterized by a
lower number of APCs in the subcutaneous adipose
tissue, which requires an increase in dosage and the
use of multiple injection sites. A slow absorption rate
following subcutaneous administration, however, may
contribute to mRNA degradation, reducing treatment
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efficacy [97]. Nevertheless, this route of administra-
tion has been used in mRNA-based vaccine trials be-
fore and is actively used in clinical trials conducted
in China (NCT03908671, NCT05949775, NCT05761717)
[80, 98, 99].

The intranasal route delivers the mRNA molecule
to the APCs of peripheral lymphatic vessels, while
the intranodal route delivers it to lymphatic APCs. At
the same time, the implementation of these methods
is complex and has limitations in terms of the volume
of administered preparation [100]. The intraperitoneal
method has similar limitations and is more commonly
used to deliver mRNA-based vaccines encoding co-
stimulatory immune molecules [101].

In selecting the administration method, the type
of mRNA-based vaccine should be taken into con-
sideration. As an example, to ensure the efficiency of
native mRNA delivery in vivo, intradermal or intra-
nodal methods are more commonly used due to the
assumption that immature dendritic cells located in
the dermis and lymph nodes are capable of absorbing
mRNA through micro-pinocytosis [102].

Lipid nanoparticles, as a popular delivery tool, are
compatible with virtually all known methods of ad-
ministration. Intramuscular and intradermal adminis-
tration, however, results in the longest mRNA trans-
mission, with a half-life of more than 20 h, while
intravenous administration results in a half-life of
only 7 h [103]. A comparison of the anti-tumor ef-
fect and immunogenicity of intramuscular, intrader-
mal, and subcutaneous administration of LPP-CT26 in
CT26-luc mice with lung metastases was undertaken
to evaluate the optimal method of vaccine delivery
[80]. Mice that received the preparation subcutaneous-
ly had fewer metastatic lesions in the lungs, showed
increased IFN-vy secretion, and greater anti-tumor
efficacy when the number of injection sites was in-
creased without a change in the dose, compared with
the other two groups. This further illustrates the im-
pact of optimizing the method of mRNA vaccine ad-
ministration versus the anti-tumor response.

In summary, the method used to administer the
mRNA-based vaccine is one of the key factors deter-
mining its efficacy and safety. All routes of admin-
istration have their advantages and disadvantages,
which affect the distribution of the preparation in the
body, the activation of immune cells and, as a result,
the strength and duration of the immune response.
Intravenous administration ensures systemic distri-
bution, but it carries the risk of toxicity and high tro-
pism for the liver. Intramuscular administration, due
to its simplicity and safety, remains the most popular,
providing flexibility in dosage and the possibility of
repeated injections. Intradermal administration stim-

ulates a potent Thl-type immune response but may
cause local reactions. Subcutaneous administration,
to the contrary, requires an increase in dosage due
to slow absorption. Optimization of the method, dose,
and frequency of administration, with consideration
as to the type of mRNA-based vaccine and delivery
system, is a prerequisite for achieving maximum an-
ti-tumor efficacy and minimizing adverse reactions.
Further studies in this area will enable the develop-
ment of personalized vaccination strategies aimed at
achieving a clinical response and minimizing adverse
reactions.

CURRENT STATUS OF CLINICAL TRIALS

OF mRNA-BASED CANCER VACCINES

Therapeutic mRNA vaccines targeting cancer are be-
ing developed globally, and most have transitioned
successfully from preclinical validation into clinical
evaluation (Table 1). Regulatory authorization as an
oncology treatment requires the successful completion
of three sequential clinical trial phases, with Phase
IIT — focused on efficacy in large patient cohorts —
representing the lengthiest and most complex stage
(Fig. 4).

Preclinical trials of mRNA-based vaccines include
an assessment of safety and immunological proper-
ties in wvitro and/or ex vivo and in vivo in animal
models. The success of preclinical trials opens an op-
portunity to proceed to Phase I clinical trials, where
the therapeutic dose is determined and the prelimi-
nary efficacy of the preparation in treating patients
is evaluated. This phase is usually undertaken on
healthy volunteers, but in the case of anti-tumor
mRNA-based vaccines, studies commence directly
with target patients, resulting in the combination
of phases I and ITa (NCT06307431, NCT06305767),
as well as the emergence of dose escalation and ex-
pansion stages [104, 105]. Phase II can be divided
into a pilot phase IIa, which evaluates short-term
safety, establishes a dosing regimen, determines the
dose-response relationship, and defines efficacy as-
sessment criteria, and a more extensive controlled
Phase IIb, which is necessary to determine the ef-
ficacy, safety, and optimal dosage of the prepara-
tion, as well as to make a decision about whether
to proceed to the next phase. In the second stage,
a comparison group receiving standard therapy
is required. The most time-consuming and costly
Phase III is a randomized, controlled, double-blind,
multicenter study with a mandatory control group,
which allows researchers to evaluate the efficacy and
safety in a large number of patients. Successful com-
pletion of this stage leads to the preparation dossier
being submitted to the authorized body for registra-
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Preclinical Trials

Dru
Assessment of safety and immunological properties using Registration
cell cultures, animal models, and computer modeling.
Phase IV

Clinical Trials Additional

evaluation of safety

Phase | ———@ Phasell: A&B ———@ Phaselll and efficacy of

registered drugs.
8 Up to 100 participants 8 100—-800 participants 8 Q?:iiig‘:r:: AL
> Evaluation of drug safety 7 A: Short-term safety, pharmacokinetics > Randomized controlled trial — random
“=) and tolerability, determination “~] and pharmacodynamics, selection of D assignment of participants to different

of maximum tolerated dose,
and conducting dose-escalation
studies. Preliminary assessment
of efficacy.

for assessing efficacy.

dosing regimen, determination of dose-re-
sponse relationship and criteria

B: Evaluation of efficacy and long-term
safety, randomization, and double-blind

treatment groups and comparison

of treatment outcomes.

Double-blind — neither the physician nor
the patient knows which therapy is being
administered.

22 Several patient groups design. Multicenter study — a clinical trial involving
with different types of cancer. 22 Two patient groups with the same type more than one independent medical
of cancer: control (standard treatment) institution.
and experimental (investigational drug o»

' Phases 1 and lIA are
® often combined.

Total duration: 10—15 years

as monotherapy or in combination).

~» Two patient groups with the same type
of cancer: control (standard treatment)
and experimental (investigational drug
as monotherapy or in combination).

Fig. 4. Anti-tumor mRNA vaccine trials stages required for preparation registration

tion. In the case of personalized mRNA-based vac-
cines, it is not each specific preparation that is regis-
tered, but rather the technology used to produce it.
Furthermore, in the Russian Federation, clinical tri-
als of personalized anti-tumor mRNA-based vaccines
related to BDMPs are permitted after their efficacy
and safety have been proven and without the need
for clinical studies’.

Personalized mRNA-based vaccines are current-
ly used in combination with immune checkpoint in-
hibitors (ICIs) in clinical trials, as they help activated
T-lymphocytes recognize tumor cell neoantigens and
implement a full anti-tumor immune response. A class
of preparations known as ICIs, which is quite common
in oncology practice, includes monoclonal antibodies
against cytotoxic T-lymphocyte antigen-4 (CTLA-4),

1 Resolution of the Government of the Russian Federation No. 213 of
February 24, 2025 “About biotechnological medicinal preparations in-
tended for use in accordance with individual medical prescriptions and
specially manufactured for a specific patient directly in the medical or-
ganization where such biotechnological medicinal preparations are used,
containing compounds synthesized based on the results of genetic stud-
ies of material obtained from the patient for whom such biotechnological
medicinal preparations are manufactured Available at: http://govern-
ment.ru/docs/all/157884/ [Accessed: February 25, 2024].
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a programmed cell death receptor (PD-1) and its li-
gand (PD-L1) (Table 2). CTLA-4, PD-1, and PD-L1
are surface receptors on T-cells that are necessary for
their negative regulation [106]. Tumor cells use these
molecules to deplete T-cells and “escape” the immune
response. ICIs are designed to block this mechanism
and restore the immune response suppressed by the
tumor [107, 108].

ICIs monotherapy serves as a comparison group
in studies of mRNA-based vaccines combined with
ICIs (NCT03897881, NCT05933577, NCT03289962,
NCT03815058), or mRNA vaccine monothera-
py (NCT03289962, NCT05192460, NCT05359354,
NCT06541639). A comparison of mRNA vaccine
monotherapy with groups receiving standard con-
ventional therapy appropriate for the selected cancer
type is also available (NCT06295809, NCT04486378,
NCT06026800). Expectations of potential success are
high in combining ICIs with mRNA-based vaccines in
clinical trials conducted on patients in the terminal-
stage of a disease for whom traditional treatments
have proven ineffective (NCT03815058, NCT03289962,
NCT05949775, NCT05192460, NCT05359354,
NCT06541639).
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Table 2. Immune checkpoint inhibitors used in clinical practice

Molecule .
International name | Trade name of the ..
targeted by the ; . Oncologic ailments
; of the preparation preparation
preparation
Ipilimumab Yervoy
Unresectable or metastatic melanoma, renal cell carcinoma,
CTLA-4 Tremelimumab Imjudo colorectal cancer, hepatocellular carcinoma, non-small cell
lung cancer
Nurulimab Nurdati
Prolgolimab Forteca
Pembrolizumab Keytruda Pembroria | Melanoma, non-small cell lung cancer, pancreatic cancer,
PD-1 - - oesophageal cancer, gastric cancer, breast cancer, prostate
Nivolumab Opdivo cancer, head and neck tumors, ovarian cancer
Camrelizumab Areima
Atezolizumab Tecentriq
Bladder cancer, non-small cell lung cancer, breast cancer,
PD-L1 Avelumab Bavencio hepatocellular carcinoma, metastatic melanoma, Merkel cell
carcinoma, urothelial and renal cell carcinoma
Durvalumab Imfinzi

Clinical studies performed in the European
Union and the United States

MmRNA-4157 vaccine. In 2017, Moderna (USA) initiated
a Phase I clinical trial of the personalized mRNA-4157
vaccine (NCT03313778) (Fig. 2). In the first stage, pa-
tients with resected (part A) and unresectable (part B)
solid tumors received four doses of mRNA-4157 mon-
otherapy intramuscularly or combination therapy with
pembrolizumab based on dose escalation regimens
ranging from 0.04 to 1 mg. During the dose escala-
tion stage, the group was divided into three parts:
participants with unresectable, locally advanced or
metastatic solid tumors (parts B and C) and resect-
ed cutaneous melanoma (part D). The patients were
advised to use 1 mg of mRNA-4157, in combination
with pembrolizumab and/or chemotherapy. In 2019,
the first results were published, confirming the safety
of the preparation by the absence of short-term se-
vere adverse reactions (> grade 3) in all 33 patients,
and its immunogenicity by the presence of multifunc-
tional neoantigen-specific T-cells in response to target
neoantigens in each patient. Among the 13 patients
who received adjuvant monotherapy with mRNA-
4157, 92.3% showed no evidence of disease at a medi-
an follow-up time length of 8 months. The remaining
20 patients received combination therapy consisting of
a mRNA vaccine and pembrolizumab, and 14 of them
responded to combination therapy: in half of the cas-
es, partial remission or stabilization of the disease was
observed, while in the other half, disease progression
or immunosuppression was observed. Consequently,
mRNA-4157 proved safe and well tolerated at all test-
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ed dose levels. These results confirmed the efficacy of
the target neoantigen selection algorithm and high-
lighted the promising clinical application of the per-
sonalized neoantigen mRNA vaccine therapy strategy,
which made possible for mRNA-4157 to advance to
Phase II clinical trials [109].

At the Society for Immunotherapy of Cancer
conference (San Diego, California, USA) held in
November 2023, the results obtained with mRNA-4157
use were supplemented: In evaluating safety and tol-
erability, all patients experienced > 1 adverse event
during treatment; no dose-limiting adverse events of
grade 4 or 5 severity had been observed. The most
common adverse events were fatigue (67%), fever
(60%), and pain at the injection spot (40%). T-cell re-
sponses were observed in all patients, 85% of which
were identified as de novo responses. The highest fre-
quency of these responses was achieved after the be-
ginning of combination therapy with pembrolizumab.
It was also observed that a high percentage of im-
mune responses to the combination of mRNA-4157
with pembrolizumab in patients was associated with
an activated T-cell phenotype, while a low percentage
was associated with the prevalence of a naive T-cell
phenotype [89]. The mRNA-4157 study is ongoing and
forms the basis for phases involving groups of pa-
tients with tumors in other locations.

In 2019, the KEYNOTE-942 (Phase II) study was
initiated to evaluate the efficacy of the personalized
mRNA-4157 vaccine in patients with stage IIIB-D and
IV melanoma after complete surgical resection with
a high risk of recurrence (NCT03897881). Patients
received combination therapy with mRNA-4157 and
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pembrolizumab (n = 107) or pembrolizumab mono-
therapy (n = 50). The mRNA-4157 vaccine (1 mg) was
administered intramuscularly nine times at three-
week intervals, and pembrolizumab (200 mg) was
administered intravenously every three weeks for
18 cycles. With a minimum follow-up period of 14
months in the group of patients who completed the
full course of treatment, adverse outcomes (relapse or
death) were observed in 22% (24/107) of the patients
in the combination therapy group and in 40% (20/50)
of patients who received monotherapy. Recurrence-
free survival was better in the combination therapy
group than in the monotherapy group (83% versus
77% at 12 months and 79% versus 62% at 18 months).
Cases of distant recurrence or death after 24 months
were observed in 8% of patients after combination
therapy and 24% of patients under monotherapy [110].

Encouraging results from Moderna and Merck
& Co’s (USA) mRNA-4157 vaccine have result-
ed in the initiation of the studies NCT06307431 and
NCT06305767, which began in 2024. It is anticipated
that mRNA-4157 therapy in combination with pem-
brolizumab will be more efficient than pembrolizumab
monotherapy in renal cell carcinoma (NCT06307431)
and standard treatment in muscle-invasive urothe-
lial carcinoma (NCT06305767). These trials cover
between 8 and 15 countries and will continue un-
til 2031-2032. In addition, in early 2025, Moderna, in
partnership with Merck & Co (USA), initiated Phase
III clinical trials of the mRNA-4157 vaccine, in com-
bination with pembrolizumab, for the treatment of
squamous cell skin carcinoma (NCT06295809), mela-
noma (NCT05933577), and non-small cell lung cancer
(NCT06077760). Each study involves between 20 and
33 countries and between 868 and 1,089 patients.

Cevumeran. In 2017, BioNTech (Germany) and
Genentech (USA) initiated Phase I clinical trials of
the mRNA preparation Cevumeran (NCT03289962)
intended for the treatment of patients with melano-
ma, head and neck cancer, colorectal cancer, non-small
cell lung cancer, bladder cancer, and other progres-
sive solid tumors (Fig. 2). The safety, immunogenici-
ty, and preliminary efficacy of monotherapy (n = 30)
and in combination with atezolizumab (n = 183) were
evaluated in patients who had received prior ther-
apy. According to safety data, 9 out of 30 patients
receiving Cevumeran monotherapy and 47 out of
183 patients receiving combination therapy with at-
ezolizumab discontinued treatment as a result of ail-
ment expansion. Side effects were noted in 90% of
the patients receiving Cevumeran monotherapy: in 3
patients, they were classified as grade 3, and in the
remaining 24 patients they were classified as grade

1 or 2. One case of dose-limiting toxicity grade 3
was observed during monotherapy with 100 pg of
Cevumeran, but after the side effects had dissipat-
ed, the patient continued to participate in the study
at a reduced dose until ailment progression on day
82. Three grade 4 or 5 adverse events were record-
ed during the combined use of Cevumeran and at-
ezolizumab; subsequently, 11 patients discontinued
treatment as a result of adverse immune-mediated
reactions, predominantly in the atezolizumab mon-
otherapy group. The remaining participants expe-
rienced minimal side effects, the most common of
which were infusion reactions (56.7% and 59.6% for
monotherapy and combination therapy, respectively),
cytokine release syndrome (30% and 20.8%), and flu-
like symptoms (3.3% and 12.6%). In the preliminary
efficacy assessment, 71% of the patients demonstrat-
ed a polyepitope neoantigen-specific response involv-
ing CD4" and/or CD8" T-cells, which persisted for up
to 23 months. At the same time, CD8" T-cells specif-
ic to several neoantigens constituted an average of
7.3% of the circulating pool of CD8* T-cells and were
also detected in tumor foci, comprising up to 7.2% of
the total number of tumor-infiltrating T-cells. No sta-
tistically significant results about a correlation be-
tween the clinical effect and immune response were
obtained due to the limited volume and heterogeneity
of the samples for each tumor type. A patient with
microsatellite-stable rectal cancer (low PD-L1 expres-
sion) demonstrated a complete response to combina-
tion therapy with autologous Cevumeran (9 doses of
38 mcg) and atezolizumab for 8.2 months. A patient
with highly differentiated breast cancer (high PD-L1
level) due to tumor progression against a background
of experimental treatment with nivolumab was trans-
ferred to autologous Cevumeran at a dose of 38 mcg
and atezolizumab, which led to a partial response with
a reduction in the size of metastases in the lungs over
a period of 9.9 months. These results justified further
study of Cevumeran and became the basis for new
phase I-II clinical trials [111].

In 2019, BioNTech (Germany) and Genentech
(USA) jointly initiated Phase I clinical trials of
Cevumeran against resected pancreatic adenocarci-
noma (NCT04161755). The study included 16 patients
who received atezolizumab and Cevumeran after
surgery, 15 of whom then underwent chemotherapy
with mFOLFIRINOX. The safety profile was assessed
based on the number and severity of adverse reac-
tions, and preliminary efficacy was assessed based on
T-cell specificity to the vaccine neoantigens, recur-
rence-free survival, and overall survival at 18 months.
In 15 of the 16 patients, autologous Cevumeran was
tolerated without grade 3—5 adverse reactions; one
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patient experienced fever and hypertension, which
were assessed as a grade 3 adverse reaction. The ap-
pearance of neoantigen-specific T cells was noted in
8 out of the 16 patients, accounting for up to 10% of
all blood T-cells The cells retained functionality and
produced IFN-y. Even after chemotherapy and were
reactivated upon administration of a booster dose of
the vaccine. They also included up to 2.5% of multi-
functional neoantigen-specific effector CD8* T-cells
that persisted for 2 years after the surgery. During
18 months of follow-up, the median overall and re-
currence-free survival in eight patients with a T-cell
response to the vaccine exceeded 18 months, while
in eight non-responders, the median recurrence-free
survival time was 13.4 months. Since T-cell activity in
patients with resected pancreatic adenocarcinoma cor-
related with delayed recurrence, a global randomized
phase II trial was initiated [30].

Although initial results were published in 2023,
long-term follow-up of Phase I participants re-
mained ongoing, leading to updated findings from the
NCT04161755 trial in 2025. With a median follow-up
period of 3.2 years (2.3—4.0 years), all eight patients
who responded to therapy remained recurrence-free.
Consequently, six out of eight respondents remained
in remission, while seven out of eight who did not re-
spond to therapy experienced a relapse. Additionally,
the origin and lifespan of specific T-cell clones were
studied. It has been revealed that Cevumeran induc-
es CD8* T-cell clones with an average lifespan of 7
years. At the same time, vaccine-induced clones are
not observed in tissues prior to vaccination, and 86%
of them retain the cytotoxic, tissue-resident state of
memory T-cells for 3 years after vaccination, while
preserving neoantigen-specific effector function. This
observation led to the conclusion that there is a con-
sistent correlation between the response to the vac-
cine and progression-free survival for 3.6 years [32].

In 2023, a randomized phase II trial of the prepa-
ration Cevumeran (NCT05968326) was initiated. The
treatment regimen for patients with pancreatic ductal
adenocarcinoma following surgical resection includ-
ed a combination of Cevumeran, atezolizumab, and
mFOLFIRINOX chemotherapy versus single-agent
chemotherapy. In addition, as part of Phase II trials,
the preparation Cevumeran, in combination with ICIs,
was being administered to patients with melanoma
(NCT03815058) and muscle-invasive urothelial car-
cinoma (NCT06534983), and as monotherapy to pa-
tients with rectal or colon cancer (NCT04486378). The
NCT03815058 study was completed in January 2025,
but the results are not yet available. The completion
of the other studies should not be expected before
2029.
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Clinical studies performed in China

A total of 14 early Phase I and II trials listed on clin-
icaltrials.gov are underway in China as of January
2025, and five in the United States (Table 1).
Chinese companies such as Stemirna Therapeutics,
NeoCura, Everest Medicines, Hangzhou Neoantigen
Therapeutics, Jiangsu Synthgene Biotechnology,
Shanghai Regenelead Therapies, and Shanghai
Xinpu BioTechnology are active in the development
of mRNA-based vaccines.

In October 2024, the results of preclinical studies of
the Chinese anti-tumor vaccine SW1115C3 [112] were
published. The preparation proved to be efficient in
mouse models of CT26, MC38, and B16F10 tumors by
activating neoantigen-specific cytotoxic T-cells and
inducing the secretion of cytotoxic cytokines. This
encouraged the move to Phase I clinical trials on two
patients. The first patient with advanced stomach can-
cer, multifocal metastases, and a low mutation bur-
den, achieved a recurrence-free survival period of 8.4
months and partial remission after receiving a combi-
nation of SW1115C3 with vedolizumab and pembroli-
zumab. The second patient with type B luminal breast
cancer after neoadjuvant therapy and mRNA vaccine
treatment evinced a persistent T-cell response to 11
out of 20 neoantigens. One year after surgery, she
shows no evidence of recurrence or metastasis, and
monitoring continues.

Stemirna Therapeutics has initiated studies to
evaluate the efficacy of STZD-1801 monotherapy in
patients with esophageal cancer and non-small cell
lung cancer (NCT03908671), as well as combination
therapy with a mRNA-based vaccine and stintilumab
for advanced solid tumors (NCT05949775) and he-
patocellular carcinoma (NCT05761717) [80]. NeoCura
has initiated a study of the efficacy of mRNA-based
monotherapy and combination therapy with ICIs in
patients with advanced solid tumors (NCT05359354),
with a separate study focusing on patients with gas-
tric, esophageal, or liver cancer (NCT05192460). The
anti-tumor mRNA-based vaccine iNeo-Vac-R01 from
Hangzhou Neoantigen Therapeutics (China) targets
common neoplasms of the digestive system and is
being studied in three parallel trials to select the
most effective treatment strategy (NCT06019702,
NCT06026800, NCT06026774). The EVM16 mRNA-
based vaccine from Everest Medicines is in Phase
I clinical trials, including patients with recurrent or
advanced solid tumors receiving monotherapy with
the vaccine or combination therapy with tislelizum-
ab (NCT06541639). The efficacy of various combi-
nations of anti-tumor mRNA-based vaccines with
chemotherapy and ICIs is being evaluated in stud-
ies initiated by Jiangsu Synthgene Biotechnology,
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Shanghai Regenelead Therapies, and Shanghai Xinpu
BioTechnology Company Limited. The study groups
include patients with pancreatic cancer (NCT06326736,
NCT06156267, NCT06496373) and non-small cell lung
cancer (NCT06735508). The results of all these stud-
ies, however, have not yet been published.

Studies performed in the Russian Federation
In September 2024, the National Research Center for
Epidemiology and Microbiology named after Honorary
Academician N.F. Gamaleya of the Ministry of Health
of the Russian Federation announced the completion
of preclinical trials of a domestic mRNA-based vac-
cine against melanoma, developed jointly with the
National Medical Research Radiological Centre of the
Ministry of Health of the Russian Federation' (Fig. 2).
According to the official website of the N.N. Blokhin
National Medical Research Centre of Oncology, patient
enrollment for Phase I clinical trials is not expected
until the second half of 20252

A scientific and technological center for the devel-
opment of mRNA technologies has been established in
accordance with Decree No. 195-r of the Government

! ria.ru [Internet]. Russian cancer vaccine has passed preclinical trials.
2014-2025. Available from: https://ria.ru/20240906 /vaktsina-1971091162.
html [Accessed: September 6, 2024].

2 www.ronc.ru [Internet]. N.N. Blokhin National Medical Research
Center of Oncology: key facts about the anti-tumour mRNA-based vac-
cine. 2024-2025. Available from: https://www.ronc.ru/about/press-tsen-
tr/glavnoe-oprotivoopukholevoy-mrnk-vaktsine/ [Accessed: February 5,
2025].

of the Russian Federation dated February 3, 2025. The
functions of this leading scientific organization are
entrusted to the Federal State Budgetary Institution
“National Research Center for Epidemiology and
Microbiology named after Honorary Academician
N.F. Gamaleya” of the Ministry of Health of the
Russian Federation®

CONCLUSION

mRNA-based vaccines designed to encode defined tu-
mor antigens have shown robust clinical activity, ei-
ther alone or in synergy with immune checkpoint in-
hibitors (ICIs), in multiple oncological indications. The
platform’s versatility, embodied in broad target selec-
tion (notably neoantigens), tunable mRNA constructs,
and interchangeable delivery systems, points to its
capacity for rapid development and implementation
in real-world oncology settings. ®

This study was conducted as part
of the state assignment of the Ministry
of Science and Higher Education
of the Russian Federation No. 075-00490-25-04
(project registration number 125042105351-3).

3 Decree of the Government of the Russian Federation No. 195-r dated
February 3, 2025 “About the founding of a centre for the development of
mRNA technologies.” Available from: http://government.ru/docs/54127/
[Accessed: February 5, 2025].
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ABSTRACT The development of a symbiotic gut ecosystem is a crucial step in postnatal adaptation. The gut
microbiome of very preterm infants is characterized by an overall instability, reduced microbial diversity, and
a predominance of Gram-negative Proteobacteria, all factors associated with an increased risk of necrotizing
enterocolitis (NEC). Short-chain fatty acids (SCFAs) are the key bacterial metabolites that are essential for
maintaining intestinal homeostasis, supporting immune development, enhancing intestinal barrier integrity,
and reducing inflammation. This review examines the role of gut microbiota and SCFAs in neonatal NEC,
with a focus on potential diagnostic and therapeutic strategies. Clinical studies have consistently demonstrat-
ed a significant decrease in total SCFA levels and individual bacterial metabolites in preterm infants with
NEC. This finding has been corroborated by various experimental models. Clarification of the role of SCFAs
in NEC pathogenesis, determination of their diagnostic utility, and assessment of the feasibility of developing
comprehensive pro- and postbiotic formulations require multi-center, multi-omics investigations that include
a large cohort of very preterm infants.

KEYWORDS necrotizing enterocolitis, very premature infants, diagnostics, gas chromatography-mass spectrom-
etry, short-chain fatty acids, gut microbiota.

ABBREVIATIONS GC — gas-chromatography; LC — liquid-chromatography; SCFA — short-chain fatty acids;
MS - mass-spectrometry; NEC — necrotizing enterocolitis; NICU — neonatal intensive care unit; PCR — pol-
ymerase chain reaction.

INTRODUCTION

Necrotizing enterocolitis (NEC) is a severe gastroin-
testinal disease that affects newborns. It is character-
ized by marked inflammation of the intestinal wall,
followed by necrosis and potential perforation. NEC
is a significant gastrointestinal complication that pri-
marily affects premature infants, with rare instances
reported in infants born after 32 weeks gestation [1].
The primary factors that predispose to excessive gut
inflammation include gastrointestinal immaturity, im-
paired bacterial colonization, and the lack of enteral
feeding with breast milk [2]. The incidence of NEC
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is inversely proportional to gestational age, ranging
from 2% to 10% in very preterm infants (28—32 weeks
of gestation) and reaching 55% among extremely pre-
term newborns [3].

Notwithstanding the progress achieved in modern
medicine, the incidence of NEC has not changed sub-
stantially over time in very low birth weight (VLBW)
infants and constitutes a major cause of adverse out-
comes in this cohort. The need for surgical interven-
tion due to intestinal perforation or suspicion thereof
in NEC ranges from 20% to 52%. Mortality rates for
VLBW infants with surgical NEC in developed coun-
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tries average 30%, reaching 50—72% among extremely
low birth weight (ELBW) newborns [4, 5]. According
to clinical observations, the progression of NEC is es-
pecially unfavorable in cases with concurrent con-
genital pneumonia, hemodynamically significant pat-
ent ductus arteriosus, and ELBW [6]. Between 22.7%
and 35% of newborns who survive the surgical stage
of NEC will develop intestinal failure syndrome, a
condition with a reduction in gut function below the
level necessary for the absorption of macronutrients
and/or water and electrolytes [7]. Not only does the
occurrence of NEC have implications for the gastro-
intestinal tract, but it also substantially increases the
chances of adverse neurological outcomes. Due to the
large surface area, considerable vascularization, and
high concentration of immune cells, inflammation in
the intestine can lead both to intestinal wall perfora-
tion and development of systemic effects that impact
other tissues and organs [8]. Prospective cohort stud-
ies examining the long-term outcomes of NEC reveal
that 37.6—56.8% of preterm infants weighing less than
1,000 g at birth experience delayed neuropsychiatric
development, a percentage significantly greater than
in those without NEC [9].

Given the high prevalence of NEC and the signifi-
cant risk of adverse outcomes, the development of in-
novative predictive and diagnostic tools is a priority
in the study of this disease. Identifying early specific
biomarkers of NEC opens the possibility of detect-
ing excessive inflammatory processes in the gut even
before the onset of clinical symptoms [10]. Such an
approach would allow for the timely identification of
high-risk groups, which, in turn, would ensure early
initiation of conservative treatment and the prospec-
tive implementation of targeted innovative therapies.
Particularly important is the use of noninvasive pre-
dictive and diagnostic methods that eliminate phle-
botomy losses and painful stimuli, which is critical for
VLBW newborns. One such method is the determi-
nation of fecal calprotectin levels as a potential early
biomarker of NEC in preterm infants. However, its
diagnostic value remains a subject of scientific debate
[11].

Over the past twenty years, the gut microbiome
has been the focus of considerable research, owing to
its significance in maintaining health and its connec-
tion to diverse diseases like diabetes mellitus, asthma,
and inflammatory bowel diseases, including NEC [12].
The reduced frequency of inflammatory diseases in
individuals with an abundance of SCFA-producing
bacteria and higher SCFA concentrations has stimu-
lated active research in this field [13]. The analysis of
gut microbiota composition involves costly and time-
consuming tools, such as 16S rRNA sequencing, which

generates extensive and complex datasets that are
difficult for clinicians to interpret. Therefore, quanti-
tative analysis of microbial metabolic activity via fe-
cal SCFA levels using gas chromatography-mass spec-
trometry (GC-MS) merits particular consideration [14,
15]. GC-MS affords rapid, accurate, and non-invasive
analysis, making it ideal for neonatal intensive care
units (NICUs), notably for very premature infants at
elevated risk of NEC.

This review aims to summarize and analyze cur-
rent data on the pathogenetic role of SCFAs, key me-
tabolites of the gut microbiota, in the development of
NEC in very preterm infants (less than 32 weeks of
gestation). This avenue appears promising both for
understanding the pathogenesis of the disease and for
developing novel diagnostic and preventive strategies.

GUT MICROBIOTA IN THE PATHOGENESIS OF NEC

The bacterial community of the gastrointestinal tract
is a vast population of microorganisms (approximate-
ly 10'2-10" cells), representing between 100 and 1,000
various species. Because of the ability to influence
various bodily functions by releasing thousands of
substances into the bloodstream, this ecosystem is
frequently referred to as the “second genome” or
even the “second brain” [14].

The microbiome of a newborn develops from birth,
affected by factors such as the method of delivery
(vaginal delivery or cesarean section), feeding regi-
men (breast or formula feeding), and the environment
[16]. Initially highly plastic and variable, the compo-
sition of the neonatal microbiota stabilizes in early
childhood [17]. Prolonged hospitalization, antibiotic
therapy, feeding via oro- or nasogastric tubes, lack
of contact with maternal microflora, and a deficiency
of breast milk are key factors influencing the specific
development of gut microbiota in preterm infants, the
microbial profile of which differs from that of full-
term newborns [18]. Gastrointestinal tract colonization
in infants within neonatal intensive care units (NICU)
is thought to result in a reduced alpha-diversity of
the microbial community with simultaneous enrich-
ment in genes responsible for antibiotic resistance
[19-22].

In very preterm infants, the gut is mostly popu-
lated by opportunistic facultative anaerobes, such
as Proteobacteria and Firmicutes representatives.
This coincides with a reduction in the prevalence
of commensal bacteria, including Actinobacteria
and Bacteroidota [23, 24]. A significantly in-
creased relative abundance is observed of bacteria
of the Enterobacteriaceae family, which compris-
es Enterobacter, Escherichia, and Klebsiella (phylum
Proteobacteria). In contrast, beneficial bacteria of the
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genus Bifidobacterium (phylum Actinobacteria) are
markedly underrepresented compared to full-term in-
fants [23, 24]. Of particular interest is the observation
that during the development of the microbial com-
munity in very preterm infants a transition from the
dominance of one genus of bacteria to another occurs,
reflecting the high dynamism and instability of the
microbiota in such infants [22, 25, 26]. These changes
could be associated with external influences, includ-
ing antibiotic administration and feeding specifics [22].
Due to the significant instability in the gut microbi-
ome of preterm infants, coupled with the small study
group sizes, it is challenging to pinpoint the specific
bacteria linked to the onset of NEC [26].

Prior research indicated decreased gut micro-
biome diversity in very preterm infants, with an
even more substantial reduction observed in in-
fants diagnosed with NEC [27]. It should be noted
that the reduction in commensal bacteria, specifi-
cally representatives of the genera Bifidobacterium
(phylum Actinobacteria) and Bacteroides (phylum
Bacteroidota), and the increase in opportunistic mi-
croorganisms of the phylum Proteobacteria (espe-
cially the family Enterobacteriaceae) and Firmicutes
(genera Staphylococcus, Clostridium, Streptococcus,
and Blautia) become increasingly pronounced [27-31].
A correlation between Gammaproteobacteria, partic-
ularly the Enterobacteriaceae family, and NEC de-
velopment was demonstrated in a major longitudinal
study of preterm infants with a birth weight under
1,500 g [31]. An increase in the abundance of poten-
tially pathogenic Gammaproteobacteria with a simul-
taneous decrease in Bacteroides abundance prior to
NEC manifestation has also been confirmed in other
works [27, 32, 33].

Stewart C.J. et al. (2016) suggested that the etiol-
ogy of NEC in very preterm infants should be inter-
preted in terms of the instability of the developing
intestinal microbiome rather than specific microor-
ganisms as potential pathogens [25]. This instability is
manifested in frequent transitions between dominant
bacterial communities. A longitudinal investigation
into the gut microbiome of 35 very preterm infants
demonstrated that NEC was only observed when bac-
teria from the genera Klebsiella and Escherichia (fam-
ily Enterobacteriaceae, phylum Proteobacteria), or
Staphylococcus and Enterococcus (phylum Firmicutes),
predominate. Moreover, NEC did not occur in the
presence of a more diverse bacterial community with
a high relative abundance of Bifidobacterium. These
data suggest that, in the pathogenesis of NEC, one
should consider not only (and not primarily) the fac-
tor of colonization by a specific pathogenic bacterial
species, but more broadly, the factor of microbiome
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stability and diversity, which underscores the multi-
factorial nature of this pathology [25].

The immature gut of very preterm infants exhibits
impaired epithelial cell differentiation, fewer Paneth
cells, and a reduction in the synthesis of protective
mucus [34]. Insufficient formation of intestinal mu-
cus, immature gut immunity, and reduced endoge-
nous production of antimicrobial factors can lead to
increased bacterial adhesion and heightened expo-
sure to bacterial endotoxin (lipopolysaccharide, LPS)
from Gram-negative bacteria (specifically the phy-
lum Proteobacteria prevalent in such children). This
stimulates Toll-like receptors 4 (TLR4) on epithelial
cells, leading to their apoptosis and the disruption of
intestinal epithelial barrier integrity, as well as trig-
gering a pronounced inflammatory reaction mediated
by TNFa, IL-1fB, and other pro-inflammatory cyto-
kines [35]. Ultimately, these processes increase the
risk of developing neonatal sepsis or a local inflamma-
tion (Fig. 1) [6, 36, 37].

In NEC, a pathogen may not always be identified
[25]. Diagnosis is established through clinical and ra-
diological indicators, negating the need for microor-
ganism isolation. However, examining the contribu-
tion of microbiome dysregulation to the etiology of
NEC is essential in integrating the microbiome anal-
ysis into clinical application. Early detection of bac-
terial overgrowth, particularly of species associated
with NEC and late-onset sepsis, as well as analysis
of changes in the structure of the microbiome over
time could be a promising avenue in treating very
preterm infants [36]. Particular emphasis is placed
on the microbiological analysis of mucosal secre-
tions from the upper respiratory and gastrointestinal
tracts within the first 24 h of life in identifying early
neonatal sepsis and NEC risk factors in very pre-
term infants [38]. Yet incorporating data on the gut
microbiota and its changes into daily clinical prac-
tice is hindered by several obstacles, encompassing
the substantial diversity and intricacy of microbiota
composition, as well as the absence of standardized
analytical methodologies and procedures. These fac-
tors complicate the interpretation of the data ob-
tained and require further research.

Conventional methods used to study microbiota in-
volve culturing microorganisms in various nutrient
media. These methods facilitate a thorough exami-
nation of live bacterial cultures and functional as-
sessments, like antibiotic sensitivity. However, such
methods have significant limitations: only a small per-
centage of gut microorganisms can be cultured in a
laboratory setting, and the culturing process can be
time-consuming. Consequently, culture-based methods
reflect the species composition of the microbiota to a
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Fig. 1. Scheme of NEC pathogenesis in very preterm infants

limited extent and provide qualitative, rather than
quantitative, data [39].

Polymerase chain reaction (PCR), a potent and ex-
tremely sensitive molecular technique, is employed to
amplify and identify specific DNA segments to rapid-
ly detect particular microorganisms. However, PCR is
primarily employed to detect known species and does
not facilitate an assessment of species diversity and
richness within microbiota composition [40].

The use of next-generation sequencing (NGS) of
16S rRNA has become widespread in microbiota stud-
ies, because it allows for the analysis of the genetic
material of both culturable and non-culturable mi-
croorganisms [40]. This method allows one to iden-
tify bacterial species, estimate their relative abun-
dance, and evaluate their potential metabolic activity.
However, 16S rRNA NGS has its drawbacks, such as
the difficulty in differentiating closely related spe-
cies, a lack of detailed information on the functional
aspects of bacterial communities, high cost and time
requirements for the analysis, and the complexity of
data processing and interpretation (Table 1) [41].

Despite providing comprehensive data on micro-
bial community composition and genetic profiles, 16S
rRNA sequencing does not fully elucidate the func-
tional role of each species within the microbiome.
Microorganisms are capable of adapting by altering
enzyme synthesis levels and activity, allowing them to
influence the environment, community members, cells,
and the host organism itself. Multi-omics approaches
integrating metagenomics, metatranscriptomics, pro-
teomics, and metabolomics are being developed to
address these challenges. These methods can provide
more comprehensive data concerning the intensity of
gut dysbiosis, interaction dynamics, and the metabolic
functions of the microbial community, which could be
especially beneficial in clinical research and in man-
aging complex diseases linked to changes in the mi-
crobiome [42].

SHORT-CHAIN FATTY ACIDS ARE KEY

METABOLITES OF THE GUT MICROBIOTA

Bacteria are capable of synthesizing approximately
15,000 molecules unique to the human host, for which
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Table 1. Comparison of major methods for investigating microbiota composition: advantages and limitations

Method Advantages

Limitations

Culture-based

Obtaining live cultures; Conducting functional
assessments, including antibiotic sensitivity

Limited number of culturable species; Labor-
intensive and time-consuming process; Primarily

Microbiota profiling.

methods tests. qualitative data [39].
. e . . : The detection is limited to established microorgan-
PCR IRHE R ST, Rapld det.ectlon of established isms; The total species diversity cannot be estimated
microorganisms. [40]
16S rRNA Analysis of culturable and non-culturable The lack of discrimination between closely relat-
sequencing species; Assessment of relative abundance; ed species; Limited functional data; High cost;

Interpretation challenges [40, 41].

immune and intestinal cells express specific receptors
[43]. Bacterial metabolites can penetrate the intestinal
barrier and exert systemic effects [44, 45]. Notable
among these bioactive compounds of microbial origin
are antimicrobial peptides, conjugated linoleic acid,
gamma-aminobutyric acid (GABA), and short-chain
fatty acids (SCFAs) [45].

In the human body, these compounds perform a
multitude of important functions, including inhibiting
the synthesis of pro-inflammatory cytokines, main-
taining the integrity of the intestinal epithelial bar-
rier, and stimulating the proliferation and differen-
tiation of colonocytes [45]. SCFAs serve as universal
energy substrates for various cells, with butyric acid
acting as the preferred energy source for colonocytes,
providing 60-70% of their energy requirements [46].
Compared to individual microorganisms or their com-
binations, SCFAs, the end products of bacterial me-
tabolism, offer a more insightful indication of gut sta-
tus. Understanding the mechanisms of action of these
metabolites is fundamental in identifying potential
NEC biomarkers and developing new therapeutic tar-
gets.

Of the SCFAs produced in the gut, only 5% are
detected in feces, as colonocytes absorb the major-
ity [47]. The average concentration of SCFAs in fe-
ces ranges from units to tens of mmol/kg [48]. Only
a small fraction (approximately 1%) of SCFA is ab-
sorbed into the portal vein as salts [49]. Acetic acid
(acetate) is a key end product of glycolysis in a mul-
titude of commensal microorganisms, including rep-
resentatives of Lactobacillus, Clostridium, Blautia
(phylum Firmicutes), Bacteroides and Prevotella (phy-
lum Bacteroidota), as well as Bifidobacterium (phy-
lum Actinobacteria) [30]. Propionic acid (propionate) is
synthesized by a limited number of gut bacteria via
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the metabolism of succinate, acrylate, and propanediol.
These microorganisms include representatives of the
genera Clostridium, Veillonella (phylum Firmicutes),
Propionibacterium (phylum Actinobacteria),
and Bacteroides (phylum Bacteroidota) [4].
Bacteria producing butyric acid (butyrate) main-
ly belong to the phylum Firmicutes, including
the families Ruminococcaceae, Lachnospiraceae,
Erysipelotrichaceae, and Clostridiaceae [50]. Butyrate
production is notably high in species belonging to the
class Clostridia [51]. Additionally, the gut microbiota
includes bacteria that employ the metabolic byprod-
ucts of other microorganisms to produce butyric acid,
thereby inhibiting the buildup of lactate and acetate
[5]. For example, acetate produced by Bifidobacterium
is converted into butyrate by bacteria of the class
Clostridia [52].

Acetic acid functions as a fatty acid biosynthe-
sis substrate, is involved in the Krebs cycle [53],
and demonstrates anti-inflammatory activity [54].
Propionate contributes to the improvement of barrier
function and intestinal epithelial integrity and also
plays an important role in regulating glucose and lipid
homeostasis in the liver [55]. Butyric acid (butyrate)
is a key energy source for the epithelial and immune
cells of the large intestine [56, 57], increases the ex-
pression of tight junction proteins, thereby promot-
ing the maintenance of gut barrier integrity [56], and
exhibits a pronounced anti-inflammatory effect [58].

Establishing the relationship between gut micro-
biota and health requires reliable quantitative tools
for determining metabolite concentrations in various
biological matrices, such as plasma, serum, urine, and
feces. Contemporary research uses such techniques
as capillary electrophoresis (CE), nuclear magnetic
resonance (NMR), and liquid and gas chromatography



REVIEWS

Table 2. Comparative characteristics of methods for the quantitative determination of SCFAs in feces

Analysis method Principle

Advantages Limitations

Separation of ions
in an electric field within
a capillary

Capillary
electrophoresis [61]

— Method simplicity
— Low reagent consumption
— Possibility of analyzing multiple
compounds simultaneously

— Low sensitivity
— Requires a high degree of
sample purification

Registers magnetic

W03} EEEH MO EDey properties of atomic

— Non-destructive method
— Simultaneous analysis of many

— Low sensitivity

[62] nuclei metabolites — High equipment cost
— No need for derivatization
. o e o — Multi-step sample preparation
LO—MS Separation of compounds High sensitivity and specificity — Need for derivatization and/or

in the liquid phase

(60, 63, 65, 66] followed by ion analysis

— Wide range of detectable SCFAs
— Possibility of isotopic normalization

use of internal standards
— Volatile compound issues

Separation of volatile
compounds in gas
phase and their mass
spectrometric analysis

GC-MS
[59, 62, 64, 69, 71]

— High accuracy and sensitivity
— Suitable for the analysis of volatile

— Possibility of analysis without
derivatization (under optimal

— Time-consuming sample
preparation
— Need for derivatization
for non-volatile compounds
— Variable reproducibility when
analyzing neonatal feces

SCFAs

conditions)

coupled with mass spectrometry (LC-MS and GC-MS)
[69-64]. Mass spectrometry is the method of choice
for the quantitative analysis of low-molecular-weight
compounds owing to its high sensitivity and specific-
ity [59, 60, 63—66]. However, the application of these
methods to the analysis of SCFAs in feces is not with-
out some challenges. Firstly, the high lipid content in
feces reduces the extraction efficiency of water-sol-
uble compounds. Secondly, the volatile and partially
hydrophilic properties of SCFAs significantly compli-
cate their analysis via LC-MS, which requires multi-
step sample preparation, including extraction and de-
rivatization stages [67]. Besides making the analysis
more complex and time-consuming, it also elevates
the technical variation [68]. GC-MS is a reliable meth-
od for the quantitative determination of low-molecu-
lar-weight compounds [64, 69, 70]. Due to the volatile
nature of SCFAs, their analysis via GC-MS can be
performed without derivatization if one uses chro-
matographic columns with highly polar phases and
specific liquid-liquid extraction conditions [59, 69].
The precision and reliability of quantitative assess-
ments could be compromised when examining infant
fecal samples relative to adult samples. This is attrib-
utable to the significant fluctuations in water content,
challenges in standardizing sample weight, the appli-
cation of diapers and defecation stimulants within the
NICU, and the scarcity of available biological material.
Table 2 presents a comparative analysis of the most
commonly employed analytical methods for determin-
ing SCFAs in fecal matter. The predominant meth-
odologies employed in clinical and research environ-

ments are presented, with particular attention to their
relevance in the context of neonatal fecal sample
analysis. Special attention is paid to parameters such
as sensitivity, specificity, sample preparation require-
ments, and the potential limitations of each method.
Considering the instability of SCFAs, GC-MS, when
appropriately configured, may be the superior option,
notwithstanding sample preparation needs.

MECHANISMS OF ACTION OF SCFAs

The primary function of SCFAs involves providing
energy to intestinal cells, including colonocytes and
cells of the immune system, thereby stimulating their
metabolism, proliferation, and differentiation [72, 73].
Butyric acid (butyrate), one of the key SCFAs, re-
verses mitochondrial respiration deficits and prevents
autophagy in energy-deprived germ-free colonocytes
[74].

SCFAs play a crucial role in maintaining intestinal
barrier integrity, preventing the development of in-
creased intestinal permeability syndrome, known as
“leaky gut.” This syndrome facilitates bacterial trans-
location, intensifies inflammatory processes, and may
cause systemic complications [75]. Adding butyrate to
neuroglioma epithelial cells (H4) and including it in
the diet of mice increases local oxygen consumption,
which stabilizes the hypoxia-inducible factor (HIF).
As a result, the transcription of the genes involved
in the synthesis of key tight junction components,
such as mucin (MUCZ20), claudins (CLDNZ2, 4, 11, and
15), and occludin (OCLN), is activated [76]. These al-
terations contribute to the fortification of intercellular
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connections, thus impeding the passage of pathogens
through the intestinal barrier.

SCFAs play a key role in the regulation of the im-
mune response in the gut, making them important
mediators of the interaction between the microbi-
ota and the immune system [45]. Butyrate induces
colonocytes to synthesize the anti-inflammatory cy-
tokine IL-18, which not only enhances mucin pro-
duction but also stimulates the synthesis of antimi-
crobial peptides, including defensins and cathelicidins,
which are effective against numerous pathogens [77].
Concurrently, the bacterial metabolite inhibits IL-1-
induced expression of pro-inflammatory genes, such
as IL-6, CX3CL1, and CXCL5, thus regulating micro-
biota composition and preventing dysbiosis [78, 79].

SCFAs, acting as ligands for G-protein-coupled re-
ceptors (GPR43/FFAR2, GPR41/FFAR3), play a role in
the activation and differentiation of cells in both in-
nate and adaptive immunity [58, 80]. Butyrate guides
macrophage differentiation toward the M2 immuno-
suppressive phenotype, which contributes to the sup-
pression of inflammation and the preservation of tis-
sue homeostasis [81]. Acetic acid reduces intestinal
inflammation by activating the GPR43/FFAR2 recep-
tor on granulocytes, contributing to a reduction in
their inflammatory activity [82].

SCFAs influence gene expression levels in im-
mune cells via epigenetic mechanisms. For example,
butyrate and propionate inhibit histone deacetylases
(HDACSs), which promotes chromatin decondensa-
tion and the activation of transcription for the genes
responsible for immunoregulation [72, 83]. Through
HDAC inhibition, butyrate directs T-cell differentia-
tion into Foxp3+ regulatory T cells (Tregs) [84]. Tregs
play a central role in suppressing excessive immune
responses to commensal microorganisms and prevent-
ing the development of chronic inflammation. In addi-
tion, the activation of GPR43 and GPR109A receptors
on dendritic cells by butyrate enhances Treg differ-
entiation through the upregulation of the anti-inflam-
matory cytokine IL-10 [85].

SCFAs are also known to affect how B-cell func-
tions. Kim M. et al. (2016) demonstrated that SCFAs,
particularly acetate, directly stimulate bacterial dif-
ferentiation of B cells into IgA-producing cells [86].
The secretion of immunoglobulin A (IgA) provides
protection to the intestinal mucosa, preventing the
overgrowth of pathogenic microorganisms and pro-
tecting commensals [86].

SCFAs inhibit the growth and colonization of patho-
genic intestinal microflora, including the microorgan-
isms of the family Enterobacteriaceae, such as E. coli,
K. pneumoniae, and P. aeruginosa [87]. They alter in-
tracellular pH levels in pathogens, creating unfavor-
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able conditions for their survival. This is attributable
to the capacity of SCFAs to permeate the bacterial
cell in a non-ionized state, subsequently dissociating,
thereby decreasing intracellular pH and compromis-
ing metabolic functions within pathogen cells [88].

In colonocytes, butyrate activates the peroxisome
proliferator-activated receptor-gamma (PPARY),
which plays an important role in regulating fatty
acid metabolism. The activation of PPARY stimulates
[-oxidation, resulting in heightened oxygen consump-
tion by colonocytes, consequently diminishing oxygen
availability within the intestinal lumen. The change in
the oxygen environment hinders the growth of aero-
bic pathogenic microorganisms, especially those of the
Enterobacteriaceae family, which need oxygen for pro-
liferation [89].

Thus, SCFAs, particularly butyric acid, act not only
as universal energy substrates for intestinal cells but
also as potent regulators of local immunity, barrier
function, and microbial homeostasis (Fig. 2). The im-
pact of SCFAs is of particular significance for very
preterm infants. This is due to an elevated risk of
colonization by pathogenic microorganisms stemming
from the underdeveloped intestinal barrier and im-
mune system. This results in metabolites being key
factors in the prevention and treatment of conditions
such as NEC.

SCFAs IN THE PATHOGENESIS OF NEC

Gut dysbiosis is recognized as one of the key factors
in the pathogenesis of NEC [90]. Numerous studies
conducted on model organisms have confirmed the
significance of the microbiota and its metabolites in
the development of this disease [91, 92]. In particular,
the colonization of germ-free mice with bacteria iso-
lated from the feces of NEC patients provokes NEC-
like intestinal injury [15].

Gut dysbiosis leads to impaired SCFA synthesis,
which is particularly relevant for very preterm in-
fants [93], whose minimal SCFA levels at birth gradu-
ally increase with post-conceptional age in the ab-
sence of NEC [94-97]. However, SCFA metabolism in
very preterm infants remains poorly understood.

Clinical research on the gut microbiota and gen-
erated SCFAs in very premature infants with NEC
is still limited. Data from 16S rRNA sequencing in
studies from 2021 to 2023 (Table 3) [15, 30, 98—100]
validated the finding that Proteobacteria is the domi-
nant bacteria in the immature gut microbiota, which
has been linked to the development of NEC [27-29,
31]. Concurrently, a marked reduction in Firmicutes
representatives, including major butyrate-producing
strains, was observed prior to the onset of disease
clinical manifestations [30].
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Fig. 2. Protective mechanisms of SCFAs in the neonatal gut

A significant reduction in SCFA levels (p < 0.05)
was found in newborns with NEC, especially formic,
propionic, butyric, isovaleric, and caproic acids [15, 30,
98, 100]. Notably, in extremely preterm infants receiv-
ing expressed breast milk, fecal SCFA concentrations
were significantly higher than in formula-fed infants
[101]. While further investigation is needed to estab-
lish a direct causal relationship between SCFA levels
and the onset of NEC, the results suggest that these
metabolites may offer protection by preserving gut
barrier integrity and regulating the inflammatory re-
sponse.

However, significant variability in absolute SCFA
concentrations has been revealed. For example,
Liu X.C. et al. (2022) identified the mean fecal butyr-
ate level in the control group as 41 pg/g [30], while in
the study by He Y. et al. (2021), this figure was found
to reach 225 pg/g [15]. These inconsistencies may be
attributed to variances in the analytical techniques
employed, the characteristics of the cohort, and the
procedures for biomaterial collection and storage.

According to the reviews by Alsharairi N.A. et al.
(2023) and Cifuentes M.P. et al. (2024), the function of

butyrate in the development of neonatal NEC is still
being debated [93, 102]. However, a detailed analysis
of clinical works (Table 3) demonstrates a pronounced
decrease in fecal butyrate levels in extremely pre-
term infants one week prior to the appearance of clin-
ical NEC symptoms and at the onset of the disease,
confirming its potential diagnostic value [15, 30]. For
adults, butyric acid has also been linked to a lower
chance of developing inflammatory bowel diseases,
including ulcerative colitis and Crohn’s disease [103,
104]. Studies focusing on experiments highlight that
butyrate improves the function of the intestinal bar-
rier and lowers the inflammatory reactions of immune
cells.

At the same time, a number of model experiments
have revealed a negative role for butyrate in NEC [92,
105-108]. Incomplete carbohydrate digestion in the
small intestine leads to their fermentation in the colon
with the formation of SCFAs, lactate, and gases such
as carbon dioxide, methane, and hydrogen [109]. In
preterm piglets modeling NEC, excessive formation of
bacterial metabolites due to high levels of undigested
lactose can trigger an inflammatory reaction [108].
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Table 3. Characteristics of the gut microbiome and SCFAs in NEC in preterm infants

NEC 7.0 = 7.6
days prior
(m = 17) and 305 = 2.1 30.2 £ 15.9
Liu X.C. at manifestation
et al., 2022 (n =12)
[30]
Control (n = 17) 305 £ 1.9 -

11.6

NEC (n = 22) (6.8-16.0)

355 £ 22

Xiong J.,
2022 [98] 15.2

FPIAP (n = 21) (11.0-22.0)

365 £ 14

31.6
(28.35-37.45)

37.75
(32.03-39.05)

Huang H,, NEC (n = 9)

2022 [99]

Control (n = 10)

*Acetic 1.8¢
**Propionic 1.2¢
**Butyric 1.14
**[sovaleric 2.3
*Total SCFAs 241

Proteobacteria * (from 40 to 53%)
Firmicutes ! (from 55 to 35%)
Actinobacteriota * (from 5 to 10%)
Bacteroidota t (from 0.5 to 4%)

**Acetic 1.5¢
**Propionic 2.3!
*Butyric 2.74
**Isovaleric 2.0!
**Caproic 2.71
**Total SCFAs 1.6¢

Proteobacteria { (from 50 to 37%)
Firmicutes t (from 45 to 57%)
*Actinobacteriota® (from 3 to 5%)
**Bacteroidota | (from 4 to 1%)

Proteobacteria 1t (from 30 to 65%)
Firmicutes ! (from 65 to 30%)
Actinobacteriota ! (from 5 to 1%)
Bacteroidota 1t (from 0 to 5%)

Not performed

Note: Bold text indicates changes of more than 2-fold in fecal SCFA levels in the NEC group compared to the control
group. * — p < 0.05, ** — p < 0.01, *** — p < 0.001 — for paired comparison of the NEC group and the control or com-

parison group.

The diverse effects of butyrate may be accounted
for by its dose-related activity, as previously noted
by Lin et al. (2002) [106]. Later, high concentrations
of butyrate (greater than 16 mM) were confirmed to
stimulate the synthesis of the pro-inflammatory cyto-
kine IL-6, while low doses exert a protective effect by
reducing IL-6 and NF-kB expression and enhancing
the synthesis of the tight junction protein claudin-7
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[57, 110]. Using a neonatal mouse NEC model, it was
shown that an optimal level of butyric acid exists at
which the risk of developing NEC is minimized [111].

The inconsistencies in data comparison across stud-
ies stem from the diversity of analytical methodolo-
gies, limited sample sizes of very premature infants,
and the heterogeneity of NEC experimental models.
Multicenter randomized trials using a unified method-



REVIEWS

ology for biomaterial collection and analysis of micro-
biological and metabolic data may help clarify the role
of SCFAs in NEC pathogenesis, as well as to deter-
mine optimal therapeutic doses for these metabolites.
At the same time, GC-MS application for quantify-
ing SCFAs in feces provides an accurate, noninvasive,
rapid, and cost-effective method that can be readily
implemented in routine neonatal practice for early di-
agnosis and monitoring of metabolic activity within
the intestinal microflora of very preterm infants [102].

CONCLUSION
A crucial step in the successful adaptation to life of a
newborn child is the development of a symbiotic gut
ecosystem. The formation of a dysbiotic microbial sig-
nature is influenced by several factors: birth at a low
gestational age, congenital immaturity of the gut, fre-
quent cesarean sections, extended stays in intensive
care, antibiotic treatment, absence of contact with ma-
ternal microflora, and the lack or insufficiency of breast
milk. The gut microbiome of very preterm infants is
characterized by a predominance of Gram-negative
bacteria of the phylum Proteobacteria, reduced mi-
crobial diversity, and overall instability. Research has
correlated these alterations with an increased risk of
life-threatening conditions, such as NEC.

Recent findings emphasize the critical role of mi-
crobiota metabolites, such as SCFAs, in maintaining

the metabolic and immune homeostasis of the gut.
However, the majority of the data has been obtained
using murine models and cell lines. Moreover, accu-
mulating evidence indicates that the SCFA metab-
olism operates within a dynamic equilibrium, and
imbalances, whether elevated or diminished, can det-
rimentally affect health.

A more thorough understanding of the function
of SCFAs and the microbiome in the development of
NEC necessitates multicenter research encompass-
ing a suitable number of cases of this rare disease.
The incorporation of multi-omics techniques, encom-
passing metagenomic sequencing, transcriptomics, and
targeted metabolomics, is necessary to identify par-
ticular microbial communities and metabolic biomark-
ers, including SCFAs. The improvement of rapid and
non-invasive methods for functional microbiome pro-
filing for clinical settings will lead to the creation of a
system for assessing the risk of NEC development in
very preterm infants. The correlation between neona-
tal pathologies and microbial metabolites presents op-
portunities for developing intricate pro- and postbiotic
formulations. @

This study was supported by the Russian Science
Foundation (grant No. 24-25-00068):
https://rscf.ru/project/24-25-00068/.
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ABSTRACT Cysteine-rich peptides belonging to the EPF/EPFL (epidermal patterning factor/epidermal pattern-
ing factor-like) family are common in many plants, from mosses to angiosperms. EPF/EPFL play an impor-
tant role in morphogenesis: they regulate stomatal patterning, the functioning of the shoot apical and lateral
meristems, inflorescence architecture, vascular development, growth of leaf margin, as well as the develop-
ment of flowers and fruits. Recent studies have indicated that EPFL may be involved in plant adaptation to
biotic and abiotic stress. This review examines the structure, phylogenetic distribution, mechanisms of signal
transduction, and functions of the EPF/EPFL peptide family.

KEYWORDS plant regulatory peptides; cysteine-rich peptides; EPF/EPFL.

ABBREVIATIONS EPF - epidermal patterning factor; EPFL — epidermal patterning factor-like; ABA — abscisic
acid; MAPK — mitogen-activated protein kinase; MDA — malondialdehyde; MMC — megaspore mother cell.

INTRODUCTION
As sessile organisms, plants adapt to environmen-
tal changes through a flexible system that regulates
physiological processes. A crucial role in this adap-
tation is played by signal peptides, which control
a broad range of responses, including growth and de-
velopment, sexual reproduction, intercellular commu-
nication, senescence, symbiosis, as well as resistance
to pathogens and abiotic stress [1, 2]. The first iden-
tified plant regulatory peptide, systemin, was isolat-
ed from tomato leaves in 1991 [3]. Numerous pep-
tide families, originating either from the processing
of precursor proteins or via translation of short open
reading frames, have been described since then [1, 4].
Peptides derived from precursor proteins are clas-
sified into three functionally and structurally distinct
groups: post-translationally modified peptides [5], cys-
teine-rich peptides, and unmodified peptides without
cysteine residues [6, 7]. Cysteine-rich peptides carry
an even number of cysteine residues that form disul-
fide bonds, a disposition that ensures the stability of
their spatial structure. Antimicrobial peptides were
the first members of this group to be discovered and
described [8]. It was originally believed that the func-
tions of cysteine-rich peptides were limited to de-
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fense against pathogens [4, 9]. However, subsequent
research demonstrated that cysteine-rich peptides
have a much broader range of functions, encompass-
ing the regulation of stomatal initiation, symbiosis,
reproductive processes, and stress responses [10—12].
The cysteine-rich peptides EPF/EPFL were first
identified as key regulators of stomatal development
in Arabidopsis thaliana (Arabidopsis) [10, 13-15].
Further research revealed that these peptides are in-
volved in the regulation of the size of shoot apical
meristem, inflorescence development, and stress ad-
aptation. Although the body of experimental data on
the subject continues to grow, there are currently no
systematic reviews that summarize information about
this family. Our study has endeavored to consolidate
the data on EPF/EPFL peptides, including their struc-
ture, evolutionary diversity, and biological functions.

THE STRUCTURE AND SIGNAL TRANSDUCTION

Cysteine-rich plant peptides can be roughly divid-
ed into defensive (antimicrobial) and regulatory pep-
tides and comprise several families, including the
EPF/EPFL one [16]. The structure of defensive pep-
tides has been the one studied most thoroughly: NMR
analyses have been performed for many of these pep-
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Fig. 1. Multiple alignment of mature peptides belonging to the EPF /EPFL family in A. thaliana conducted using the
Muscle algorithm. (1—-4) clades of peptides; cysteine amino acid residues are highlighted in yellow. Three conservative
disulfide bonds are indicated with black brackets; the fourth disulfide bond, specific to the EPF1 /EPF2 /EPFL7 clade,

is indicated with red bracket. Glu28 and Asp31 amino acid residues in EPFL9 are highlighted in pink. UniProt ID: EPF1:
Q8S8l4; EPF2: Q8LC53; EPFL7: C4B8C5; EPFL9: Q9SV72; EPFL1: Q9LFT5; EPFL2: Q9T068; EPFL3: C4B8C4; EPFLA4:

Q2V3I3; EPFL5: Q9LUH9; EPFL6: Q1PEY6; EPFL8: Q1G3V9

tides, and the structural determinants of their anti-
microbial activity have been identified [17, 18]. The
structural features of cysteine-rich signal peptides in
plants, including the EPF/EPFL family, have been in-
vestigated less thoroughly; however, the primary and
spatial structures of the EPFL9 peptide isolated from
the A. thaliana apoplast have been determined [19,
20]. Furthermore, structural data on peptide-recep-
tor interactions for several peptides belonging to this
family has been obtained [21]. Eleven peptides have
been identified in A. thaliana, the classical model or-
ganism that is most commonly used to study this pep-
tide family: EPF1-2 and EPFL1-9, including EPFL9/
Stomagen [22]. EPF1 and EPF2 were the first to be
characterized, followed by other EPF1 paralogs named
EPFL [23]. The EPF/EPFL peptides were divided into
four clades by phylogenetic analysis (Fig. 1). Members
of two of these clades, EPF1-EPF2-EPFL7 and
EPFLY, have been the most thoroughly studied.

Like most peptide hormones and antimicrobial pep-
tides in plants, members of the EPF/EPFL family are
synthesized as precursor proteins consisting of an
N-terminal signal peptide, a prodomain, and a ma-
ture peptide (Fig. 2A) [24]. The signal peptide guides
the precursor to the endoplasmic reticulum, where it
is then cleaved off and degraded by peptidases. The
prodomain is subsequently removed, and a mature
peptide capable of interacting with receptor complex-
es is released [25].

The primary structure of EPF/EPFL peptides is
rich in cysteine residues; six of them are conserved

across the entire family, and two additional residues
occur only in the EPF1/EPF2/EPFL7 clade (Fig. 1).
All the peptides belonging to this family carry the
Gly-Ser motif in the N-terminal region. This motif is
known to be critical in peptides binding to their re-
ceptors [21]. A conserved Pro residue is also present
in the N-terminal region. This residue probably helps
maintain the spatial conformation of the peptide by
bending the polypeptide chain.

The NMR spectroscopy data garnered for EPFL9
suggest that the three-dimensional structure of
EPF/EPFL peptides consists of two antiparallel
B-sheets (a scaffold) connected by a loop region and
stabilized by disulfide bonds (Fig. 2B). The loop region
is more variable than the scaffold and plays a crucial
role in the specificity of the binding to receptors [19].
The spatial structures of other family members have
been determined via homology modeling.

Conserved cysteine residues are involved in the
formation of disulfide bonds, whose number and ar-
rangement affect the functional activity and confor-
mation of the peptide. Thus, the ability to stimulate
stomatal initiation was lost after cysteine residues
had been replaced with serine in the EPFL9 molecule
[19]. Conversely, variable regions can be responsible
for the functional specificity of the peptides. Thus,
EPF1/2 peptides act as negative regulators of stoma-
tal development, whereas EPFLY is a positive regula-
tor [20]. The diversity in physiological responses are
probably a result of structural differences in the loop
region of these peptides [21].
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Thus, replacing the EPF2 loop with the corre-
sponding sequence from EPFL9 converted the pep-
tide’s function from inhibition to promotion of sto-
matal development. Meanwhile, a chimeric peptide
carrying the EPF2 loop and the EPFL9 scaffold ex-
hibited an inhibitory activity [19]. The ERECTA fam-
ily (ERf) kinases, which belong to the leucine-rich re-
peat receptor-like kinases (LRR-RLK) clade XIII, act
as receptors for EPFL peptides. In Arabidopsis, this
family includes the ERECTA (ER), ERECTA-LIKE 1
(ERL1), and ERECTA-LIKE 2 (ERL2) proteins. The
combined signaling pathway involves the MAPK (mi-
togen-activated protein kinase) cascade, which con-
sists of MAPKKK YODA, MKK4/5, and the terminal
kinases MPK3/6 in Arabidopsis [27]. The peptide—re-
ceptor interaction depends on whether the receptor
is part of a complex with LRR—RLP (leucine-rich re-
peat receptor-like protein) TMM (Too Many Mouths).
Interestingly, EPF1/2 bind only to the ERf-TMM
complex, while EPFL4 interacts with each of three
ERf in the absence of TMM [21].

PHYLOGENETIC DIVERSITY IN PLANTS

The EPF and EPFL peptides have been identified
only in terrestrial plants, but they are not found in
algae [28, 29]. This indicates that this peptide family
evolved after plants had colonized the land and may
have played an important role in their adaptation to
terrestrial life. There is a hypothesis holding that the
key genetic components ensuring the formation of the
stomatal apparatus, including EPF/EPFL, originated at
the early stages of the evolution of terrestrial plants
[30].

Peptide sequences are conserved across differ-
ent taxa: PpEPF1, a homolog of AtEPF1 and AtEPF2
was identified in moss Physcomitrium patens.
Phylogenetic analysis shows that PpEPF1 is closer to
AtEPF1 and AtEPF2 than AtEPFL9 [28]. This is rath-
er interesting, since the stomatal apparatus of moss-
es differs from that of angiosperms, and yet their
developmental mechanisms seem to be similar [31,
32]. In addition to PpEPF1, ten EPFL peptides have
been identified in moss; their functions are still to be
characterized [28]. In angiosperms, the genes encoding
EPF/EPFL peptides are unevenly distributed across
chromosomes, which may be a result of genetic dupli-
cation events [33, 34]

This peptide family in Arabidopsis is phyloge-
netically subdivided into four clades: EPF1-EPF2—
EPFL7, EPFLY9, EPFL1-3, and EPFL4-6-EPFLS
(Fig. 1) [28, 34]. These groups differ in both struc-
ture and putative functions. Thus, members of the
EPF1-EPF2-EPFL7 clade carry four conserved disul-
fide bonds, one located in the loop region, whereas the
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Fig. 2. The structure of EPFL9 peptide. (A) The struc-
ture of preproprotein [20]. (B) The primary structure

of peptide [19]. B-sheets are shown with blue arrows;
the 3, -helix is shown with a pink rectangle; Cys residues
are highlighted in yellow; disulfide bonds are shown with
brackets. Negatively charged amino acid residues Glu28
and Asp31 in the loop region are highlighted in bold.

(C) The spatial structure of EPFL9 (PDB ID: 2LIY). (D) The
structural model of EPFL7 peptide in A. thaliana, generat-
ed using the AlphaFold3 algorithm [26]

peptides from the other clades carry three disulfide
bonds. This feature affects the ability of the peptides
to bind to receptor complexes [21, 28].

The EPFL9 peptide was found in all the stud-
ied vascular plants, from lycophytes (Selaginella
moellendorffii) and gymnosperms to angiosperms
[28]. However, it was not identified in moss P pat-
ens, although a EPF1/EPF2 homolog is present in
that plant. Notably, the emergence of EPFL9, which
activates stomatal development, coincides with an
abrupt rise in stomatal density on leaf surfaces in
the Late Devonian period, when megaphylls — large
leaves with a well-developed vascular system -
evolved [28, 35].

The number of sequenced plant genomes has re-
cently increased, thus substantially facilitating the
search for and subsequent validation of homologs.
The genomes of a large number of agricultural flow-
ering plants have been analyzed using bioinformat-
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ic tools. A total of 132 EPF/EPFL genes have been
identified in the four cotton plant genomes: 20 and
24 genes in diploid species, and 44 genes in each of
the tetraploid species [34]. Fourteen genes have been
identified in potato plants [36]; and 27 genes, in rape-
seed [37]. Fifteen EPF/EPFL genes have been iden-
tified in the black cottonwood Populus trichocarpa
[38], while 14 genes have been in the Euphrates pop-
lar P. euphratica [33]. EPFL genes were also discov-
ered in monocots: 12 genes were identified in rice,
sorghum, and rye [39—41]; 18 genes, in maize [42]; and
35 genes, in wheat [43]. The considerable abundance
of the EPF/EPFL genes across different evolutionary
lineages of angiosperms and other plants underscores
their importance in adaptation to terrestrial environ-
ments, while the functions of many recently identified
homologs remain unclear, requiring further experi-
mental research.

Fig. 3. Morpho-
genetic processes
regulated by peptides
of the EPF /EPFL family
in Arabidopsis thaliana

Functioning
of the shoot apical
meristem

Regulation of inflorescence
architecture

Floral organ development

Functioning of the lateral
meristem and vascular
development

Silique growth

Leaf serration
development

Stomatal patterning

STOMATAL INITIATION

EPF/EPFL peptides are known to orchestrate a broad
spectrum of morphogenetic programs; regulation of
stomatal patterning was the first function of these
peptides to be discovered (Fig. 3, Table 1) [10].

In Arabidopsis, EPF1 is expressed in young leaves;
namely, in stomatal precursor cells. EPF'1 overexpres-
sion reduces the stomatal density, while EPF1 knock-
out increases the stomatal density and clustering [10].
The EPF1 homolog, EPF2, also inhibits stomatal de-
velopment: plants that overexpress the EPF2 gene are
characterized by a reduced stomatal density, where-
as EPF2-knockout plants demonstrate an increased
stomatal density but do not form clusters [13]. Both
peptides enforce the “one-cell spacing rule” dictating
that at least one intervening nonstomatal epidermal
cell should separate two stomata [10, 13, 14]. EPF2 is
expressed in stomatal precursors earlier than EPF1.
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Table 1. Functions of the EPF /EPFL peptides in A. thaliana

Peptide Function Reference
Inhibition of stomatal [10, 13, 15,
AtEPF1/2 formation 23, 44]
Stimulation of stomatal [11, 15, 44,
AtEPFLY formation 45]
(STOMAGEN) - .
Silique elongation [46]
Leaf serration development [47]
AtEPFL2 .Regular ovule spacing and
increased ovule number per [46]
silique
Regulation of functioning of
. . [48-51]
the apical meristem
Enhancement of pathogen [52]
resistance
AtEPFL1/2/4/6 - -
Elongation of inflorescences
: [53]
and pedicels
Formation of a single [54]
megaspore mother cell
AtEPFL1—6 Envelopmgnt of the nucellus [55]
by integuments
Stamen filament elongation
AtEPFLA-6 due to cell proliferation [56, 571

Thus, EPF2 regulates the initiation of stomatal dif-
ferentiation, while EPF1 controls further develop-
ment [10, 14, 15]. Contrariwise, the EPFL9 peptide
promotes stomatal development: EPFL9 overexpres-
sion increases stomatal density and causes clustering,
whereas silencing of EPFL9 inhibits stomatal develop-
ment [45]. Both the EPF1-2 and EPFL9 peptides have
been shown to bind to the ER receptor; EPFL9 com-
petitively displaces EPF1-2 from this complex [44].
The EPF1/2 peptides are expressed in stomatal cells,
bind to ER and ERLI1, and inhibit stomatal differenti-
ation, whereas EPFLY is expressed in mesophyll cells,
competes with EPF2 for binding to ER, and promotes
stomatal formation [15, 44]. Hence, EPF1/2 and EPFL9
act as antagonists in the stomatal density control [44].

The role of EPF peptides are best studied in
Arabidopsis; however, their involvement in the regula-
tion of stomatal development has been demonstrated
for other plants as well. For example, overexpression
of poplar PeEPF2, a homolog of AtEPF2, in AtEPF2
knockout Arabidopsis plants reduced the stomatal
density on leaves and rescued the mutant phenotype
[33]. Orthologs of AtEPF2 and AtEPFLY involved in
the regulation of stomatal development in Arabidopsis
have been detected in the genomes of the monocots
Triticum aestivum and Brachypodium distachyon [58].
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These peptides also exert an opposing effect on sto-
matal development.

It has been demonstrated that the EPF/TMM/
ERECTA module is a rather ancient regulator of sto-
matal development: its components control stomatal
patterning in early terrestrial plants, in moss P pat-
ens in particular [59]. In P patens, stomata form on
the sporophyte; PpEPF1, a homolog of Arabidopsis
EPF1/2, negatively regulates their development.
However, PpEPF1 overexpression cannot restore the
normal stomatal density in the Arabidopsis mutant
epf2. Meanwhile, P. patens lacks an AtEPFL9 ortholog
and AtEPFLY9 overexpression does not affect its sto-
matal density, an indication that competitive regula-
tion of stomatal patterning emerged at later stages of
terrestrial plant evolution [59].

Hence, EPFL peptides are conserved and ancient
regulators of stomatal development in terrestrial
plants.

FUNCTIONING OF THE SHOOT APICAL MERISTEM

The shoot apical meristem is a key structure that en-
sures the development of plant aerial organs. Its spa-
tial organization, size, and activity are tightly regulat-
ed by a network of signaling cascades: EPFL peptides
also participate in the process.

In A. thaliana, the EPFL1, EPFL2, EPFL4, and
EPFL6 peptides are preferentially expressed in the
periphery of the shoot apical meristem and within the
boundary region between the meristem and leaf pri-
mordia [48]. Meanwhile, the ER, ERL1, and ERL2 re-
ceptors are active in the central zone of the meristem,
suggesting that they are involved in the spatial regu-
lation of meristem cell division and differentiation.
The EPFL1/2/4/6 and ERf knockout mutants share a
phenotype: a larger meristem, fewer leaf primordia,
and a reduced overall plant biomass [48]. These data
support the hypothesis that EPFL peptides and ER
receptors are functionally redundant when regulating
the size of the shoot apical meristem and initiating
leaf growth [60].

EPFL2 knockout mutants exhibit disrupted sym-
metry and irregular organ spacing, as well as changes
in the auxin maxima number in the shoot apical meri-
stem [49]. That is consistent with the results of anoth-
er study that reported that epfl2 mutants showed im-
paired shape of leaves and cotyledons due to change
in auxin maxima number [50].

Furthermore, it has been demonstrated that treat-
ment with synthetic EPFL4 and EPFL6 peptides ERf-
dependently limits the lateral growth of the meristem
by downregulating the expression of the key apical
meristem regulators CLV3 (CLAVATA3) and WUS
(WUSCHEL) [51]. The interaction between these pep-
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tides and their receptors determines both the meri-
stem size and its boundaries, thus contributing to the
regulation of the number of initiated organs and en-
suring normal plant development.

Hence, EPFL peptides play a pivotal role in the
spatiotemporal regulation of the activity of the shoot
apical meristem.

REGULATION OF THE LATERAL MERISTEM

AND VASCULAR DEVELOPMENT

Regulation of lateral meristems and vascular tissue
initiation are the key processes responsible for the
proper development of both vegetative and reproduc-
tive organs. The receptor kinases ER and ERL1 par-
ticipate in the regulation of lateral meristems in the
hypocotyls and inflorescence of Arabidopsis [61-63].
Thus, expression of the ER and ERL]1 genes — but not
ERL2 — was detected in the central cylinder of the
hypocotyl [61]. In comparison with wild-type plants, er
erll double mutants have thickened hypocotyls caused
by excessive xylem development; this xylem has a
higher proportion of cells with lignified cell walls [61].
In other words, ER and ERLI1 prevent excessive xy-
lem development in hypocotyls.

The ER and ERL1 kinases also regulate procam-
bium development in inflorescence stems [62, 63]. The
vascular bundle structure was impaired in er erll
double mutants: the procambium layer was discontin-
uous, and direct contact between xylem and phloem
frequently occurred. It has been demonstrated that
ER and ERL]1 are expressed in the xylem and phlo-
em, phloem-specific expression of the ER gene being
crucial for the regulation of the anatomical structure
of the inflorescence stem [62]. It is hypothesized that
the EPFL4 and EPFL6 peptides, which are expressed
in the endodermis and bind to ER, are involved in
this process. However, the epfl4 epfl6 double mutant
does not seem to have a disrupted vascular bundle
structure. Therefore, it still remains an open question
which EPFL peptides are involved in the regulation of
the lateral meristem function.

Hence, it has been demonstrated that the ER and
ERL1 receptors — and presumably their ligands —
participate in the regulation of the formation and
function of lateral meristems, as well as vascular tis-
sue initiation.

DEVELOPMENT OF THE SERRATED LEAF MARGIN

Another role of EPFL peptides is the development of
leaf margin serration [47]. In Arabidopsis, this pro-
cess is regulated by the EPFL2 peptide, together with
the ER and ERL1/2 receptors. EPFL2 knockout mu-
tants, as well as ERf double mutants, have no ser-
rated leaf margin. Moreover, the interaction between

EPFL2 and each of the three ERf has been confirmed
by co-immunoprecipitation [47]. The EPFLZ2 gene is
expressed in growing leaves, except for the serrated
tips and developing veins [47]. Interestingly, the ERL2
expression contrasts with that of EPFL2: it has been
detected on the serrated tips and in the veins, while
ER and ERLI1 are expressed in the entire leaf blade.
Hence, the EPFL2—-ERf regulatory module suppresses
the auxin response, confining it to a few cells on the
tip of the developing serration.

THE DEVELOPMENT OF REPRODUCTIVE ORGANS
Angiosperms have evolutionarily developed complex
and diverse reproductive structures, with EPF/EPFL
peptides playing a crucial role in the formation of
these structures, from regulating the inflorescence ar-
chitecture to seed formation.

EPFL4/6, and to a lesser extent EPFL1/2 together
with ERf, stimulate the elongation of inflorescences
and pedicels in A. thaliana [53]. EPFL4/6, which act as
ER ligands, are expressed in endodermal cells, while
the ER gene is expressed in the epidermis, phloem,
and xylem. However, signal reception in the phloem
is essential for the development of a normal inflo-
rescence architecture, since ER expression under the
phloem-specific SUCI promoter restores the pheno-
type of er mutants. This effect has not been observed
for ER expression under promoters active in the xy-
lem and epidermis [53]. Hence, EPFL4/6 peptides are
expressed in endodermal cells in plant inflorescences
and transported to the phloem, where they bind to
the ER and stimulate the growth of the inflorescence
stem and pedicels [53]. Transcriptomic data demon-
strate that many differentially expressed genes in
A. thaliana er-2 and epfl4/6 mutants are components
of the auxin and gibberellin response pathways. In
particular, the expression of ARGOS, which promotes
the growth of aerial organs [64], is suppressed, as well
as the expression of the transcription factor WRKY15
[53].

The role played by EPFL peptides in the regula-
tion of the inflorescence architecture has also been
demonstrated in rice. Thus, OsEPFL5-9 regulate the
panicle architecture and grain size. OsEPFL6-9 de-
crease the number of spikelets per panicle, while
OsEPFL5 increase it, acting as an antagonist [65].
Further signaling in OsEPFL6-9 proceeds via the
OsERI1 receptor and the MAPK cascade comprising
OsMKKK10-OsMKK4-OsMPKG6 [65, 66].

Peptides belonging to the EPFL family control not
only the overall development of inflorescences, but
also the development of male and female reproduc-
tive organs and the resulting fruits. In Arabidopsis
plants, EPFL4/5/6 promote stamen filament elongation
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by regulating cell proliferation [56, 57]. Impaired self-
pollination and male sterility are observed in epfl4/5/6
triple mutants, since stamens become significantly
shorter than the pistil [57]. At lower temperatures,
self-pollination is already impaired for the mutant
carrying a single epfl6 mutation [56]. ER mediates the
elongation of both the stamens and the pistil [56].

EPFL1 in T. aestivum and EPFL6 in Brassica na-
pus also appear to regulate the morphology of floral
organs. Their overexpression in A. thaliana plants re-
duces the number of stamens and the stamen-to-pistil
length ratio [67, 68].

EPFL peptides can also regulate A. thaliana silique
development. EPFL9 recognized by ER promotes si-
lique elongation, whereas EPFL2 expressed in inter-
ovule spaces increases the number of ovules per si-
lique and ensures regular ovule spacing by interacting
with the ERL2 and ERLI receptors [46]. Interestingly,
EPFL9 and EPFL2 may act as antagonists, since the
EPFLY9 expression under the EPFL2 promoter pro-
duce a phenotype similar to that of the epfl2 mutant
[46].

EPFL1/2/4/6 also control the initial stages of female
gametophyte development. These peptides are need-
ed for differentiation of a single megaspore mother
cell (MMC), preventing both the initiation of multiple
MMCs and their absence [54].

At later stages of ovule development, EPFL1-6 en-
sure proper envelopment of the nucellus by integ-
uments [55]. The EPFL1-6, ER, and ERL1/2 genes
are expressed at different ovule developmental stag-
es, while mutations in these genes disrupt integu-
ment formation. In this process, SERK1/2/3 function
as coreceptors: the interaction between SERK and
ERf kinases is enhanced in the presence of exogenous
EPFL4/6 peptides [55].

EPF/EPFL peptides control the awn development,
an important agricultural trait of rice. In wild rice
(Oryza rufipogon) the EPFL1 gene is actively ex-
pressed in developing inflorescences and ensures the
formation of longer awns and fewer grains per pan-
icle [69]. Mutations altering the number of cysteine
residues in OsEPFL1 were detected in most awnless
cultivars of rice O. sativa, and introduction of the
EPFL1 allele from African rice cultivar (O. glaber-
rima) leads to awned seeds in O. sativa ssp. japon-
ica [69]. In the O. sativa ssp. aus cv. Kasalath, oth-
er EPF/EPFL genes are responsible for the awned
phenotype: the osepfll single mutant retains awns,
whereas the osepfl2 mutant is awnless and displays
shorter grains, lower grain weights, and a decreasing
number of cells along the longitudinal axis. OsEPF2,
OsEPFL7, OsEPFLY, and OsEPFL10 also contribute
to awn development. Both the OsEPFL1/GAD1/RAE?2
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and OsEPFL2/9/10 genes are believed to have under-
gone selection during rice domestication [39, 69].

The functions of EPFL peptides in the reproduc-
tive development of plants are extremely diverse. The
members of this family orchestrate the inflorescence
architecture, growth of floral organs, and proper for-
mation of the female gametophyte.

ABIOTIC STRESS

In recent years, multiple studies have concentrated on
the identification of EPF/EPFL genes in various crop
species. The promoter regions of these genes have
been often found to contain the cis-regulatory ele-
ments associated with responses to stress factors and
phytohormones [33, 34, 36, 40, 41]. Moreover, it has
been experimentally verified that these factors reg-
ulate the expression of individual EPF/EPFL genes.
This suggests that EPF/EPFL peptides may contribute
to plant tolerance to environmental stress.

For example, EPFLS§ expression is upregulated after
treatment of maize plants with abscisic acid (ABA),
methyl jasmonate, and salicylic acid, while expression
of a number of other EPFL genes is downregulated
under the same conditions [34]. Furthermore, water
deficit can simultaneously alter the expression of sev-
eral EPFL genes, indirectly demonstrating that they
are possibly involved in the regulation of the drought
response [34, 70]. Rye has both osmotic stress-induced
and osmotic stress-repressed EPFL genes, as well as
two heat-inducible EPFL genes [40]. A significant de-
cline in the expression of seven EPF genes in rape-
seed in response to salt stress was demonstrated in
[37]. EPFL genes differentially expressed in response
to osmotic stress have also been identified in sorghum,
potato, poplar, and apple [33, 36, 41, 71].

EPF1/2 are known to inhibit stomatal formation
in A. thaliana, while EPFL9 promotes it [10, 13, 45].
Stomatal density and transpiration intensity are re-
sponsible for the drought resistance of a plant.
Comparison of the expression of EPF/EPFL genes in
drought-tolerant and drought-sensitive apple (Malus
domestica) cultivars has demonstrated that the ex-
pression of MdEPF2, an AtEPF2 ortholog, is more
strongly induced by drought in the leaves of toler-
ant cultivar [71]. Treatment with abscisic acid (ABA),
a key regulator of the osmotic stress response, also
induces MdEPF2 expression. Tomato plants overex-
pressing MdEPF2 were shown to exhibit enhanced
tolerance to osmotic stress. Under drought conditions,
these plants were characterized by greater biomass,
higher photosynthetic rates and relative water con-
tent, lower levels of malondialdehyde (MDA, a marker
of oxidative stress) and hydrogen peroxide, as well as
higher activity of antioxidant enzymes compared to
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that in wild-type plants [71]. The primary morpho-
logical effect of MdEPF2 overexpression consisted in
a decline in stomatal density, which can be considered
a key reason behind the greater osmotic stress toler-
ance observed in these plants.

The physiological role of the AtEPF2 ortholog,
PJEPF2, identified in the poplar genome was studied
previously [72]. Expression of PdEPF?2 is induced by
drought and ABA. Arabidopsis plants overexpressing
PdEPF2 showed enhanced drought tolerance: their
proline level and photosynthetic intensity were in-
creased under osmotic stress conditions.

Four EPF/EPFL genes respond to drought in po-
tato: EPF4 is downregulated, while the other three
genes are upregulated [36]. Plants with either EPF4
knockdown or EPF4 overexpression were generated.
Knockdown of this gene increased drought tolerance.
Under drought stress these plants had a higher rela-
tive water content, proline level, and displayed ac-
tivity of antioxidant enzymes (SOD, POD, and CAT),
along with a lower MDA level than in wild-type
plants. Conversely, the opposite effects were observed
under drought conditions in plants overexpressing
EPF4 [36]. Altered EPF4 expression affected the sto-
matal density, which was lower in EPF4 knockdown
plants and higher in plants overexpressing EPF4. The
negative role of EPF4 in the regulation of the osmotic
stress response can possibly be associated with its ef-
fect on stomatal formation.

Taken together genomic and physiological data ob-
tained for various agricultural crops, it can be con-
cluded that EPF/EPFL peptides are potentially in-
volved in plant responses to abiotic stresses, primarily
to drought. Regulation of stomatal density and tran-
spiration are the most frequently proposed mecha-
nisms of action for these peptides; however, other
mechanisms cannot be ruled out. Different members
of this family can play both a positive and negative
regulatory role, which underscores the functional di-
versity of EPF/EPFL peptides and suggests that fur-
ther research into their specific functions across dif-
ferent physiological contexts is needed.

BIOTIC STRESS

Differential expression of various EPF/EPFL mem-
bers was shown in several plant species upon in-
fection by phytopathogenic fungi. Thus, infection of
moss P. patens with the pathogenic fungus Botrytis
cinerea significantly downregulates expression of
the six genes encoding the predicted EPFL peptides
[73]. It was demonstrated that the expression of the
EPFL1-6 and EPFLY9 genes in A. thaliana increases
after inoculation with Sclerotinia sclerotiorum, while
the expression of other members of the EPF/EPFL

family remains unaltered [52]. Meanwhile, biotic stress
appeared to have different effects on the expression
of the EPF/EPFL genes in tomato Solanum lycoper-
stcum plants. Thus, infection with the phytopathogen
Fusarium oxysporum f. sp. lycopersici induces the
expression of SIEPF7 and decreases the expression of
SIEPF1/5. Treatment with elicitors from a non-path-
ogenic for tomato F. sambicinum strain increases
SIEPF6/7 expression and decreases that of SIEPF3/5
[74].

Simultaneous changes in the expression level of
several EPF/EPFL genes upon interaction with phy-
topathogens suggest that peptides belonging to this
family can coordinately regulate plant defense mecha-
nisms. Thus, the growth of S. sclerotiorum and H,O,
generation were shown to increase significantly in
Arabidopsis epfl1,2,4,6 multiple mutants, whereas
single mutants did not differ from wild-type plants
[52]. Furthermore, pathogen-induced expression of the
genes belonging to the YODA DOWNSTREAM (YDD)
group was significantly reduced in the epfl1,2,4,6 mu-
tants. YDD is a group of genes positively regulated in
constitutively active YODA mutants [52]. On the other
hand, inducible EPF1/2 expression in A. thaliana did
not enhance plant resistance to the necrotrophic fun-
gus Plectosphaerella cucumerina [75]. Many pathogens
are known to penetrate into plant tissues through sto-
mata; therefore, the weakened resistance of ERf mu-
tants can plausibly be attributed to the increased sto-
matal density. Thus, treatment with EPFL9 increases
the stomatal density and exacerbates the symptoms
of infection [76].

Hence, data on the involvement of EPF/EPFL pep-
tides in the regulation of the biotic stress response
are extremely sparse. Meanwhile, it has been repeat-
edly demonstrated that receptors and components
of the EPF/EPFL peptide signaling pathway are in-
volved in ensuring phytopathogen resistance. Thus,
er mutants were characterized by reduced resistance
to the bacterium Ralstonia solanacearum [77], oomy-
cete Pythium irregulare [78], as well as the pathogenic
fungi Verticillium longisporum [79], S. sclerotiorum
[80], and P cucumerina [81, 82]. Additional knockout
of the ERL1/2 and TMM genes exacerbated infection
symptoms [75, 80].

However, the reduced resistance to R. sola-
nacearum after inoculation through damaged roots
[77] indicates that the susceptibility of er mutants
may be caused not only by the increased stomatal
density but also by an impaired defense response.
This is further supported by the downregulated ex-
pression of the pathogen-inducible genes WRKY33,
WRKY53, CYP79B2, and CYP81F2 in er, bakl, and er
bak1 mutants [75].
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Meanwhile, the activity of ER was shown to have
no effect on the expression of the genes induced by
flg22, a 22-amino acid flagellin-derived epitope [75].
Furthermore, er mutants were no less resistant to
infection by B. cinerea, F. oxysporum f. sp. conglu-
tinans, and Peronospora parasitica than wild-type
plants [81]. Therefore, ER is not always required for
pathogen resistance. This can be associated with the
functional redundancy of EPFL receptors.

ER regulates the Arabidopsis response to S. sclero-
tiorum infection via affecting binding between the
WRKY33 transcription factor and promoters of the
YDD genes [80]. This process involves the chroma-
tin remodeling complex SWR1 and the ER-MPK6-
WRKY33 regulatory module. SWR1 promotes the
binding of the W-box transcription factor WRKY33 to
promoters and activates expression of the YDD genes,
which are necessary for resistance to S. sclerotiorum
infection [80, 83].

Since EPF/EPFL peptides are primarily known
as regulators of stomatal development, their role in
stress adaptation is often attributed to their impact
on stomatal density. However, the role of this peptide
family under stress conditions appears to be broader
and needs further investigation.

CONCLUSIONS
Despite significant progress in understanding EPF/
EPFL peptides functions, knowledge gaps still re-

main. Thus, the vast majority of functional studies on
EPF/EPFL have been conducted on the model plant
A. thaliana. Furthermore, although homologs of the
EPF/EPFL genes have been identified across differ-
ent groups of angiosperms, their function need more
comprehensive investigation. This issue is particularly
relevant in the context of the plant phylogenetic di-
versity, since the results obtained for Arabidopsis may
not fully represent the range of biological functions of
EPFL peptides in other plant species.

Additional challenges arise from the functional re-
dundancy of these peptides: multiple EPF/EPFL fam-
ily members can partially compensate for each other,
thus complicating the assessment of individual contri-
butions. So, much of the research analyzes receptor
mutants, which are also partially redundant, but their
number is significantly smaller.

It has been demonstrated so far that EPFL expres-
sion can be altered in response to biotic and abiotic
stresses; however, the association between peptide-
mediated regulation and plant adaptive responses still
needs to be fully elucidated.

Modulating the activity of EPFL peptides and their
receptors may be used to optimize morphogenesis,
enhance stress tolerance, and, therefore, improve cul-
tivated crops. @

This work was supported by the Russian Science
Foundation (project No. 23-74-10048).
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ABSTRACT Mitochondrial dysfunction is one of the pathogenetic mechanisms of neuronal damage during
aging. The high energy dependence of neurons makes them particularly vulnerable to age-related changes
accompanied by oxidative stress and impaired energy metabolism. The maintenance of a pool of function-
al mitochondria is regulated by mitophagy, which ensures the utilization of damaged organelles, thereby
preventing the progression of mitochondrial dysfunction. Brain aging is accompanied by a reduced level of
activity of metabolic processes, aggravated mitochondrial dysfunction, and an increased risk of developing
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease. This review highlights the
molecular and signaling pathways of mitophagy and its dysregulation during physiological and pathological
aging, which is of particular interest for identifying pharmaceutical targets and developing potential thera-

pies for neurodegenerative conditions.

KEYWORDS mitophagy, mitochondria, aging, Alzheimer’s disease, Parkinson’s disease.
ABBREVIATIONS AD — Alzheimer’s disease; PD — Parkinson’s disease.

INTRODUCTION

The age-related alterations inevitably developing in
the brain during aging pose a significant societal chal-
lenge, as they are frequently accompanied by the on-
set of cognitive impairment and underlie the patho-
genesis of a number of neurodegenerative diseases
[1, 2].

Mitochondria, organelles with a broad range of
functions aimed at coordinating the intracellular ho-
meostasis, play a particularly crucial role in main-
taining adequate neuronal function upon the age-
related and pathological involution of the brain [3].
Mitochondrial dysfunction significantly increases the
risk of one developing age-related neurodegenerative
diseases because of the energy deficit that develops
in nervous tissue, as well as the overproduction of re-
active oxygen species, initiation of apoptosis and in-
flammatory responses, and the disruption to synaptic
transmission [4].

The structural and functional characteristics of mi-
tochondria are consistently under rapid transforma-
tion, their key stages being collectively known as “the
mitochondrial dynamics.” Mitochondrial dynamics in-
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volve key processes such as biogenesis, fission, and
fusion of these organelles, even as they also require
an adequate system for their elimination known as
mitophagy [5].

Mitophagy is a process that aims to dispose of
damaged organelles and regulate the cellular content
of mitochondria within the boundaries required for
maintaining a metabolic balance [6]. It involves the
swallowing of defective mitochondria by specialized
vesicles, followed by their fusion with the lysosomes
responsible for the degradation of defective organ-
elles [7-9].

Mitophagy is critically important in maintaining
a functional pool of neurons because of the unique
structure and function of the nervous tissue, its vora-
cious appetite for energy, and the need for a continu-
ous renewal of the components of the cytoplasm.

Brain aging is accompanied by a decline in mi-
tophagic activity, which aggravates mitochondrial dys-
function, and increases the risk of developing neuro-
degenerative diseases [10, 11]. According to current
understanding, the accumulation of neurotoxic protein
aggregates, which play a pivotal role in the patho-
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genesis of this pathology, is attributed to mutations
in the genes coding for mitophagy-initiating proteins
(PINK1, Parkin, and DJ-1) [12].

Despite the relevance and high societal significance
of this issue, many aspects of brain aging remain in-
sufficiently studied. Elucidating the role played by
mitochondrial dysfunction and identifying the key
markers of mitophagy in age-related involution are
topical problems in modern gerontology and a much-
needed step in identifying novel pharmaceutical neu-
rodegeneration targets.

THE GENERAL DATA ON THE MECHANISMS

OF MACROAUTOPHAGY. MITOPHAGY

Large intracellular substrates (aged and damaged
organelles in particular) are removed through mac-
roautophagy — the type of autophagy in which the
identification and further degradation of defective
structures take place within the autophagosome,
which is formed via fusion of a lysosome and a pha-
gophore, a double-membraned organelle. Autophagic
processes within the cell are triggered by various fac-
tors such as the accumulation of pathological protein
aggregates, exposure to hypoxia, nutrient deficiency,
and oxidative stress. Numerous proteins encoded by
autophagy-related genes (Atg) are involved in the per-
ception of autophagy initiation signals and autophago-
some formation [13]. The LC3 (ATGS8) protein, which
resides on the phagophore membrane and binds to a
pre-ubiquitinated target via adaptor proteins, plays a
special role in autophagosome degradation [14]. The
best-studied autophagy adaptors include p62 (the key
adaptor protein in nearly all mitophagy pathways),
NBRI1 (involved in peroxisome degradation), NDP52
(involved in ubiquitin-dependent mitophagy), as well
as TAX1BP1 and optineurin (OPTN), which are re-
quired for ubiquitin-dependent mitophagy and the
autophagy of protein aggregates [15].

The plasma membrane and cellular organelles (the
Golgi complex, the endoplasmic reticulum, and mi-
tochondria) are the potential sources of phagophore
formation.

De novo assembly of the phagophore is initiated
by two cytoplasmic protein complexes: PI3K (class III
PI3K complex I) and the Atgl/ULK1 complex, which
are comprised of catalytic and regulatory subunits [6,
16, 17]. Phosphorylation of the PI3K class III complex
induces the local production of the membrane phos-
pholipid PI3P (phosphatidylinositol 3-phosphate) in
specialized endoplasmic reticulum subdomains known
as omegasomes [18]. PI3P is needed in order to re-
cruit the phospholipid molecules involved in phag-
ophore growth via binding of the effector proteins
WIPI and DFCP. These proteins mediate the interplay

between PI3P and the two conjugation systems, LC3/
ATG7/ATG3 and ATG5/12/ATG16L1 [19]. At the next
stage, autophagy-related (Atg) proteins are incorpo-
rated into the isolation membrane, resulting in phago-
phore formation [20, 21]. The conjugation systems are
required not only for phagophore expansion, but also
for the completion of autophagosome formation and
cargo sequestration. Selective uptake of various tar-
gets is ensured by receptor proteins residing on the
surface of an autophagy target through specialized
autophagic adaptor proteins [22]. Despite their versa-
tility, adaptors seem to utilize a common autophagy
mechanism: recruitment of the ULK1/2 complex and
binding to the FIP200 subunit (an adhesion protein) to
initiate autophagosome formation [15, 23].

After substrate degradation in the autophagosome,
macromolecules are released into the cytosol and
they re-enter the metabolic processes in the cell [16,
24]. Autophagy is regulated by the two key signaling
pathways:

(1) The PI3BK/AKT/mTOR pathway inhibiting the au-
tophagy and preventing autophagosome formation.
The activity of mTORC1 (the mammalian target of
rapamycin complex 1) is affected by the intracellular
levels of amino acids, insulin, and growth factors.

(2) The AMPK signaling pathway that responds to the
ATP level and is activated under hypoxic conditions
[16, 25].

The roles played by other signaling molecules such
as sirtuins, TFEB (transcription factor EB), etc., in the
autophagy mechanisms are less studied and require
detailed investigation.

Phagophore assembly is also regulated by mito-
chondrial proteins. Thus, the well-known protein
Beclin 1, a component of the pro-autophagic class
IIT PISK complex involved in phagophore assembly,
initiates Beclin 1-dependent autophagy at the levels
of both the endoplasmic reticulum and mitochondria
[26, 27].

Another autophagy initiator, the protein endophilin
B1, can be recruited to the outer mitochondrial mem-
brane under stress conditions, where it activates the
aforementioned class IIT PI3K initiation complex by
binding to the adaptor protein Beclin 1 [26].

Mitophagy is the selective degradation of mitochon-
dria via autophagosome processing. The mitophagy is
preceded by changes in the mitochondrial morpholo-
gy. Thus, mitochondrial fission mediated by the DRP1
and Fisl proteins ensures the peripheral fragmenta-
tion of mitochondria, isolating the damaged segments
of the organelle to be subsequently eliminated [28].

The mechanism of classical mitophagy is based
on the induction of mitochondrial membrane PTEN-
induced putative kinase 1 (PINK1) and the Parkin
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protein (PARK2), a cytosolic E3 ubiquitin ligase.
Hence, the PINK1 (PARK6) and PARKZ2 genes en-
coding the proteins associated with the famil-
ial Parkinson’s disease play a crucial role in mito-
chondrial quality control. In this case, the loss of
the inner mitochondrial membrane potential accom-
panying damage to mitochondria is a signal for mi-
tophagy activation. Known PINKI1 substrates include
ubiquitin and the ubiquitin-like domain of Parkin.
Phosphorylation of these targets at a conserved serine
residue (S65) induces Parkin activation, followed by
absorbtion of damaged mitochondria and autophago-
some formation [29] (Fig. 1).

Parkin translocation from the cytosol to the outer
mitochondrial membrane is dependent on the PINK1
activity. In turn, Parkin catalyzes the ubiquitination
and proteasomal degradation of various outer mito-
chondrial membrane proteins, including Drpl, Miro,
and mitofusins 1 and 2 (MFN1/2). This mechanism
blocks mitochondrial fusion, making it possible to iso-
late damaged organelles and initiate autophagy via a
system of adaptor proteins.

Under hypoxic conditions and exposure to various
toxic agents, mitophagy can proceed via a PINKI1-—
Parkin-independent pathway through the following
mitochondrial membrane receptors containing LIR
motifs:

+ The proteins AMBRA1, BNIP3, FUNDCI, and NIX
on the outer mitochondrial membrane;

+ Cardiolipin and PHB2 on the inner mitochondrial
membrane.

Ubiquitination of these receptors is a signal for
the cargo receptors p62/SQSTM1, NDP52, optineurin,
etc,, which bind to ubiquitin and the autophagosomal
membrane protein LC3B, thereby mediating the mi-
tophagy [30].

MITOPHAGY DURING PHYSIOLOGICAL AGING
As confirmed by electron microscopy studies, mito-
chondrial disorganization that progresses with aging is
accompanied by mitochondrial dysfunction [31].
Research into the mitochondrial ultrastructure dur-
ing physiological aging revealed a reduction in the
length and surface area of mitochondria, along with
changes in cristae and membranes. These morphologi-
cal changes were shown to correlate with an upregu-
lated expression of phosphorylated Drpl, a marker of
mitochondrial fission, as well as reduced levels of the
mitochondrial fusion protein Mfn2 and the autophagy
marker LC3B. The increased fragmentation of mito-
chondria observed during aging alters their function,
including a reduction in ATP/ADP transport due to
reduced levels of the VDACI protein (involved in the
regulation of mitochondrial membrane permeabili-
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Fig. 1. The mechanism of mitophagy. Stages: (A) mito-
phagy initiation; (B) receptor interactions; (C) phago-
phore growth; (D) vesicle—lysosome fusion. Mitophagy
initiation occurs under the influence of stress factors and

is accompanied by the activation of ATG1/ULK1 and
phosphorylation of PI3K, which induces PI3P production

in the ER. PI3P is required for the binding of the effec-

tor WIPI proteins that interact with the LC3 conjugation
system. The selective mitochondrial uptake is implement-
ed with the participation of specialized adaptor proteins
(TAX1BP1, NBP52, p62, OPTIN, and NBR1) (A). Next,
Parkin and ubiquitin-mediated LC3 binding to PINK 1 on the
mitochondrial membrane occurs. By joining to PI3P WIPI
1—4 ensures interplay with LC3 and proper functioning of
the complex (B). Phagophore growth takes place through
the transfer of PLs from the ER lumen, with the participa-
tion of PI3P. Simultaneously, PIS is activated in the phago-
phore walls, initiating de novo phospholipid synthesis (C).
LC3 ensures vesicle cleavage from the ER. It merges with
the lysosome, followed by the destruction of its contents
(D). PI3K — phosphoinoside-3-kinase; PI3P — phosphatidy-
linositol-3-phosphate; TAX1BP1 — Tax1-binding protein 1;
NBP52 — calcium-binding protein 2; OPTIN — optineurin;
PINK1 — PTEN-induced kinase 1; BNIP3 — protein 3 inter-
acting with protein BCL2; PL — phospholipids; PIS — phos-
phatidylinositol synthase; ER — endoplasmic reticulum

ty), as well as a greater severity of oxidative damage.
Defective mitochondria are characterized by rupture
of the outer membrane and release of apoptogenic
factors into the cytoplasm, followed by cell death. The
aforementioned age-related morphofunctional modifi-
cations of organelles reduce neuronal density and ex-
acerbate neurodegeneration [3].
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Fig. 2. Changes in the mitophagy process at the initiation stage and receptor interactions upon physiological aging and
neurodegenerative diseases. (A) Aging. Characterized by the accumulation of defective mitochondria and mitophagy
dysfunction. Progressive mitochondrial disorganization is accompanied by a compensatory increase in the PINK 1 and
Parkin levels. Reduced LC3 expression disrupts the interaction between phagophore receptors and mitochondria,
leading to the inhibition of mitophagy. (B) Parkinson's disease. Accompanied by decreased utilization of mitochondria.
In genetic forms of PD, mutations are detected in the genes encoding the PINK1 and Parkin synthesis, leading to inacti-
vation of the respective proteins. (C) Alzheimer's disease. Characterized by a significant increase in the pool of defec-
tive mitochondria and reduced intensity of mitophagy. The accumulation of abnormal protein aggregates contributes to
mitochondrial damage, reduces the PINK1 and Parkin levels, and increases the LC3 and p62 levels. PI3P — phosphatidy-
linositol-3-phosphate; p62 — ubiquitin-binding protein pé2. 1- — mediated effect

Numerous studies prove that autophagy intensity
progressively decreases during age-related involution
and in age-related diseases [32—-37].

The use of the mt-Keima probe (a monomeric ac-
id-stable fluorescent protein with an affinity to the
mitochondrial matrix) for quantifying mitophagy in
a transgenic mouse line revealed age-related reduc-
tion of the mitophagy levels in neurons in the hippo-
campal dentate gyrus [33]. Overexpression of the key
markers of PINK1-Parkin-dependent mitophagy in
aging models was found to be accompanied by longer
lifespans in the model organisms (Drosophila melano-
gaster and Caenorhabditis elegans) [34]. An elevated
Parkin level, both in the brain tissue and cerebral
vessels, was revealed in a group of old mice aged
24 months in [35, 36]. Upregulated Parkin expression
was found to reduce the number of point mutations
in mitochondrial DNA that cause mitochondrial dys-
function in [37].

It has been demonstrated using cellular models that
neuroapoptosis decreases in the absence of PINKI,

confirming the role played by this protein in neuronal
survival during aging [38].

Memory loss during aging has been found to corre-
late with the downregulated expression of the Mfnl,
Mfn2, Opal, LAMP2, and LC3 genes, while PINK]1
and Parkin expression is upregulated, which affects
the mitochondrial membrane potential. These changes
in the dynamics of LAMP2, LC3, PINK1, and Parkin
expressions are indicative of mitophagy dysfunction
[3] (Fig. 2).

There is a growing body of evidence showing that
physical activity effectively induces autophagy, alters
mitochondrial dynamics to keep them functioning, and
has a neuroprotective effect. Different types of physi-
cal exercises can induce autophagy in the cerebral
cortex of young and adult animals and mitigate au-
tophagic dysfunction in the aged brain. Recent stud-
ies have revealed that physical training elevates the
levels of the autophagy-related proteins LC3-II/LC3-1,
LC3-1I, p62, Atg7, Bnip3L, and Parkin, as well as the
Mfn2 and Drpl levels [39]. Furthermore, Liu et al.
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in [33] demonstrated how strenuous physical exercise
induced PINK1-dependent mitophagy in mt-Keima
mice.

Hence, the balance between the mitochondrial dy-
namics and mitophagy is a specific compensatory
mechanism playing a pivotal role in maintaining the
stability of the functioning of these organelles in the
aging brain.

MITOPHAGY IN NEURODEGENERATIVE DISEASES
Mitophagy plays a critical role in the pathogenesis of
neurodegenerative diseases such as Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD), whose risk
increase significantly with age [2].

Mitochondrial dysfunction and oxidative stress
were found to be central pathogenic factors in geneti-
cally determined forms of Parkinson’s disease [40].
The early-onset forms of PD can be caused by muta-
tions in the PARKZ2 (Parkin), PINK1, and DJ-1 genes,
which code for proteins residing in mitochondria
(Fig. 2). The loss of these proteins increases the sus-
ceptibility to oxidative stress and disrupts the energy
metabolism [41]. INK1 overexpression was shown to
inhibit the translation of DRP1 mRNA and reduce
its translocation from the cytosol to the mitochon-
drial surface, thus causing the formation of elongated
chain-linked mitochondria and impeding the elimina-
tion of damaged organelles. PINK1-mediated ubiq-
uitination of DRP1 results in its proteasomal degra-
dation followed by inactivation, thus also reducing
the intensity of mitochondrial fission [42]. Meanwhile,
PINK1 knockdown increases mitochondrial fragmen-
tation [43].

Since PINKI1 is the only known kinase that cata-
lyzes ubiquitin phosphorylation, the detection of ubiqg-
uitin phosphorylated at S65 can be used to assess
PINKI1 activity and is viewed as a biomarker of mi-
tochondrial stress and autophagy [44]. Mitochondrial
damage leads to PINK1 accumulation because of its
impaired degradation by the PARL (presenilin-associ-
ated rhomboid-like protein) protease residing on the
mitochondrial inner membrane [45]. Unlike for idio-
pathic Parkinson’s disease, Lewy bodies sometimes
are not detected in substantia nigra neurons in post-
mortem specimens collected from patients carry-
ing PINK1 or Parkin mutations [46]. This is presum-
ably caused by the involvement of PINK1 and Parkin
in the long-term survival of dopaminergic neurons,
and disruption of this process results in their rapid
death, without the accumulation of pathological pro-
teins, which is supported by PINK1 knockdown ex-
periments.

Research has demonstrated that the PINKI1-
Parkin-independent pathway involving cardiolipin also
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has defects [47]. Neurons carrying the SNCA mutation
typical of Parkinson’s disease are characterized by a
more intense cardiolipin translocation to the outer
mitochondrial membrane. In turn, this phospholipid,
capable of refolding a-synuclein fibrils, enhances mi-
tophagic flux by interacting with LC3 on mitochon-
dria, thus leading to mitochondrial dysfunction, which
is further complicated by defects in mitophagy. At
early stages of PD, synaptic mitochondria lose their
cardiolipin cluster, thus reducing the intensity of mi-
tophagy [47, 48].

A number of studies have demonstrated that mi-
tochondrial deubiquitinase (USP30) can be a promis-
ing target for maintaining mitophagy in patients with
Parkinson’s disease. Reduction of the USP30 levels in
various models of this disease has been shown to op-
timize mitochondrial function [5, 49, 50].

The mitochondrial dynamics and mitophagy are
also impaired during the development of Alzheimer’s
disease (Fig. 2). This is evidenced by alterations in the
expression of the ATGS, Beclinl, LC3A, LC3B, PINK1,
TERT, BCL2, and BNIP3L genes detected in a mouse
model of AD [51].

A 30-50% reduction in the basal mitophagy level
was observed in the hippocampus of AD patients, ac-
companied by the accumulation of damaged mito-
chondria characterized by reduced size, disorganized
cristae, and decreased ATP production [52]. Elevated
PINKI1 levels were detected in the hippocampus of
patients with early-stage AD, while Parkin levels
were increased at its late stages, which is indicative of
impaired mitophagy because of defective initiation of
the PINK1/Parkin-dependent pathway [45]. Impaired
recruitment of activated LC3 to phagophore mem-
branes, dysfunction of the AMPK signaling cascade,
and disrupted fusion of mitophagosomes with lyso-
somes have also been observed [52].

An increased p62 level, an elevated LC3II/LC3I ra-
tio, and a reduced PINK1 level were observed in mi-
tochondrial fractions isolated from the brains of pa-
tients with late-stage AD, which is also indicative of
mitophagy failure [53]. The accumulation of patho-
logical protein aggregates in Alzheimer’s disease sig-
nificantly affects the mitochondrial dynamics and
mitophagy. Thus, intraventricular administration of
B-amyloid in rats reduced the PINKI1, Parkin, and
BCL-1 levels, while increasing the hippocampal level
of p62 in [54]. The accumulation of total and phos-
phorylated tau protein is accompanied by an increase
in the mitochondrial membrane potential, preventing
PINKI1 stabilization on the outer mitochondrial mem-
brane and impeding Parkin recruitment. The reduced
PINK1 content on the outer mitochondrial membrane
suppresses the activation of Parkin and E3 ubiquitin
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ligase, thus disrupting the further stages of autopha-
gy and mitophagy [55]. Parkin overexpression restores
mitophagy and the mitochondrial membrane potential
[66]. Alterations in the mitochondrial dynamics ac-
companying the development of AD involve enhanced
organelle fission. The accumulation of toxic tau pro-
tein and B-amyloid increases DRP1 phosphorylation
and promotes its translocation into mitochondria [57].
Mitochondrial hyperfragmentation ultimately triggers
cell death and neurodegeneration.

Sukhorukov et al. [11] suggested that alterations in
ATP and NAD+ homeostasis can be among the rea-
sons behind impaired mitophagy in AD, which was
supported by the fact that a reduced intracellular
NAD+ level initiates the aggregation of misfolded
proteins, promoting defective autophagy, followed by
neuronal death.

The activity of two neuroprotective genes, Sirtuinl
(SIRT1) and Sirtuind (SIRT3), which encode the syn-
thesis of eponymous proteins, is also reduced in AD.
Sirtuin-1 functions to induce autophagy/mitophagy
via deacetylating the ATGH, ATG7, and ATG8/LC3
proteins. Moreover, sirtuin-1 stabilizes PINK1 and in-
creases the levels of LC3 and Nix/BNIP3, which are
involved in mitophagy [58]. In turn, sirtuin-3 activates
the FOXOJ3 gene regulating apoptosis and autophagy
[59].

The altered dynamics of lysosomal activity, which
is typical of the pathogenesis of AD, stems from a de-
ficiency of the lysosomes in brain tissue. In turn, this
disrupts the clearance of autophagic aggregates and
is also believed to cause defective mitophagy. Thus, in
the hereditary form of AD, mutations in the PSEN1
gene encoding presenilin 1 cause hyper-alkalinization
of the lysosomal environment, pathological reduction
in lysosomal hydrolase activities, and a rise in p62
levels [56].

Many diseases, including neurodegenerative disor-
ders, are characterized by excessive accumulation of
advanced glycation end-products which induce oxi-
dative stress and inflammation by generating reac-
tive oxygen species. In turn, reactive oxygen species
are considered a primary factor in the triggering of
stress-induced mitophagy. Upregulated expression of
the receptor for advanced glycation end-products was
detected in post-mortem brain specimens from AD
patients [60, 61].

Hence, although the involvement of the PINK1-
Parkin-dependent pathway in mitophagy mechanisms
and its role in the pathogenesis of neurodegenerative

diseases have been studied relatively well, a number
of questions remain open. Much focus has recently
been directed at investigating alternative mitophagy
pathways such as the degradation of mitochondrial
components via mitochondrial-derived vesicles con-
taining oxidized proteins, lipids, mutant mitochondrial
DNA, and reactive oxygen species [43]. A link be-
tween mitochondrial-derived vesicles, mitophagy de-
fects, and autoimmune responses that cause neuronal
death in Parkinson’s disease has recently been discov-
ered [62].

CONCLUSIONS

Mitophagy plays a pivotal role in maintaining physi-
ological homeostasis, the aging mechanisms, and the
pathogenesis of neurodegenerative disorders. Various
molecules that modulate mitophagic activity in nerv-
ous tissues are currently under study as potential
candidates for developing therapeutics against neuro-
degenerative diseases. Meanwhile, given the diversity
of the regulatory pathways of mitophagy, there is no
question that this list of candidates will expand due to
the multiple factors that are indicative of the state of
mitophagy in specific types of nervous tissue cells in
response to various stressors.

Overall, regardless of the existing interest in the
role of mitophagy in age-related involution and the
pathogenesis of age-related diseases, the mechanisms
through which it affects the organismal aging re-
main insufficiently studied. The range of questions
that need to be resolved includes the involvement of
various regulatory signaling molecules in coordina-
tion with inter-organelle interactions, the specific fea-
tures of the mitochondrial dynamics preceding the
mitophagy, and the mechanisms of autophagosome
degradation under mitochondrial stress. Particular fo-
cus should be placed on the mechanisms of initiation
(activation) of both classical and receptor-mediated
autophagy.

Hence, further research into the interplay between
potential key markers of mitophagy and their relative
contribution to neurodegeneration is of extreme im-
portance for identifying novel promising pharmaceu-
tical targets. ®
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ABSTRACT Propionibacterium freudenreichii plays a crucial role in the production of Swiss-type cheeses; how-
ever, genomic variability among strains, which affects their technological traits, remains insufficiently ex-
plored. In this study, whole-genome sequencing and comparative analysis were performed on five industrial
P, freudenreichii strains. Despite their overall high genomic similarity, the strains proved different in gas pro-
duction and substrate metabolism. Phylogenetic analysis revealed a close relationship between strain FNCPS
828 and P. freudenreichii subsp. shermanii (z-score = 0.99948), with the latter being unable to reduce nitrates
but being able to metabolize lactose. The narG gene encoding the nitrate reductase alpha subunit was de-
tected in only one of the five analyzed strains — FNCPS 828 — and in 39% of previously described P. freuden-
reichii genomes, suggesting its potential as a marker of nitrate-reducing capability. Analysis of 112 genomes
showed that the I-G CRISPR—-Cas system was present in more than 90% of the strains, whereas the type
I-E system was found in approximately 25%. All the five study strains harbored the type I-G system; strain
FNCPS 3 additionally contained a complete type I-E system with the highest number of CRISPR spacers,
some of which matched previously published bacteriophage sequences. The most prevalent anti-phage de-
fense systems included RM I, RM IV, AbiE, PD-T4-6, HEC-06, and ietAS. These findings highlight the genetic
diversity of P freudenreichii strains, which is of great importance in their industrial applications. The identi-
fication of narG as a potential marker of nitrate-reducing activity, along with detailed mapping of CRISPR—-
Cas systems, boosts opportunities for the rational selection and engineering of starter cultures with tailored
metabolic properties and increased resistance to bacteriophages.

KEYWORDS Propionibacterium, whole-genome sequencing, metabolism, CRISPR—Cas, bacteriophages.

INTRODUCTION

Members of the genus Propionibacterium play an
important role in the food industry. In particular,
Propionibacterium freudenreichii strains are wide-
ly used in the ripening of Swiss-type cheeses [1].
The key metabolic pathway in P. freudenreichii is the
Wood—Werkmann cycle, where lactate is first convert-
ed to pyruvate and then metabolized: one portion is
converted to propionate that gives the cheese its char-
acteristic flavor, and the other portion is converted to
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acetate and carbon dioxide that form the characteris-
tic “eyes” [2].

Each P. freudenreichii strain is characterized by a
unique set of enzymes that underlies the specific fea-
tures of its metabolic activity [3], which affects fer-
mented carbohydrates and provides the taste of the
final product [4]. Furthermore, these bacteria synthe-
size vitamins B9 and B12, conjugated linoleic acid,
trehalose, bacteriocins, and organic acids and exhibit
probiotic properties [5].
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Bacteriophage contamination is a serious problem
for the dairy industry, because it can result in fermen-
tation failure and product defects. Bacteriophages are
detected in approximately half of Swiss-type cheeses
at a concentration of at least 10° PFU/g; they multi-
ply as propionic acid bacteria grow in a warm cham-
ber during cheese ripening [6]. Given the key role of
P, freudenreichii in shaping the organoleptic character-
istics of cheeses, investigation of their immune defense
systems is of great practical importance for identifying
phage-resistant strains and minimizing the risk of pro-
cess failures during the ripening stage [7].

Despite the industrial significance of P freudenre-
ichii, genomic characterization of industrial strains of
this species is very limited. Whole-genome sequencing
identifies interstrain variations and reveals links be-
tween genotype and technological properties, including
metabolism, stress resistance, and defense systems [4].

In this study, we present the results of whole-ge-
nome sequencing of five P freudenreichii strains used
in the dairy industry and comprehensive genom-
ic characterization of these strains, focusing on their
metabolic characteristics, defense mechanisms, and
functional gene variability.

EXPERIMENTAL

Strains and culture conditions
In this study, we used five P. freudenreichii
strains: FNCPS 2 (GCA_044990475.1), FNCPS 3
(GCA_044990455.1), FNCPS 4 (GCA_044990515.1),
FNCPS 6 (GCA_044990495.1), and FNCPS 828
(GCA_044990435.1) received from the collection of the
All-Russian Research Institute of Butter and Cheese
Making of the Dairy Industry (VNIIMS, a branch
of the Gorbatov Federal Research Center for Food
Systems of the Russian Academy of Sciences). Strains
FNCPS 2 and FNCPS 3 were isolated from raw milk
samples, and the others were isolated from cheese
samples. All strains were isolated from dairy products
manufactured in Altai Krai, Russia.

Propionibacterium bacteria were cultivated in a lig-
uid culture medium containing peptone (10 g), yeast
extract (10 g), cobalt chloride (0.01 g), potassium mon-
obasic phosphate (1 g), and 20 cm? of 40% lactic acid.
These components were dissolved in 1 L of distilled
water, the pH was adjusted to 7.1 £ 0.1, and the mix-
ture was then poured into test tubes and sterilized at
121 = 2°C for 15 min. The same medium was used to
study the gas-producing activity of P freudenreichii
strains.

The effect of milk protein proteolysis products on
gas production by propionibacterium was studied us-
ing the same culture medium. However, the compo-

nents were added to pancreatin-hydrolyzed skim milk
diluted with distilled water at a ratio of 1 : 2.

To produce propionibacterium cultures, the culture
medium was inoculated with 1% of the inoculum and
incubated in a thermostat at 30 £ 1°C for 72 h.

Phenotypic characterization of the strains

The rate of gas production and the volume of released
gas were measured during culturing in graduated
Dunbar tubes with a 1% inoculum dose at 30 = 1°C.
The volume of released gas was measured daily for
15 days. The rate of gas production was calculated as
the maximum gas volume divided by the number of
culture days.

The effect of temperature on the gas-producing ac-
tivity of the cultures was assessed by culturing cells
in graduated Dunbar tubes with a 1% inoculum dose
at 18 = 1°C, 22 = 1°C, and 30 = 1°C. The gas volume
was measured daily for 15 days.

Anaerobic bacteria were identified by measure-
ments of the biochemical activity of the cultures us-
ing the API 20A test system (bioMérieux, France) ac-
cording to the manufacturer’s instructions. Test strip
results were analyzed using the APIWEB online data-
base (bioMérieux).

Bacterial genome sequencing and assembly

DNA for genome sequencing was isolated using an
ExtractDNA Blood and Cells kit (Eurogen, Russia)
according to the manufacturer’s instructions. DNA
libraries were prepared using the MGIEasy Fast FS
DNA Library Prep Set V2.0 (Cat. No. 940-001196-00,
MGI, China) according to the manufacturer’s pro-
tocol. Library quality was assessed using a Qubit
1X dsDNA High Sensitivity DNA Assay kit (Cat.
No. Q33230, Thermo Fisher Scientific, USA) and a
Qubit Fluorometer (Thermo Fisher Scientific). The
length of DNA library fragments was estimated using
QIAxcel Advanced capillary gel electrophoresis with
a QX DNA Fast Analysis kit (Cat. No. 929008, Qiagen,
Germany). Sequencing was performed using an FCS
flow cell on an MGI DNBSEQ-G50 platform (BGI,
China) in the PE150 mode.

Bacterial genomes were assembled using SPAdes
[8] in the “isolate” mode. To improve final assem-
bly quality, raw reads were aligned to contigs us-
ing Bowtie2 [9], after which the alignment files were
sorted and indexed using SAMtools [10] and trans-
ferred to Pilon [11] to correct assembly inaccuracies.
Assembly quality was assessed using QUAST [12],
and the completeness of the assembled genomes was
evaluated using BUSCO [13]. The assembled genom-
ic sequences were deposited in the NCBI database
(BioProject: PRIJNA1184111).
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Table 1. Genomic characteristics of the study P. freudenreichii strains, based on whole-genome sequencing data

P, freudenreichii FNCPS 2 FNCPS 3 FNCPS 4 FNCPS 6 FNCPS 828
Contigs 599 205 159 446 83
GC content 65.95 67.04 66.68 66.38 67.24
Contig L50 9 11 5 11 9
Genome length, bp 2806765 2894278 2649124 2734816 2579802
Contig N50 101.834 63836 169499 79634 93772
CDS 2.684 2.768 2.497 2.603 2.349
tRNA 48 173 44 58 45
Repeat regions 44 48 13 46 38
rRNA 3 3 4 3 4
Hypothetical proteins 935 933 790 845 670
Proteins with functional annotation 1.749 1.835 1.707 1.758 1.679

Genome analysis

Genome annotation and functional analysis were
performed using the NCBI Prokaryotic Genome
Annotation Pipeline [14] and the BV-BRC plat-
form [15] that employs the RASTtk algorithm [16].
Comparative analysis of gene presence in propioni-
bacterium was performed using the BV-BRC platform
based on high-quality, open-access complete P. freud-
enreichii genome assemblies (n = 112).

Identification of bacterial immune systems

Bacterial immune systems were identified using the
PADLOC software (v2.0.0) [17]. CRISPR repeats and
spacers were identified using the CRISPR—Cas Finder
tool (v4.3.2) [18], and Cas proteins were annotated
using PADLOC. To identify potential targets, spac-
ers were aligned to bacterial phage genomes using
Bowtie2 v2.5.4 [19]. Nucleotide sequences of 575 phage
genomes were obtained from the NCBI database (ac-
cessed July 4, 2025).

Phylogenetic analysis

Phylogenetic identification and determination of close-
ly related strains were performed using tetranucle-
otide correlation analysis via the JSpeciesWS web
service [20]. Average nucleotide identity (ANI) was
compared using the OrthoANI algorithm [21].

RESULTS

General genomic characterization

Whole-genome sequencing is considered the gold

standard for genetic characterization of microorgan-

isms. General characteristics of the genomic sequenc-

es of the five strains are presented in Table 1.
Tetracorrelation analysis revealed that the type

strain P freudenreichii subsp. shermanii CCUG 36819
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had the closest similarity to the study strains P freud-
enreichii FNCPS 828, 2, 6, and 4 (z-score: 0.99948,
0.96457, 0.97622, and 0.98812, respectively). P freud-
enreichii subsp. freudenreichii DSM 20271 was closest
to strain FNCPS 3 (z-score = 0.98812). Calculation of
OrthoANT values among all the study strains and the
reference genomes showed a high phylogenetic close-
ness (ANI > 98%), which indicates that they probably
belong to the same clonal group. The results are pre-
sented as a pairwise similarity matrix (Fig. I).

Strain phenotyping

Gas production. Gas production (CO, production) is
one of the key technological characteristics of pro-
pionic acid bacteria, which enables the formation of
“eyes” in Emmental-type cheeses [22]. The main CO,
producer during ripening is P. freudenreichii that me-
tabolizes lactic acid to form propionate, acetate, and
CoO,.

To assess gas-producing activity, we conducted ex-
periments using two types of culture media: with and
without milk hydrolyzate. The results are presented
in Fig. 2A,B.

Strain P. freudenreichii FNCPS 2 growing on the
medium without milk hydrolyzate was character-
ized by the highest rate and volume of gas produc-
tion, whereas these indicators in strains FNCPS 3 and
FNCPS 4 were low. On the medium with hydrolyzed
milk, the differences among the strains decreased: ac-
tivity of P freudenreichii FNCPS 2 remained high, in-
dicators of FNCPS 6 and FNCPS 828 significantly in-
creased, while the volume of released gas in FNCPS 3
was low. Thus, strain FNCPS 2 is characterized by
stable and high gas production, whereas FNCPS 3
exhibits low activity, regardless of culture conditions.

The dependence of gas production by P freuden-
reichii strains on temperature is shown in Fig. 3. At
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Fig. 2. (A) Maximum gas production rate by Propionibacterium strains grown on different culture media. (B) Maximum
volume of gas released. Values are presented as mean = standard deviation

18°C, FNCPS 4 exhibited the highest volume of CO,
release, whereas FNCPS 3 produced no gas. Elevating
the temperature to 22 and 25°C increased the volume
of CO, production in all strains, especially in FNCPS 6
and FNCPS 828, which showed the highest values
among all the strains by day 14.

Metabolic profiling of bacteria
Metabolic profiling of the strains was performed us-
ing the BioMérieux system. The results are presented
in Fig. 4.

According to the data, the only substrates metab-
olized by all the strains were D-mannose, D-glucose,
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and D-lactose. Strain FNCPS 3, unlike the other
strains, was not able to utilize glycerol and lacked
catalase activity. P freudenreichii FNCPS 2 had the
broadest metabolic profile (12 of 20 substrates tested).
In addition, strains FNCPS 828 and FNCPS 4 were
able to degrade gelatin, which was not typical of the
other strains.

Genome analysis

Analysis of the coding sequences at the role level of
annotated biological gene functions revealed that all
strains possessed a comparable number of unique
functional groups (from 738 to 750), of which 724

were common to all (Fig. 5). The most related strains
were FNCPS 4 and 828, which shared 16 unique func-
tional gene groups.

Polymorphic variants of a number of genes in the
study strains may play a key role in the cheese rip-
ening process, influencing the organoleptic properties
of products, the efficiency of metabolic pathways, and
the overall nutritional value. For example, only strains
P freudenreichii FNCPS 4 and FNCPS 828 were
found to contain a complete set of genes encoding the
enzymes involved in 1,2-propanediol metabolism and
components of the propanediol dehydratase complex
(PduA, PduB, PduJ, PduK, PduN, PduU, and PduV
genes), which indicates the ability of these strains to
anaerobically convert propanediol into propanol and
propionate [23].

Strains FNCPS 2, 3, and 6 contain aspartate
racemase [EC 5.1.1.13] involved in the synthesis of
D-aspartate, as well as the OppB gene encoding a
component of an oligopeptide transporter that en-
sures the uptake of peptides from the environment —
an important source of nitrogen in the fermentation
matrix.

The only difference at the functional class level
was the absence of genes belonging to the Nitrogen
Metabolism class in strain FNCPS 828.

Subspecies identification

The P. freudenreichii species is traditionally divid-
ed into two subspecies: freudenreichii and shermanii.
The main traits differentiating these subspecies are
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the ability to reduce nitrates and ferment lactose [4].
Usually, ssp. freudenreichii strains reduce nitrates but
do not metabolize lactose, whereas ssp. shermanii are
able to ferment lactose but not able to reduce nitrates
[24].

The key enzyme involved in nitrate reduction is the
respiratory nitrate reductase complex [EC 1.7.99.4].
This enzyme functions as a final electron acceptor
under anaerobic conditions, participating in energy
generation. Genomic analysis revealed that strain
FNCPS 828 lacked the narG gene encoding the res-
piratory nitrate reductase alpha chain that directly
reduces nitrate to nitrite [25]. The lack of this gene
was detected in 44 of 112 (39%) analyzed P freudenre-
ichii genomes (Fig. 6A). In this case, none of the narG
gene-containing strains had been previously classified
as a shermanii subspecies.

The only difference in the genetic profile of strain
FNCPS 828 from the other study strains was the lack
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Table 2. Characterization of CRISPR-Cas systems in the P. freudenreichii strains studied

P, freudenreichii CRISPR—Cas Cas proteins, Unique spacers, Unique CRISPRs,
strain system, type number number number
FNCPS 2 I-G 6 44 2
FNCPS 3 I-G, I-E 14 170 )
FNCPS 4 -G 6 13 3
FNCPS 6 -G 6 62 4
FNCPS 828 I-G 5 37 2

of the gene encoding a-galactosidase, an enzyme that
breaks down a-D-galactooligosaccharides and polysac-
charides, including melibiose, raffinose, stachyose, and
verbascose. The o-galactosidase gene was detected in
only 14% of P. freudenreichii genomes and was not
identified in any of the typical representatives of ssp.
freudenreichii (Fig. 6B).

Characterization of bacterial defense systems
General characterization. Bacteriophages represent a
serious threat to propionic acid bacteria, because their
infection decreases cellular metabolic activity, which
is very important under production conditions [26].
During evolution, bacteria have developed a variety
of defense systems against a bacteriophage infection.

Analysis of 112 previously published P freudentre-
ichii genomes revealed that abortive infection (AbiE,
PD-T4-6) and type I and IV restriction—modification
(RM) systems were the most common bacterial im-
mune systems, present in over 90% of the genomes.
The type I-G CRISPR—-Cas system was also quite
common, being identified in 74% of the strains (83 of
112) (Fig 7). All of these defense mechanisms were
also identified in the five study strains.
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In addition to the widespread systems, less
well-studied anti-phage mechanisms were also found
in the five analyzed genomes. For example, the HEC-
06 system, which uses nucleases to recognize and
degrade modified phage DNA [27], was identified in
all strains, except FNCPS 6. In the P freudenreichii
population, it is present in 44% of the genomes. The
TetAS system, which is characteristic of 54% of strains
in this species, is present in all study genomes, except
FNCPS 3. Although its mechanism of action has not
yet been fully elucidated, it is believed to function
synergistically with other defense systems [28].

Interestingly, despite the relatively high detection
frequency of systems such as SoFic (20%) and Uzume
(25%) in P. freudenreichii strains, they were absent in
all five study genomes. However, systems less com-
mon in the population, Hachiman I (11%) and Pycsar
(9%), were identified in three of the five strains.

CRISPR—Cas

CRISPR-Cas is one of the best-known adaptive de-
fense systems, which provides immunity to previously
encountered phages by integrating fragments of their
DNA into the bacterial genome [29]. The presence and
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composition of CRISPR—-Cas systems in the five study
P, freudenreichii strains were analyzed (Table 2).

Strains FNCPS 2, FNCPS 4, and FNCPS 6 were
found to possess a complete type I-G system includ-
ing all the necessary proteins: Casl, Cas2, Cas3, Casb6,
Cas7, and Cas8, which indicates its potential func-
tionality. Strain FNCPS 3 contains two CRISPR—-Cas
systems: complete I-G and I-E clusters (Casl, Cas2,
Cas3, Casb, Cas6, Cas7, Cas8, and Casll), which may
provide increased resistance to foreign DNA.

Strain FNCPS 828 was found to possess an incom-
plete I-G CRISPR-Cas system: it lacked the Cas2
protein involved in inserting new spacers into the
CRISPR array. However, other key components were
present.

A total of 326 unique spacers were identified in the
five P freudenreichii strains. To search for potential
targets of CRISPR—Cas systems, we aligned the iden-
tified spacers with the previously published genomes
of 575 bacteriophages infecting bacteria used in the
dairy industry. The analysis revealed matches of 69
spacers (21%) with the genomes of nine different
phages, all of which infect propionibacterium (Fig. §).

DISCUSSION

This paper presents the results of an analysis of five
phylogenetically related P freudenreichii strains with
significant phenotypic differences. Despite a high de-
gree of genomic identity (orthoANI > 99.9), strains
P, freudenreichii FNCPS 2 and FNCPS 3 differed sig-

nificantly in a number of phenotypic traits. P freud-
enreichit FNCPS 2 exhibited stable and high gas-pro-
ducing activity, both in standard medium and in
medium with milk hydrolyzate, whereas FNCPS 3
produced gas only in the presence of hydrolyzate.
Both strains were grouped into a single cluster based
on their metabolic profiles, indicating adaptation to
the environment of their common origin. However,
FNCPS 3 did not utilize L-arabinose, D-raffinose, and
glycerol, compounds potentially present in the dairy
medium, whereas FNCPS 2 metabolized the larg-
est number of substrates, which is consistent with
its pronounced gas-forming activity. Previously, the
intensity of gas production in P freudenreichii was
shown to be directly related to the availability of me-
tabolites, primarily lactate: upon nutrient depletion,
the fermentation level and CO, release decreased [30].
Also, the use of carbon substrates, such as whey lac-
tose and glycerol, affects fermentation and gas pro-
duction in P freudenreichii ssp. shermanii, confirming
the dependence of this process on the type and di-
versity of nutrient sources [31, 32]. Thus, differences
in the metabolism of easily digestible carbon sources
likely explain the observed differences in gas produc-
tion among strains [33].

Recent studies have demonstrated that the tradi-
tional division of P freudenreichii into the subspecies
freudenreichii and shermanii, based on the ability to
ferment lactose and reduce nitrates, does not reflect
the actual genetic and phenotypic diversity of this
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species. Strains with various combinations of these
traits have been reported [24, 34], and phylogenetic
analysis using MLST has not revealed a clear clus-
tering consistent with the existing subspecies classifi-
cation [34]. A recent phenotype-based reclassification
showed that more than 45% of the strains examined
could not be assigned to any of the subspecies [24].
In addition, some strains were probably misclassified
as non-nitrate-reducing due to insufficient incubation
time [24]. In this regard, the development of genetic
markers to correctly distinguish subspecies and pre-
dict phenotypes is becoming topical.

Strain FNCPS 828 demonstrated high phylogenetic
closeness to type strain P freudenreichii subsp. sher-
manii CCUG 36819 (ESK = 0.99948) and was capable
of lactose metabolism, but lacked the full set of genes
required for nitrate reduction. The only variable gene
associated with this ability in P freudenreichii strains
was narG encoding the respiratory nitrate reductase
alpha subunit, which makes it a potential marker for
subspecies identification.

To date, a limited number of studies have been de-
voted to the defense systems of P freudenreichii. The
most common defense mechanism in bacteria is the
restriction—modification system [35] also identified
in P freudenreichii [36]. As previously reported, the
most common CRISPR—Cas system in these bacte-
ria is type I-G, although type I-E is also present [37].
Our analysis of 112 P. freudenreichii strains confirmed
the predominance of the I-G system, whereas the
I-E system was present in approximately 25% of the
strains. In addition, AbiE, PD-T4-6, and type I and IV
restriction—modification systems were found in more
than 90% of the strains analyzed.

All the five study strains contained the type I-G
CRISPR—Cas system. In strain FNCPS 828, this sys-
tem was incomplete and lacked the gene encoding
the Cas2 protein. Strain FNCPS 3, in addition to the
type I-G system, also possessed an additional type
I-E CRISPR—-Cas system. This strain was also char-
acterized by the highest number of spacer sequences,
including the highest number of spacers whose tar-

gets matched previously reported propionibacterium
phages. Previously, P freudenreichii strains were re-
ported to contain spacers to phages B22, Anatole, E1,
Doucette, E6, G4, and B3 [38]. In our study, only strain
FNCPS 3 had spacers to all previously described
phages, except E1, and also contained additional spac-
ers to phages B5, PFR1, and PFR2, which reflects sig-
nificant viral pressure during the co-evolution of the
strain with bacteriophages. In addition to CRISPR-
Cas systems, all strains were found to possess the
most common defense mechanisms in P. freudenre-
ichii, as well as the less studied HEC-06 and ietAS
complexes, which indicates a layered antiviral defense
system in members of this species.

CONCLUSION

In this study, we analyzed both the common traits
and intraspecific diversity of P freudenreichii strains,
which has direct implications for the dairy industry.
Differences in gas-producing activity, the range of
metabolized substrates, and bacterial defense systems
reflect the adaptation of strains to various technolog-
ical conditions and underscore the need for their tar-
geted selection to optimize starter cultures. The iden-
tification of the narG gene as a potential marker for
nitrate reduction and the description of defense sys-
tem diversity, including CRISPR—Cas, open up pros-
pects for more accurate strain typing and prediction
of their technological properties. These findings pro-
vide the basis for the development of starter cultures
with increased stability, predictable characteristics,
and resistance to bacteriophages, which ultimately fa-
cilitates the generation of more reliable and function-
al industrial cultures adapted to the profile of specific
fermentation processes. ®
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ABSTRACT The efficiency of dairy product fermentation directly depends on the properties of the lactic acid
bacteria used, particularly on their metabolic activity and resistance to bacteriophages. Therefore, an under-
standing of the relationships between the genetic and phenotypic traits of industrial strains is of elevated
importance. In this study, we comprehensively analyzed five Lactococcus strains widely used in the Russian
dairy industry, combining whole-genome sequencing with phenotypic profiling. Despite the fact of genetic
similarity among four of the L. lactis strains, we still identified significant differences in their metabolic ac-
tivity. Comparative structural analysis of previously published genomes of 337 L. lactis and 147 L. cremoris
strains revealed species-specific features of the lactose metabolism; in particular, the absence of the lacZ gene
in L. cremoris. Notably, prophages were found in three of the studied strains, which was in correlation with
their reduced acidification activity. L. lactis FNCPS 51n and 73n strains displayed resistance to all 50 tested
bacteriophages, which may be associated with the presence of the AbiB abortive infection system. These find-
ings underscore the importance of integrating genomic and phenotypic analyses when selecting efficient and
phage-resistant Lactococcus starters in the dairy industry.

KEYWORDS Lactococcus, fermentation, genomic profiling, prophages, starter cultures, bacteriophages.

INTRODUCTION

Members of the genus Lactococcus, which are able to
efficiently convert lactose into lactic acid, are among
the key microorganisms used in the production of fer-
mented dairy products [1].

In the dairy industry, the most widely used cul-
tures are L. lactis and L. cremoris, with the latter
having been recently elevated to the species level [2].
These species differ in the genes associated with car-
bohydrate and amino acid metabolism [3], as well as
in their stress response mechanisms [4].

I addition, there are industrially significant dif-
ferences at the intraspecific level. For example, the
subspecies L. lactis subsp. lactis comprises the di-
acetylactis biovar that is capable of metabolizing ci-
trate into diacetyl, a compound that imparts a char-
acteristic buttery, creamy flavor to the product [5],

which is an important component of the aroma of
cheeses like Camembert, Emmental, and Cheddar [6].
Fermentation strain combinations are selected based
on the product type: diacetylactis and L. cremoris are
frequently used in fermented milk production, where-
as L. lactis subsp. lactis is used in cheesemaking [7].
In the case of lactococcal starters, the fermentation
rate has been shown to depend more on the individu-
al characteristics of the strain than on its species clas-
sification [8].

The diversity of technologically significant traits in
Lactococcus has expanded through evolutionary pro-
cesses and horizontal gene transfer, including plas-
mids carrying genes associated with sugar metabo-
lism, flavor compound synthesis, and bacteriophage
resistance [9]. Different countries and regions use
both commercial and local lactic acid bacteria (LAB)
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strains selected based on either a long tradition of
their use or their unique technological properties [10].

In this study, we comparatively analyzed five
Lactococcus strains widely used in Russia in the pro-
duction of fermented dairy products. We also iden-
tified the metabolic and genetic characteristics of
these strains, including resistance to bacteriophages,
and identified the traits underlying their technologi-
cal value.

EXPERIMENTAL

Strains and culturing conditions

In this study, we used five strains: L. cremoris
FNCPS 23 (GCA_044990555.1) and L. lactis FNCPS
51 n, 43_n, 81 n, and 73_n (GCA_044990575.1,
GCA _ 044990535.1, GCA 044990605.1, and
GCA_044990625.1, respectively) from the collection
of the All-Russian Research Institute of Butter and
Cheese Making (VNIIMS, a branch of the Gorbatov
Federal Research Center for Food Systems of the
Russian Academy of Sciences). Strains 81 _n and 43 n
were isolated from indigenous sour cream, and the
others were isolated from milk. All the strains were
isolated from products from the Yaroslavl region
of Russia, except the L. cremoris FNCPS 23 strain,
which was isolated from a sample from Lithuania.

Phenotypic characterization

Growth was assessed spectrophotometrically using
a KFK-3-ZOMZ photoelectric photometer (Zagorsk
Optical and Mechanical Plant, Russia). Strains were
cultured in 10% sterile reconstituted skim milk add-
ed with a 1% inoculum from 16-h culture at 30°C.
The optical density (OD) was measured at 560 nm at
60-min intervals for 10 h.

To determine the maximum titratable acidity, 10%
sterile reconstituted skim milk was combined with
0.1% of a 16-h lactococcal culture and incubated at
30 £ 1°C for 7 days. Acidity was evaluated by titra-
tion with a NaOH solution using a Titrette bottle-
top burette, 50 mL, (Brand, Germany) according to
a previously described method [11] and expressed as
Therner degrees (°T).

The pH was measured in 10% sterile reconsti-
tuted skim milk before fermentation (control pH,
6.53) and at control points during fermentation us-
ing a STARTER 2100 digital pH meter (Ohaus,
Switzerland).

Coagulation activity was assessed by the ability of
the strain to form a clot in 10% reconstituted skim
milk containing 0.015% litmus. For this purpose, sterile
litmus milk was combined with an inoculum of each
strain in three replicates. Clot formation and litmus
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color changes (reduction) were assessed hourly during
incubation at 30 and 40°C [12].

Acetoin and diacetyl formation was determined
using the Voges—Proskauer test: a 48-h culture was
mixed with 30% KOH, and color intensity was as-
sessed on a 5-point scale.

Analysis of bacteriophage lytic profiles

The lytic spectrum of bacteriophages was determined
by culturing them on double-layer agar in Petri dish-
es [13]. Sensitivity to bacteriophages was assessed by
the presence or absence of zones of clearing at the
point of phage spotting.

Genome sequencing

DNA for genome sequencing was isolated us-
ing an ExtractDNA Blood and Cells kit (Eurogen,
Russia), according to the manufacturer’s instruc-
tions. DNA libraries were prepared using the
MGIEasy Fast FS DNA Library Prep Set V2.0 (Cat.
No. 940-001196-00, MGI) according to the manufac-
turer’s protocol. Library quality was assessed using
a Qubit 1X dsDNA High Sensitivity DNA Assay kit
(Cat. No. Q33230, Thermo Fisher Scientific, USA) and
a Qubit Fluorometer (Thermo Fisher Scientific, USA).
The length of the DNA library fragments was esti-
mated by QIAxcel Advanced capillary gel electro-
phoresis using a QX DNA Fast Analysis kit (Cat. No.
929008, Qiagen). Sequencing was performed using
an FCS flow cell on an MGI DNBSEQ-G50 platform
(BGI, China) in PE150 mode.

Bacterial genomes were assembled using SPAdes
[14] in isolate mode. To improve the quality of the fi-
nal assembly, raw reads were aligned to contigs us-
ing Bowtie2 [15], after which the alignment files were
sorted and indexed using SAMtools [16] then trans-
ferred to Pilon [17] to correct assembly inaccuracies.
Assembly quality was assessed using QUAST [18],
and the completeness of the assembled genomes was
evaluated using BUSCO [19].

Genome analysis
Genome annotation and functional analysis were
performed using the NCBI Prokaryotic Genome
Annotation Pipeline [20], BlastKOALA [21], and the
BV-BRC platform [22]. The presence of metabol-
ic genes in the genomes of the Lactococcus strains
was analyzed using the BV-BRC platform, based on
high-quality, open-access complete genome assem-
blies: L. lactis (n = 337) and L. cremoris (n = 147).
Prophages in bacterial genomes were identified us-
ing the PHASTEST tool, with deep search settings
[23]. Bacterial defense systems were identified using
the DefenseFinder web tool (v2.0.0, model database
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Table 1. General genome characteristics of the study Lacfococcus strains

3110896 2258993 3084214 2963565 2528857
tRNA | o4 | st | 6 | 53 |

Hypothetical proteins 1121
CRISPR locus I S U U
Prophages I A - I

Table 2. Phenotypic characteristics of the study strains

Llwtston | 8 | 8 | s . s | 9w | - |

L. cremoris 23 13 14

v2.0.2) [24]. HMMER-based results were filtered using
the following criteria: i-evalue < le™, profile coverage
> 70%, and sequence coverage > 70%.

Additionally, spacers and CRISPR-Cas system com-
ponents were identified using CRISPRCasFinder [25].
Plasmids were identified using PlasmidFinder v2.0.1
(database: 2020-07-13) with > 95% identity and > 60%
coverage thresholds [26].

Phylogenetic analysis

Phylogenetic identification and determination of close-
ly related strains was performed using tetranucleotide
correlation analysis via the JSpeciesWS web service
[27]. Average nucleotide identity (ANI) comparison
was performed using the OrthoANI algorithm [28].

RESULTS

General genomic characteristics

Genomic sequence characteristics of the five ana-
lyzed strains are presented in Table 1. They proved
similar to the reported characteristics of the strains
of the corresponding LAB species. Four strains
were classified as L. lactis, and one strain was

classified as L. cremoris. The closest type-specif-
ic genomes were L. lactis subsp. lactis NCDO176
(Z-score > 0.996) for L. lactis and L. cremoris ATCC
19257 (Z-score = 0.998) for L. cremoris. OrthoANI
analysis revealed high genome similarity among
L. lactis strains (> 99.5%), indicating their close rela-
tion (Fig. 1). The L. cremoris strain was characterized
by low ANI values (88 to 89%) compared with those
of L. lactis, confirming its separate species status.

Strain phenotyping
The results of the phenotypic tests of the study
strains are presented in Table 2.

Growth of the study strains was assessed by
changes in optical density (OD) during culturing. The
L. lactis 73n, 81n, and 51n strains demonstrated simi-
lar growth rates, whereas L. lactis 43n and L. cremo-
ris 23 grew more slowly. Seven hours after the start
of the experiment, OD reached a plateau, which may
indicate the end of the active growth phase (Fig. 24).

Differences among the strains were also evident in
their limiting acidity: L. lactis 43n and L. cremoris 23
had the lowest values (Table 2). A similar pattern was
observed in pH measurements: the steepest decrease
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in the pH of the culture medium was observed for
L. lactis 73n and 81n, whereas minimal medium acidi-
fication by the final stage of culturing was observed
for L. lactis 43n (Fig. 2B).

Assessment of coagulation activity at 30 and 40°C
(Table 2) confirmed a high metabolic activity for
L. lactis 73n and 81n: litmus reduction occurred with-
in 6—8 h, and milk coagulation occurred within 8—11 h
at both temperatures. L. lactis 51n demonstrated a
temperature dependence: coagulation occurred 5 h
earlier at 40°C than at 30°C. L. lactis 43n and L. crem-
oris 23 exhibited the least activity: coagulation oc-
curred after 12—14 h, with 43n exhibiting incomplete
litmus reduction. L. cremoris 23 did not exhibit coag-
ulation or litmus reduction at 40°C.

Metabolic gene analysis

Proteolytic system and amino acid catabolism.
Efficient growth of LAB in milk requires the break-
down of proteins, particularly casein that accounts for
approximately 80% of all milk proteins [29]. The casein
molecule is enriched in proline residues, which makes
it accessible to caseinolytic proteases. Two types of
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extracellular proteinases, PI and PIII, have been de-
scribed in Lactococcus. They differ in their specificity
to casein fractions [29]. Lactosepin I (PI) preferential-
ly hydrolyzes B-casein, forming over 100 oligopeptides
of 4 to 30 amino acid residues in length. PIII exhibits
a broader specificity, cleaving asl-, -, and x-casein.
However, half of industrial L. lactis strains lack the
prtP gene encoding these enzymes [30].

The prtP gene was found in three of the five
strains studied: L. cremoris 23 and L. lactis 51n and
81n. The proteins of L. cremoris 23 and L. lactis 51n
showed high identity (97%), whereas a 427 amino acid
deletion was found in L. lactis 81n, which reduced
identity to 76.6—77.2%. All proteins are classified as
PI-type proteinases. Comparison with the reference
PI-type proteinase (PrtP, P16271) revealed a degree
of identity of 97.8% in L. cremoris 23, 95.9% in L. lac-
tis 51n, and 74.9% in L. lactis 81n.

Peptides formed during casein digestion are trans-
ported into the cell by the Opp, DtpT, and Dpp sys-
tems [31], whose genes are present in all five strains.
In the cytoplasm, the peptides are cleaved by exo-
and endoproteases [29]. Comparative analysis of the
genomes revealed a similar protease gene profile in
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Fig. 2. (A) Optical density changes in the culture medium during growth of the study strains.
(B) pH changes in the culture medium during growth of the same strains
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Fig. 3. Presence of proteolytic enzyme genes in L. lactis (n = 337), L. cremoris (n = 147), and the five study strains. The
upper panel shows a binary matrix: blue indicates the presence of a gene, and white denotes absence. The lower panel
displays the percentage of each gene in the population; numerical values are shown only for genes present in less than
95% of the strains. Strains are grouped according to the similarity of their proteolytic genomic profiles; clustering results

are presented as a dendrogram

all five strains, which was typical of the general pat-
tern for the genus Lactococcus (Fig. 3).

The main differences between L. cremoris and
L. lactis resided in the frequency of occurrence of the
pyrrolidone carboxylate peptidase (pcp, [EC 3.4.19.3])
and peptidase E (pepE) genes that, according to the
UniProt database, are localized in plasmids. The pcp
gene was found in 62% of L. cremoris strains and only
19% of L. lactis strains, whereas pepE was found in
32% of L. cremoris strains and 7% of L. lactis strains.
In contrast, the CATP (a protein of the CAAX amino-
terminal protease family) and LexA genes were more
common in L. lactis (17 and 12%, respectively) than in
L. cremoris (8 and 0%, respectively).

The analyzed strains differed in the presence of
five proteolytic enzyme genes. Namely, the L. cremo-
ris 23 strain contained the pcp gene, the L. lactis 81n

strain contained CATP, the L. lactis 43n strain con-
tained LexA and pepE, and the 51n strain lacked the
IspA gene encoding signal lipoprotein peptidase.

Lactose metabolism. Lactose is the main carbon source
for LAB in milk. Lactose and galactose are metabo-
lized via the Leloir and tagatose-6-phosphate path-
ways [32]. Analysis of L. lactis strains revealed that
31% (104 of 337) of them contained all the genes of
the tagatose-6-phosphate pathway, in contrast to 78%
(115 of 147) for the L. cremoris strains. All the five
studied strains also contained a complete set of the
corresponding genes (Fig. 4).

The key enzyme of the Leloir pathway is
B-galactosidase LacZ, which catalyzes the breakdown
of lactose into glucose and galactose. The lacZ gene
was not found in any of the L. cremoris genomes, in-

VOL. 17 Ne 4 (67) 2025 | ACTA NATURAE | 87



RESEARCH ARTICLES

L. lactis FNCPS 73n

L lochs NCPS 81n -....- N
s -

L. lactis (n=337) - 31 31 31 31 31 32 31 32

«Q wow
%ﬁuumgu

lacG -

Fig. 4. Presence of lactose metabolism genesiin L. lac-

tis (n=337), L. cremoris (n = 147), and the five study
strains. The upper panel shows a binary matrix: blue
indicates the presence of a gene, and white indicates
absence. The lower panel displays the percentage of each
gene in the population; numerical values are shown only
for genes present in less than 95% of the strains

s S
e N

L. lactis FNCPS 81n
L. lactis FNCPS 73n

L. cremoris FNCPS 23

[=]
o
(=}
[=]
[=]
[=}
o

L. cremoris (n—147)

L. lactis (n=337) -

§
§

citC- o
citD-
citE - o
citF- o
citl-
citM - @
citX- @
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cluding the strain FNCPS 23, but was identified in
74% of the L. lactis strains, including all four studied
strains of this species (Fig. 4).

Citrate metabolism. Among the study strains, only
L. lactis 43n and 51n produced diacetyl, with 43n ex-
hibiting higher activity (Table 2). Genetic analysis
identified the genes responsible for citrate metabolism
exclusively in these two strains (F'ig. 5). All L. crem-
oris representatives lacked the corresponding genes:
overall, they were found in only 8% (28 of 337) of the
L. lactis strains, indicating a limited distribution of
the diacetylactis biovar.
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Bacteriophage resistance

Bacteriophages are a common cause of mishaps in
dairy product fermentation, leading to economic loss-
es [33]. DNA of phages specific to Lactococcus and
Streptococcus was found in 37% of samples of milk
for fermentation in [34], which makes assessment of
phage resistance an important step in the selection of
industrial strains.

Figure 6 shows the results of a test of 50 bacterio-
phages (only those that caused lysis of at least one
strain are shown). The L. lactis 73n and 51n strains
demonstrated resistance to all phages. Strains 81n
and 43n and L. cremoris 23 were sensitive to some
bacteriophages, but they retained resistance to oth-
ers.

Since differences in phage resistance may be as-
sociated with variability in the phage-specific defense
systems encoded by bacterial genomes, we conducted
our analysis using DefenseFinder (Fig. 7). The only
system common to all strains was Dnd, an innate im-
munity mechanism based on DNA phosphorothioate
modifications [35].

The AbiB system was detected only in the resistant
strains. In addition, AbiC, DS-15, and Dodola were
found in L. lactis 73n. A unique type II restriction-
modification (RM) system was identified in L. lactis
51n and was lacking in the other strains. The L. lactis
81n strain was the most sensitive to phage infection
(4/50 phages caused lysis). This strain lacked a type I
RM system restriction enzyme and S subunit genes,
as well as PrrC system genes, which may explain its
sensitivity to phages. L. cremoris 23 demonstrated
the highest sensitivity, being lysed by 12 phages that
were inactive against other strains. In this case, no
defense system present in all L. lactis strains but ab-
sent in L. cremoris 23 was detected, which may indi-
cate the involvement of the cell wall structure in sus-
ceptibility to phage infection [36].

Cas (types I-IV) genes were not detected, but
CRISPR spacers were present in the genomes of all
strains, except L. lactis 81n and 73n.

Prophage detection

Genome analysis revealed phage nucleotide sequenc-
es, indicating the presence of prophages in most of
the study strains. No phage sequence insertions were
detected in the L. lactis 73n and 81n strains, which
indicates the absence of integrated prophages.

Two contigs with phage genes were found in the
L. cremoris 23 genome: one (33.5 kb) is similar to
PHAGE_Lactoc 62503, and the other (8.1 kb) is simi-
lar to PHAGE Lactoc_bIL309. These contigs contain
40 and 11 coding sequences with a GC content of
35.04—35.29%. The first fragment is likely a functional
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prophage, whereas the second is a residual inactive
insertion.

The L. lactis 51n genome includes four contigs with
phage sequences (2.8-7.3 kb, a total of about 22 kb)
which are similar to the phages bIL312, bIL309,
D4410, and bIL286. These regions may be either ves-
tigial remnants or parts of a single prophage separat-
ed during genome assembly.

In L. lactis 43n, we found six phage-containing
contigs, with the largest ones reaching 13.5 kb (a to-
tal length of approximately 44 kb). We identified se-
quences similar to the phages bIL312, bIL285, and
bIL309, as well as 98201, bIL311, and BK5 T. Phage
proteins are synthesized from both DNA strands,
which indicates the double-stranded nature of the
phage genome.

Since none of the phage DNA fragments in the
L. lactis 43n and L. lactis 51n strains were integrated
into the contig containing bacterial genes, we suggest

that the identified sequences are DNA of phages that
entered the sample during the culture stage, rather
than prophages integrated into the genome.

DISCUSSION

In this study, we characterized five industrial strains
of the genus Lactococcus. Genomic analysis revealed
high similarity among the L. lactis strains, indicat-
ing their clonal origin, whereas L. cremoris 23 proved
taxonomically distinct. Despite their close relation, the
strains differed in their metabolic activities: L. lac-
tis 73n and 81n were characterized by high growth
and acid production rates, whereas L. lactis 43n and
L. cremoris 23 were characterized by low growth and
acid production rates. Strain 51n, which exhibited
moderate activity, increased the rate of milk coagu-
lation at 40°C, a temperature unusual for Lactococcus
[37], which may be important for the production of
cooked cheeses (Parmesan, Emmental, etc.). In addi-
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tion, the L. lactis strains 43n and 51n happened to be-
long to the diacetylactis biovar, which was confirmed
by the presence of citrate metabolism genes and the
ability to produce diacetyl. In this case, the level of
diacetyl production was lower in strain 51n than in
43n, which is probably due to the lack of the citrate
lyase transcriptional regulator gene (citl) that is in-
volved in the activation of the transcription of the
corresponding operon in the presence of citrate [38].
The correlation between diacetyl production activity
and the presence of the cit] gene may be of industri-
al interest; however, experiments on genome editing
and assessment of the mRNA expression of the corre-
sponding genes are necessary to confirm its role.

Genomic analysis revealed genes encoding the Opp,
DtpT, and Dpp peptide transport systems, as well as
a characteristic set of LAB proteolytic enzymes [29].
The presence of the prtP gene encoding type I extra-
cellular protease in the L. lactis 51n and L. cremoris
23 strains did not correlate with their metabolic ac-
tivity. Recently, the abundance of individual peptidase
genes (Pcp, PepE/G, Pepl, PepR, PepL, and Pep®) in
lactic acid bacteria genomes has been shown to vary
significantly, affecting fermentation activity [39]. The
study strains also differed in the composition of the
genes encoding individual intracellular peptidases, in-
cluding pcp, pepE, CATP, IspA, and lexA. Although the
identified variations did not explain the phenotypic
differences, they may have functional significance. To
confirm their role in phenotype formation, functional
testing of the corresponding genes and assessment of
proteolytic activity are necessary. Furthermore, the
lack of an obvious correlation may be due to differ-
ences in the copy numbers of these genes and their
possible plasmid localization, which has not been as-
sessed in this study and constitutes a limitation.

We confirmed significant differences in lactose me-
tabolism between L. lactis and L. cremoris, as pre-
viously noted in the literature [1, 40]. The absence
of lacZ in L. cremoris is a species-specific feature,
whereas this gene is present in most L. lactis. In this
case, 80% of L. cremoris and one-third of L. lactis ex-
press genes for the tagatose-6-phosphate pathway. All
the L. lactis strains studied possess genes for both
pathways, which reflects their adaptation to industrial
conditions.

The L. lactis 73n and 51n strains demonstrated re-
sistance to all the phages tested. These strains are
characterized by the presence of the AbiB abortive
infection system, but total resistance is likely due
to a number of factors. In addition, as shown previ-
ously, the AbiB system is effective primarily against
Lactococcus 936-type phages [41]. Therefore, to con-
firm its contribution to the resistance of these strains,

90| ACTA NATURAE | VOL. 17 Ne 4 (67) 2025

it is necessary to identify the types of phages used
in testing. Our results are consistent with the find-
ings of longitudinal monitoring of phage dynam-
ics in cheese-making factories where lactococcal re-
sistance to bacteriophages was also associated with
abortive infection systems (Abi) [42]. It was discov-
ered that starter culture rotation affected the compo-
sition and abundance of phages, and that the use of
resistant strains may allow one to control the forma-
tion of a phage ecosystem at the production site [42].
CRISPR loci were identified in three strains. In this
case, the absence of Cas proteins is consistent with
data on incomplete or degraded CRISPR systems in
Lactococcus [43].

Phage DNA sequences were found in the genomes
of L. lactis 51n and 43n and L. cremoris 23. In 51n
and 43n, these sequences likely correspond to ex-
tragenomic satellite phages or viruses that entered
the samples during culturing. The prophage detected
in L. cremoris 23 is likely integrated, but activation
experiments are required to confirm its ability to be
induced.

According to previously published data, L. cremo-
ris generally exhibits a lower fermentation rate than
L. lactis [44], although individual cremoris strains
may exhibit higher activity than some lactis strains
[8]. The decreased enzymatic activity observed in the
L. lactis 51n and 43n and L. cremoris 23 strains com-
pared with that in L. lactis 73n and 81n may also be
due to intraspecific differences, the cause of which re-
mains to be determined. Despite the lack of complete
cell lysis, the presence of prophages in the genome
likely creates additional physiological stress. This may
be due to the activation of abortive defense systems
(AbiC, AbiG, etc.) that prevent phage dissemination
but simultaneously disrupt normal cellular metabo-
lism, which may reduce the overall functional activity
of the bacterial colony due to concomitant metabolic
stress.

CONCLUSION

This study demonstrated that the metabolic features
of Lactococcus used in lactic acid fermentation are
largely determined by strain-specific characteristics
rather than phylogenetic affiliation. This is supported
by the pronounced phenotypic variability of closely
related L. lactis strains. The possible association be-
tween the presence of prophages and reduced meta-
bolic activity in the L. lactis 51n and 43n and L. cre-
moris 23 strains stresses the importance of phage
profiling upon selection of strains for industrial use.
Furthermore, the presence of the AbiB system in 51n
and 73n strains resistant to a wide range of bacte-
riophages makes this system a promising marker of
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phage resistance. Taken together, these findings em-
phasize the need for an integrated approach combin-
ing genomic and phenotypic methods to effectively
select strains with high productivity and resistance
for use in the dairy industry. @
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ABSTRACT Radiation therapy is a commonly used cancer treatment modality. However, its application is lim-
ited because of its toxicity to healthy tissue. The search for effective radioprotective agents remains one of
the key goals of radiation oncology and radiobiology. This study focuses on experimental modeling of radi-
ation injury in animals and the investigation of Dimephosphon radioprotective properties, a drug exhibiting
anti-acidotic, antitumor, and antioxidant activities. It was shown that 14-day administration of the drug at a
dose of 750 mg/kg after single-dose (5 Gy) irradiation of CD-1 mice resulted in a local radioprotective effect,
reducing the severity of the radiation-induced injury to the intestinal epithelium and splenic capsule. The
results of metabolomic screening revealed that the levels of the key metabolites responsible for antioxidant
properties such as alpha-tocopherol, nicotinamide riboside, N-carbamoyl-L-aspartate, and adenylosuccinate
were significantly increased, indicating that the Dimephosphon drug provides enhanced antioxidant protec-

tion.

KEYWORDS radioprotective properties, radiation injury, Dimephosphon, metabolomic screening.

INTRODUCTION

Cancer remains one of the leading causes of mortal-
ity worldwide. As of 2023, the incidence rate of ma-
lignant neoplasms in Russia was more than 670,000
new cases; and this parameter was on the increase
by 8.0% compared to 2022 [1]. Radiation therapy (RT)
is an effective method for combatting malignancies.
It is estimated that ~ 50% of cancer patients receive
radiation therapy, whereas ~ 70% require this treat-
ment, and in some cases radiation therapy is the sole
cancer treatment option available [2]. The lack of se-
lectivity toward cancer cells, which disrupts metabol-
ic processes in healthy tissues and organs and results
in severe complications, including radiation-induced
injury, is the primary factor limiting broader applica-
tion of RT [3]. The emergence of more selective RT
modalities does not eliminate the toxicity to healthy
tissues. Therefore, approaches that would combine
radiation therapy and systemic administration of ra-
dioprotective agents are currently being investigat-
ed. Importantly, the radioprotective drugs approved
for use in Russia are associated with serious adverse
effects such as splenic rupture, acute respiratory dis-
tress syndrome, alveolar hemorrhage, and atrioven-

tricular block, which limit the widespread application
of these agents [4—6]. For this reason, the radioprotec-
tive potential of natural compounds is currently be-
ing extensively investigated; however, all the develop-
ments remain at the preclinical phase [7, 8]. Therefore,
searching for effective low-toxicity agents protecting
healthy tissues against radiation-induced damage dur-
ing radiation therapy remains a critical challenge in
radiation oncology and radiobiology.

To perform preclinical studies of novel radiopro-
tective agents and optimize treatment strategies for
different types of cancer, it is essential to be in pos-
session of adequate animal models of radiation injury
that would reliably and accurately replicate the key
clinical manifestations and pathogenetic mechanisms
of the disease in humans. The suitability of X-ray ra-
diation with a peak voltage of 320 kV for inducing ra-
diation injury on in vivo models has previously been
demonstrated [9].

We have developed a procedure for inducing radia-
tion injury in laboratory animals (mice) that allows
one to assess the efficacy and safety of radioprotec-
tive agents. The original drug Dimephosphon, manu-
factured in Russia, was selected as a radioprotective
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agent for validating this procedure. Dimephosphon is
an aqueous solution of (1,1-dimethyl-3-oxobutyl)phos-
phonic acid dimethyl ester (Fig. 1); it is characterized
by low toxicity and high bioavailability and can easily
cross the blood—tissue barriers [10, 11].

In 1983, the drug (a 15% solution for oral and topi-
cal administration) was approved for clinical use as
an anti-acidotic and vasoactive agent [12—14]. Later,
the efficacies of three radioprotective compounds (sea
buckthorn oil, Evdoshchenko oil solution, and drug
Dimephosphon) were evaluated in the context of ra-
diation therapy for laryngeal cancer. Administration
of Dimephosphon resulted in the smallest quantitative
differences in the laryngeal air column thickness, a
key indicator of acute radiation syndrome, measured
before the initiation of radiation therapy and after a
40-Gy dose had been administered [15].

EXPERIMENTAL

Animals

All the manipulations with animals were conducted in
strict compliance with the legislation of the Russian
Federation, Decision No. 81 “On the Approval of the
Rules of Good Laboratory Practice of the Eurasian
Economic Union in the Field of Drug Circulation” dat-
ed November 3, 2016, and the provisions of Directive
2010/63/EU of the European Parliament and the
Council of the European Union dated September 22
2010 on the protection of animals used for scientif-
ic purposes. The study protocol was approved by
the Bioethics Commission of the Laboratory of
Pharmacological Research, N.N. Vorozhtsov
Novosibirsk Institute of Organic Chemistry, SB RAS
(Protocol No. R-14-2025-01-01 dated January 10,
2025).

Female outbred CD-1 mice (weight, 25-30 g) were
procured from the SPF vivarium of the Institute of
Cytology and Genetics, SB RAS, Russia. The animals
were housed under optimal conditions (temperature,
21 * 1.5°C; humidity, 40—60%; 12-h day/night cycle; ad
libitum access to water and pelleted forage). Prior to
the experiments, the mice were acclimatized to the
housing conditions for 1 week.

Compound under study

Dimephosphon® (OJSC “Tatchempharmpreparaty”,
Kazan, Russia) used in this study was administered
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intragastrically at a dose of 750 mg/kg (0.1 mL per
10 g of body weight). The animals received the first
dose 3 h prior to irradiation; the drug was then ad-
ministered as a single dose every 24 h during 14 days.

Experimental design and setup

An X-RAD 320 irradiation system (Precision X-Ray
Inc., Branford, CT, USA) with a fixed distance from
a radiation source (SSD 50 cm), equipped with a me-
dium-hardness filter (0.75 mm tin, 0.25 mm copper,
1.5 mm aluminum), was used to experimentally in-
duce radiation injury in mice. Total-body single-dose
(5 and 7.5 Gy) irradiation of mice (n = 6) was per-
formed at a dose rate of ~ 0.98 Gy/min. The survival
rate of the animals was assessed on days 4, 7, 11, and
14 post-irradiation, and a radiation dose for studying
the radioprotective effect of the drug was selected.

The radioprotective properties of Dimephosphon
were assessed at the next stage in mice that had
received a single selected radiation dose. The ani-
mals were randomly allocated into three groups
(n = 8): mice in group 1 were administered 750 mg/kg
Dimephosphon (DMPN); mice in group 2 were admin-
istered 750 mg/kg Dimephosphon + total-body irra-
diation (DMPN + IR); and mice in group 3 were sub-
jected to total-body irradiation only (IR).

Animals’ body weight was measured prior to ir-
radiation (point 0) and then on days 4, 7, 11, and 14.
Blood samples were collected from the retro-orbital
sinus to conduct metabolomic screening and hema-
tology testing. All the mice were euthanized on day
14; their organs (the thymus, heart, lungs, liver, and
spleen) were weighed to calculate the organ mass in-
dices and further used for histological examination.

Hematology testing

Complete blood count was performed using a
MINDRAY BC-2800 Vet automatic hematology ana-
lyzer (Shenzhen Mindray Animal Medical Technology
Co. Ltd., China). Peripheral blood samples (20 pL) col-
lected into vials containing a standard volume of iso-
tonic diluent were used for testing. The total counts
of leukocytes, erythrocytes, platelets, hemoglobin con-
centration, and hematocrit, were determined.

Histological examination

The collected organs (the thymus, heart, lungs, liver,
and spleen) were weighed to calculate the organ mass
indices. The spleen and small intestine were fixed in
10% neutral buffered formalin, dehydrated in eth-
anol and xylene of different concentrations using a
MICROM automated system (Carl Zeiss, Germany).
The tissue samples were then embedded in paraf-
fin blocks. Sections (4 um thick) were prepared using
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a rotary microtome and stained with Hematoxylin
and Eosin (H&E). The prepared samples were ex-
amined by optical microscopy (X100 magnification),
with Kohler illumination alignment. The AxioVision
software was used to perform a morphometric anal-
ysis of the histopathological images and calculate the
intervillous space, length of intestinal villi, and thick-
ness of the splenic capsule for assessing the severity
of organ damage.

Metabolomic screening

Sample preparation. Dried whole-blood spot samples
were prepared for metabolomic analysis. A 10 uL al-
iquot of blood was applied to Whatman 903™ protein
saver cards (GE Healthcare, #10534612, USA) and air-
dried at room temperature for 3 h. The samples were
stored at —70°C until sample preparation, which was
conducted in accordance with the protocol described
in ref. [16]. The dried blood spots were resected from
the cards, placed into 0.5 mL polypropylene vials,
and 150 pL of a pre-cooled MeOH-ACN-H,O mix-
ture (40:40:20, v/v/v) was added. The samples were
incubated at +4...+5°C for 20 min and centrifuged at
16,000 rpm (~ 24,000 g) on an Eppendorf 5417R centri-
fuge for 10 min at +4°C. The supernatant was trans-
ferred to plastic inserts for chromatographic vials and
analyzed.

Analysis of the samples

The samples were analyzed by high-performance
liquid chromatography—tandem mass spectromet-
ric assay (HPLC-MS/MS) according to ref. [17].
Chromatographic separation was conducted on
an LC-20AD Prominence chromatography system
(Shimadzu, Japan) and an CTO-10ASvp column oven.
The mobile phase consisted of eluent A (a 20 mM
aqueous solution of ammonium carbonate adjusted to
pH 9.8 with a 25% aqueous solution of ammonia, and
5 vol.% acetonitrile) and eluent B (100% acetonitrile).
Each sample was analyzed twice: in the hydrophilic
interaction liquid chromatography (HILIC) and re-
verse-phase chromatography (RPC) modes. The fol-
lowing conditions were used. HILIC gradient: 0 min —
98% B, 2 min — 98% B, 6 min — 0% B, 10 min — 0% B.
The column was equilibrated for 4 min. RPC gradient:
0 min — 0% B, 1 min — 0% B, 6 min — 98% B, 16 min —
98% B. The column was equilibrated for 3 min. The
flow rate in each analysis was 300 pL/min. Sample
volume was 2 pL. In both chromatography modes,
the analysis was conducted using a monolithic col-
umn (2 X 60 mm) based on 1-vinyl-1,2/4-triazole. The
monolithic material of the column was synthesized
according to ref. [18]: copolymerization of a mixture

consisting of styrene/divinylbenzene/1-vinyl-1,2,4-tri-
azole monomers at a 10 : 50 : 40 volume ratio was
performed in a glass tube.

Mass-spectrometric detection was conducted using
an API 6500 QTRAP mass spectrometer (AB SCIEX,
USA) equipped with an electrospray ionization source.
A total of 489 metabolites were detected in the mul-
tiple reaction monitoring (MRM) mode in the re-
gions of positive and negative ionization with polarity
switching. The key mass spectrometric parameters
were as follows: voltage of the ion source (IS), 5,500
and —4,500 V for the positive and negative ioniza-
tion, respectively; drying gas temperature, 475°C; gas
in the collision-activated dissociation cell was set at
“high”; pressure of the nebulizing gas (GS1), drying
gas (GS2), and the curtain gas (CUR) was 33, 33 and
30 psi, respectively. The declustering potential (DP)
was 91 V, the entrance potential (EP) was =10 V,
and the collision cell exit potential (CXP) was £9 V.
The dwell time for each MRM transition was 3 ms.
Instrument control and data acquisition were per-
formed using the Analyst 1.6.3 software (AB SCIEX).
The precursor-to-product ion transitions, metabolite
names, fragmentation times, and the respective colli-
sion energies were adapted from refs [19, 20].

Statistical analysis

Statistical analysis was performed with the Statistica
10.0 software (StatSoft, USA). The data were tested
for normality using the Kolmogorov—Smirnov test.
The Student’s t-test was used for the normally dis-
tributed samples; the Mann—Whitney U test was em-
ployed for the nonnormally distributed samples. The
results are presented as the mean * standard error
of the mean (M £ SEM) or the mean * confidence
interval for nonparametric samples. The differences
were considered statistically significant at p < 0.05.
The diagrams were plotted using the Seaborn library
(Python) and the Origin software.

RESULTS AND DISCUSSION

Assessment of animals’ survival rate exposed

to irradiation with 5 and 7.5 Gy doses

The optimal radiation dose for modeling radiation in-
jury in experimental animals was determined at the
first stage of the study. Total-body irradiation at a
dose of 7.5 Gy caused 100% lethality on experiment
day 11 (Fig. 2). Hence, the absolute lethal dose (caus-
ing death in 100% of mice) was identified; its further
use was unreasonable. After single-dose (5 Gy) irra-
diation, 50% of mice remained alive by the end of the
experiment (day 14), corresponding to the sublethal
radiation dose (death in 50% of mice, LD,).
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Fig. 2. The survival rate of CD-1 mice after single-dose
irradiation (5 and 7.5 Gy) (n = 6)

The survival rate, mean body weight, and
hematological parameters of mice exposed at a dose
of 5 Gy radiation and administered Dimephosphon
The effect of Dimephosphon oral administration on
the organism of experimental animals subjected to
single-dose (5 Gy) total-body irradiation was evaluat-
ed at the second stage of the study.

The use of Dimephosphon did not increase the
survival rate of the animals after exposure to X-ray
radiation (Fig. 3A). On experiment day 14, the sur-
vival rate in the IR group was 50%, being ~ 40% in
the DMPN + IR group. This was probably caused by
the varying animal sensitivity to radiation [21], since
the LD, of the drug orally administered to mice was
3 g/kg [10]. Furthermore, the mean body weight of
the irradiated animals was significantly reduced com-
pared to the baseline, without statistical differences
between the groups of irradiated (DMPN + IR, IR)
and non-irradiated mice (DMPN) (Fig. 3B).

According to published scholarship, the develop-
ment of radiation injury involves three syndromes:
the hematopoietic (occurring at doses > 1 Gy), gastro-

A B
100
%0 L
X 80- . o
~ 70 =l
(0] <
B 60 o
= 50~ — 0
o 2
> 40 L >
2 304 g
A 20- @
10 -
0 T T T T
0 4 7 11 14

Time after irradiation, days

intestinal (at doses of 6—15 Gy), and cerebrovascular
(at doses > 20 Gy) ones. In other words, the hemato-
poietic system, spleen, thymus, and intestinal epithe-
lium are first to sustain damage in response to expo-
sure to ionizing radiation [22].

The dynamics of hematological parameters were
identical across the groups of irradiated animals. On
day 4 post-irradiation, mice in both the DMPN + IR
and IR groups had acute leukopenia; leukocyte counts
started to recover on day 14 in both groups (Fig. 4A).
The decline in erythrocyte count was related to a
concurrent reduction in the hematocrit and hemoglo-
bin levels on days 4 through 14 (Fig. 4C—E). Platelet
count dropped abruptly by day 7 but started to re-
cover on day 14 post-irradiation. Administration of
Dimephosphon statistically significantly accelerated
only the platelet count recovery in irradiated animals
on day 14 (Fig. 4B).

Histological examination of the internal

organs of mice exposed at a dose of 5 Gy

radiation and administered Dimephosphon

Exposure to X-ray radiation statistically significantly
altered the mass index of the thymus (Table 1). The
observed acute involution of the thymus (reduction in
its mass index more than twofold) in the DMPN + IR
and IR groups was probably associated with an
abrupt decline in the counts of T-lymphocytes and
thymic epithelial cells [23]. The mass ratio of the
spleen was also increased in the groups of mice ex-
posed to radiation. However, this effect was statistical-
ly non-significant.

The histological data showed that mice in the
DMPN group had a typical structure of the small in-
testine, with normal length of the intestinal villi and
normal crypt depth (Fig. 5B). Contrariwise, mice in
the IR group suffered radiation-induced injury to the

- DMPN
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3 t—1 + R
1 1 I 1
0 4 7 11 14

Time after irradiation, days

Fig. 3. The effect of oral administration of 750 mg /kg Dimephosphon 3 h before 5 Gy total-body irradiation and daily
after in CD-1 mice (n =8, M = SEM). (A) animal survival; (B) the mean body weight dynamics of the animals
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Fig. 4. The dynamics of the hematological parameters of the blood of CD-1 mice (n =8, M = SEM) that received
Dimephosphon after total-body irradiation at a dose of 5 Gy. (A) leukocytes; (B) platelets; (C) erythrocytes;
(D) hemoglobin; and (E) hematocrit on days 4, 7, 11, and 14 post-irradiation. The statistical analysis was performed

using the Mann—Whitney U test, *p < 0.05 compared to IR

small intestine such as atrophy and shortening of the
intestinal villi, along with an increased distance be-
tween them (Fig. 5A,E). Furthermore, thickness of
the small intestinal mucosa was smaller compared
to the DMPN and DMPN + IR groups (Fig. 5B).
Administration of Dimephosphon to irradiated mice
mitigated the severity of the radiation-induced injury:
increased length of the intestinal villi, reduced inter-
villous space, and greater crypt depth were observed
(Fig. 5A,D). Mucosa thickness in the DMPN + IR
group was greater than that in the DMPN group, be-
ing probably related to enhanced regeneration of the
intestinal epithelium (Fig. 5B).

The splenic architecture morphology in the animals
in the DMPN group was normal (white and red pulp
separated by a marginal zone and covered by a con-
nective tissue capsule) (Fig. 6B). The splenic archi-
tecture was altered by day 14 post-irradiation: white
pulp had expanded because of cell proliferation, and
the distinct boundary between the red and white pulp
had disappeared (Fig. 6D). Massive lymphocytic infil-
tration of the red pulp was observed, with lympho-
cytes initially residing in splenic sinusoids and liga-
ments. The sinusoidal spaces were enlarged and had
increased blood filling. Furthermore, thickness of the
splenic capsule in the IR group was reduced com-

pared to the control group (Fig. 6A), which is consis-
tent with the observed trend toward an elevated mass
ratio for this organ (Table 1) and is an indicator of
splenomegaly [24]. Administration of Dimephosphon
to mice exposed to radiation did not change the archi-
tecture of the splenic parenchyma but contributed to
a restoration of normal thickness for the splenic cap-
sule (Fig. 6A,C).

Hence, the histological findings give grounds for
suggesting that Dimephosphon exerts a local radio-
protective effect by mitigating the severity of radia-
tion-induced injury to the small intestine and splenic
inflammation.

Table 1. Organ mass index (%) of CD-1 mice after to-
tal-body irradiation at a dose of 5 Gy (M = SEM)

Organ DMPN DMPN+IR IR
Thymus 0.38 £ 0.01 0.15 £ 0.02* | 0.11 £ 0.03*
Heart 0.52 = 0.02 0.53 = 0.01 0.46 = 0.02
Lungs 0.98 = 0.07 1.05 £ 0.07 0.96 = 0.05
Liver 5.85 = 0.27 4.78 = 0.60 5.34 £ 0.44
Spleen 0.74 = 0.11 1.18 = 0.40 1.29 + 0.23

Note: Statistical analysis was carried out using the Mann—
Whitney U test, *p < 0.05 compared to DMPN.
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Fig. 5. The effect of Dimephosphon on radiation-induced damage to the small intestine of CD-1 mice. (A) The distance
between villi and (B) thickness of the small intestine mucosa (M = SEM). The histological presentation of the small intes-
tine in the groups: (C) DMPN; (D) DMPN + IR; and (E) IR. Hematoxylin and Eosin staining, * 100 magnification.

The statistical analysis was performed using the Student’s t test, *p < 0.05 compared to DMPN, #p < 0.05 compared

to DMPN + IR

Metabolomic screening of the blood samples

from mice exposed at a dose of 5 Gy radiation

and administered Dimephosphon

Metabolomic screening of 489 metabolites was con-
ducted for mice in the DMPN + IR and IR groups at
key experimental time points. The statistical analysis
algorithm involved metabolite examination between
days 0 and 11; among those, metabolites having statis-
tically significant differences were selected. Set inter-
sections were analyzed to identify metabolites unique
to each group. A total of 208 metabolites were found
to show negative dynamics (153 metabolites exhib-
ited negative dynamics in both groups, 13 metabo-
lites were unique to the IR group, and 42 metabolites
were unique to the DMPN + IR group); 26 metabo-
lites showed positive dynamics (15 metabolites exhib-
ited positive dynamics in both groups, 5 metabolites
were unique to the IR group, and 6 metabolites were
unique to the DMPN + IR group) (Fig. 7).
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After the irradiation, mice in the IR group had ab-
normal tocopherol metabolism, characterized by a
gradual decline in its level throughout the experi-
ment, increasing the organism’s susceptibility to free
radical damage. Figure 8A shows that the blood level
of tocopherol in the DMPN + IR group was not re-
duced, as opposed to that in the IR group. Alpha-
tocopherol is a potent fat-soluble antioxidant exhib-
iting antioxidant and radioprotective effects due to
free radical scavenging [25] and the indirect impact on
the secretion of specific growth factors and cytokines
[26]. Therefore, the observed dynamics of the alpha-
tocopherol level can indirectly attest to the radiopro-
tective mechanism of the drug.

The adenylosuccinate level (Fig. §B) was decreasing
abruptly in both groups until day 7 post-irradiation,
followed by a significant rise in the metabolite level
in the DMPN + IR group, which was not observed in
the IR group. Adenylosuccinate is involved in purine
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Fig. 6. The effect of Dimephosphon on radiation-induced splenic damage in CD-1 mice. (A) Thickness of the splenic
capsule (M £ SEM). The histological presentation of the spleen in the groups: (B) DMPN; (C) DMPN + IR; and (D) IR.
Hematoxylin and Eosin staining, X100 magnification. The statistical analysis was performed using the Student’s t test,
*p < 0.05 compared to DMPN, #p < 0.05 compared to DMPN + IR

recycling, energy homeostasis, as well as mitigation of
inflammation and other types of cellular stress [27].
Importantly, the blood levels of purine metabolites
correlate with cellular resistance to radiation; their
exogenous administration contributes to the repair of
double-strand DNA breaks after exposure to radia-
tion [28]. Hence, the administered drug Dimephosphon
compensated for the effects of irradiation by increas-
ing the blood level of adenylosuccinate, which may be
indication that the drug can enhance the organism’s
resistance to radiation.

The level of nicotinamide riboside remained virtu-
ally unchanged after irradiation; a slight rise was ob-
served by day 7. However, administration of the drug
abruptly increased the blood level of this metabolite
in mice by day 4, which persisted until the end of the

experiment (Fig. 8C). Nicotinamide riboside is a pre-
cursor of NAD++, which acts as a coenzyme for many
cellular reactions involved in the physiological homeo-
stasis of various organs and systems. This metabolite
was shown to affect the progression of acute radiation
syndrome; its oral administration exerts a radiopro-
tective effect by inhibiting cellular senescence in the
spleen and normalizing the serum metabolite profile
in mice [29]. Furthermore, recent studies have dem-
onstrated that NAD+ precursors, and nicotinamide ri-
boside in particular, play a pivotal role in maintaining
the integrity of the intestinal barrier [30]. The positive
dynamics of the nicotinamide riboside level observed
in our study are consistent with the histological data
and can explain the radioprotective effect in the small
intestine exerted by the drug.
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In the IR group, the N-carbamoyl-L-aspartate lev-
el remained constant, whereas increased levels were
observed on days 7 and 11 after administration of
Dimephosphon (Fig. 8D). Cheema et al. [31] reported
the level of this metabolite decreasing in mouse in-
testinal tissues after single-dose total-body gamma
irradiation. N-carbamoyl-L-aspartate is an early in-
termediate in the de movo synthesis of pyrimidines,
which is essential for cell proliferation and damaged
tissue repair. N-carbamoyl-L-aspartate is formed via
the condensation of carbamoyl phosphate and aspar-
tate, catalyzed by aspartate carbamoyltransferase.
The elevated N-carbamoyl-L-aspartate level in the
DMPN + IR group may attest to an activation of py-
rimidine synthesis aimed at epithelial repair and in-
volvement of this compound in the radiation-induced
adaptive response. That would be consistent with the
fact revealed in our study that the intestinal mucosa
was restored after administration of the drug.

In this study, we have revealed alterations in the
levels of alpha-tocopherol, adenylosuccinate, nicotin-
amide riboside, and N-carbamoyl-L-aspartate. The ob-
served differences in their levels between the IR and
DMPN + IR groups can be the biochemical mark-
ers of the radioprotective efficacy of the drug. These
metabolites are involved in the antioxidant processes
taking place in the cells; the detected metabolomic

changes are indicative of the processes manifesting
themselves at the tissue level as reduced severity of
injury to the small intestinal mucosa and reduction in
the thickness of the splenic capsule.

CONCLUSIONS

Our findings allowed us to choose the radiation dose
and characterize the key indicators of systemic inju-
ry to further study potentially promising radiopro-
tective agents. Dimephosphon was also found to mit-
igate the severity of radiation-induced injury to the
small intestinal mucosa and the splenic capsule, as
well as contribute to the restoration of platelet counts
in CD-1 mice after single-dose irradiation. Meanwhile,
the analysis of other key hematological parameters
and animal survival rates yielded no evidence of the
radioprotective effect of Dimephosphon. The metab-
olomic data, namely, the significant increase in the
blood levels of alpha-tocopherol, nicotinamide ribo-
side, N-carbamoyl-L-aspartate, and adenylosuccinate
in mice administered Dimephosphon, are in line with
the histological findings for the intestinal mucosa and
spleen and demonstrate that Dimephosphon exhibits
an antioxidant activity. @

This work was supported by the Russian Science
Foundation (project No. 25-25-00119).
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ABSTRACT The development of effective and accessible methods for the chiral analysis of amino acids is an
important scientific and practical necessity. One of the most common and convenient techniques is the chro-
matographic determination of individual enantiomers of amino acids with preliminary conversion of enanti-
omers into diastereomers, which can then be separated on conventional achiral columns. We have shown that
by adding ion-pair reagents to the eluent and varying their structure, one can regulate the efficiency of a
chiral amino acid analysis based on the chromatographic determination and resolution of the diastereomeric
isoindoles obtained upon pre-column derivatization of amino acids by o-phthalaldehyde in the presence of
N-acetyl-L-cysteine. The use of ion-pair reagents allows one to achieve a better resolution of diastereomeric
isoindole peaks, while the analysis time can be reduced by increasing the ionic strength. Hence, adding ion-
pair reagents and optimizing the mobile phase composition are useful approaches in the engineering of an
amino acid chiral analysis, along with the synthesis of new chiral SH compounds and the choice of station-
ary phases.

KEYWORDS Chiral analysis of amino acids, o-phthalaldehyde, N-acetyl-L-cysteine, pre-column modification,
HPLC conditions, ion-pair reagents, separation of diastereomeric isoindoles.

ABBREVIATIONS OPA - o-phthalaldehyde; NAC - N-acetyl-L-cysteine; HPLC - high-perfor-
mance liquid chromatography; IPR - ion-pair reagent; TBA - tetrabutylammonium bromide;
OTMA - N,N,N-trimethyloctylammonium bromide; CDR - chiral derivatizing SH reagent; BTCC -
N-tert-butylthiocarbamoyl-L-cysteine ethyl ester; NAP — N-acetyl-D-penicillamine; NMC — N-(R)-mandelyl-
L-cysteine; DiC — N,N-dimethyl-L-cysteine; IBLC — N-isobutyryl-L-cysteine; NPPC — N-phenylacetyl-(R)-
phenylglycyl-L-cysteine; MP — 1-mercapto-2-propanol; BC — Boc-L-cysteine; a.u. — arbitrary units.

INTRODUCTION
The need to determine individual enantiomers in the
total content of amino acids and other amino com-

ment under prebiotic conditions when studying the
origin of life [13, 14]. The scale and complexity of
the problems related to determining the individual

pounds is an important undertaking both in funda-
mental research and medical diagnostics, as well as
in the characterization of raw materials and manu-
factured products in the pharmaceutical and food in-
dustries [1-12]. Significant attention is also paid to
the stereoisomerism of amino acids in the environ-

enantiomers of amino acids in complex mixtures has
increased significantly in recent years, as highly ef-
fective methods of chiral metabolomics are pursued
[15-17]. Methods for an efficient, rapid, and widely
accessible chiral analysis of amino acids as building
blocks of physiologically active compounds and mark-
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Fig. 1. Diastereomeric isoindole adducts formed upon
derivatization of amino acids by OPA and a chiral thiol
(N-acetyl-L-cysteine). R is the side chain of the amino acid

ers of various pathological processes are sorely need-
ed in systematic research into living systems in the
postgenomic era. Chromatographic methods — primar-
ily high-performance liquid chromatography (HPLC)
with pre-column derivatization of enantiomers into
diastereomers which can then be separated on con-
ventional achiral columns — are the most widely used
means for the chiral analysis of amino compounds.
One of the most accessible, convenient, and effective
methods is pre-column modification of amino groups
by o-phthalaldehyde (OPA) and a chiral derivatizing
SH reagent (CDR) [18, 19]. This modification of ami-
no compounds occurs quite quickly: unlike the meth-
od utilizing ninhydrin, there is no need to increase
the temperature; the resulting diastereomeric isoin-
doles are usually stable under the conditions of the
analysis and are characterized by different retention
times on standard HPLC columns. Isoindoles have a
characteristic absorption maximum at 340 nm and a
molar absorption coefficient of 6,000 M-cm™ and are
good fluorophores, which allows one to determine the
femtomoles of the amino compounds using fluores-
cent detectors if the sensitivity of spectrophotometric
measurements is insufficient [20, 21].

In the best-known version of this method, a very
cheap and accessible CDR, N-acetyl-L-cysteine (NAC)
(Fig. 1) [18], is used to determine the enantiomers
of a-amino acids. However, it remains impossible
to achieve the required resolution for all the com-
pounds belonging to this class, as well as for other
amino compounds. NAC analogs have been proposed
to improve the efficiency of this procedure (Fig. 2):
N-isobutyryl-L-cysteine [22], ethyl ester of N-tert-
butylthiocarbamoyl-L-cysteine (BTCC) [23], Boc-
L-cysteine, N-acetyl-(R)-penicillamine (NAP) [24],
N-phenylacetyl-(R)-phenylglycyl-L-cysteine (NPPC)
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[25], N-(R)-mandelyl-L-cysteine (NMC) [26, 27], N,N-
dimethyl-L-cysteine (DiC) [28], 1-mercapto-2-propanol
(MP) [29] and other SH reagents.

The use of SH reagents that have various struc-
tures allows one to significantly broaden the appli-
cation range of the method used to determine the
enantiomers of a wide range of amino compounds:
amino acids, primary amines, and amino alcohols.
Thus, whereas it is possible to achieve an acceptable
resolution only for a small number of aliphatic amines
for the conventional NAC, when using R-NMC, which
contains two chiral centers and a large number of in-
tramolecular contacts, it is possible to pinpoint a num-
ber of amine and amino alcohol enantiomers, includ-
ing those that are not resolved even on chiral columns
[26]. However, most of the proposed SH compounds
are not readily available, since they are not commer-
cial reagents and are mainly used by the research
groups that have proposed them to solve a limited
range of analytical problems. This fact makes any as-
sessment of the prospects for a wider application of
novel SH reagents rather challenging. Along with cre-
ating new CDRs, engineering the analytical process
per se (the stationary and mobile phases, as well as
the analytical conditions) can be an alternative ap-
proach to improving the efficiency of chromatographic
determination of the diastereomers of amino com-
pounds. Adding ion-pair reagents (IPRs) is one of the
unexplored possibilities of mobile phase engineering
in reversed-phase HPLC for a more efficient resolu-
tion of diastereomers. The experience of using ion-
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pair reagents to improve the chromatographic resolu-
tion of structurally similar compounds demonstrates
that this approach is rather promising [30—32]. The
introduction of an IPR carrying a charged functional
group and nonpolar fragments (alkyl radicals) can
increase analyte retention on a chromatographic col-
umn through reagent sorption on the surface of the
reversed-phase adsorbent and changes in the interac-
tion with the analyte. The resolution of organic acids
was thus improved by adding quaternary ammonium
salts in the mobile phase (tetrabutylammonium bro-
mide (TBA) being one used most commonly) [30].
The feasibility of using ion-pair reagents for a
more efficient chromatographic resolution of diaste-
reomers obtained upon pre-column derivatization of
a-amino acids by OPA and the chiral thiol NAC was
investigated for the first time in this study.

EXPERIMENTAL

Reagents

o-Phthalaldehyde (OPA; 99%, Koch Light, England),
N-acetyl-L-cysteine (NAC; 99%, AppliChem,
Germany), phenylalanine (Reakhim, Russia), gluta-
mate (Aurat, Russia), leucine, asparagine and argi-
nine (Reanal, Hungary), tetrabutylammonium bro-
mide (TBA), N,N,N-trimethyloctylammonium bromide
(OTMA) (ABCR GmbH, Germany) were used in this
study. Buffer components, acids, and alkalis were the
domestic products of highest purity available; meth-
anol (PanReac, Spain) was of pure, for the analysis,
grade; acetonitrile (Kriokhrom, Russia) was of HPLC
grade.

HPLC analysis

The HPLC analysis was performed in a Perkin Elmer
200 Series chromatographic system: Kromasil Eternity
5-C18 4.6 x 250 mm reversed-phase chromatography
column; injection volume, 10 pL; flow rate, 1 mL/min.
The two-channel system operation mode was used
to prepare the mobile phase with a given acetonitrile
concentration: channel A — 5 mM phosphate buffer
pH 6.8, 10% acetonitrile; channel B — 5 mM phosphate
buffer pH 6.8, 80% acetonitrile.

When studying the effect of IPR, elution was per-
formed in the isocratic mode using only channel A.
TBA or OTMA at a final concentration of 5 mM and,
in different experiments 15%, 20%, or 30% acetonitrile
were added to the mobile phase based on 5 mM phos-
phate-buffered saline pH 6.8. HPLC analysis with the
addition of an IPR was performed after preliminary
column equilibration for 1 h to ensure maximal re-
producibility of the results. When studying the effect
of the ionic strength, NaCl was additionally added in

channel A at a final concentration of 50 mM. Isoindole
diastereomers were detected spectrophotometrically
at 340 nm. The absorption intensity was measured in
UV (arbitrary units, a.u.). TotalChrom Navigator 6.3.2
was used for HPLC system control and data process-

ing.

Pre-column derivatization

Derivatization of primary amino groups was per-
formed automatically using the Derivatization soft-
ware function of the autosampler as follows: 20 pL
of a 5 mM amino acid solution, 20 pL of a 10 mM
methanolic OPA solution, and 20 pL of a 40 mM NAC
solution were successively added to a cell containing
500 uL of 0.1 M borate buffer, pH 9.6, using an au-
tosampler needle, followed by stirring of the reaction
mixture with an autosampler needle in the automatic
mode. The mixture prepared in this way was left to
rest for 15 min; 50 pL of a 50 mM IPR solution was
then added (if necessary) for preliminary equilibra-
tion of the system and analyzed by HPLC.

RESULTS AND DISCUSSION

Resolution of amino acid enantiomers

after pre-column derivatization

The series of enantiomers to be resolved included
a-amino acids with different physicochemical side
chain characteristics: glutamic acid, arginine, phenyla-
lanine, leucine, and asparagine. At the first step, chro-
matographic analysis after pre-column derivatization
by OPA and NAC was carried out on a conventional
achiral C18 column at a neutral pH 6.8 in the gradi-
ent elution mode (0—10 min: 10% CH,CN, 10-60 min:
10-40% CH,CN). Under these conditions, resolution
of diastereomeric isoindole derivatives was observed
only for arginine and phenylalanine (Fig. 3); therefore,
ion-pair reagents were added to the mobile phase at
the next step to improve the resolution of other an-
alytes.

The effect of adding ion-pair reagents

Quaternary ammonium salts with different alkyl sub-
stituents were chosen as IPRs, since the isoindole ad-
ducts to be resolved upon chromatographic analysis at
pH 6.8 carry two negatively charged carboxyl groups.
Addition of tetrabutylammonium bromide (TBA) as
an IPR to the eluent leads to chromatographic reso-
lution of the isoindole derivatives of leucine and glu-
tamic acid enantiomers, as well as to a significant
improvement in the case of phenylalanine (Fig. 4).
Efficient chiral analysis of glutamate enantiomers is
achieved at a lower concentration of the organic sol-
vent in the eluent.

VOL. 17 Ne 4 (67) 2025 | ACTA NATURAE | 105



RESEARCH ARTICLES

Fig. 3. Chromatograms of isoin-

+ * Ar
Rs « ] d Rs @ dole derivatives of phenylalanine
5 1.2 1.02 = 1.3 1.14 and arginine enantiomers ob-
] G tained upon pre-column derivat-
£ £ ization by OPA in the presence
C . c . .
5. g of NAC. Gradient elution mode:
I - 5 mM phosphate-buffered
651 65 saline, pH 6.8, 0—10 min 10%
25 e T T "4--5‘- e CH,CN, 10—60 min 10—40%
. B ime, min . . . ime, min
CH,CN
_~ Rs o 7% 67- =Glu Rs «a
T 1.13 5] TBA / 1.2 1.08 s TBA 1.2 1.05
5] ES / £
> ‘a7 ‘@
3] / J \ §- ’ £
o £ - £
: L = 65:- ) o
65- 65--W .
34 39.3 44.2 Time, min 30 Time, min 106 11|0.7 116.7 Time, min

Fig. 4. The effect of adding an IPR to the mobile phase during a chromatographic analysis of isoindole derivatives ob-
tained upon precolumn derivatization of phenylalanine, leucine, and glutamate enantiomers by OPA in the presence
of NAC. Isocratic mode: 5 mM phosphate-buffered saline, pH 6.8, 5 mM TBA, 20% CH,CN (in the case of Glu), 30%

CH,CN (in the case of Leu and Phe)

Interestingly, addition of this IPR does not improve
the chromatographic resolution of arginine, since the
formation of an ion-pair associate with TBA is ap-
parently hindered by the presence of a positively
charged guanidine group in the amino acid side chain,
and effective chiral analysis of arginine can be done
in the “normal” mode (see Fig. 3).

The effect of the structure of the ion-pair reagent
An asymmetric IPR, N,N,N-trimethyloctylammonium
bromide OTMA (Fig. 5), was used along with sym-
metric TBA when studying the effect of the IPR
structure on the resolution of isoindole derivatives of
amino acid enantiomers.

Compared to TBA, addition of OTMA reduces the
elution time of isoindole derivatives of glutamic acid,
phenylalanine, and leucine. For the negatively charged
glutamic acid, in contrast to neutral phenylalanine and
leucine, the analysis time is reduced and the resolu-
tion is improved (Fig. 5). This impact can be explained
by the fact that when asymmetric OTMA is added to
the mobile phase, the long aliphatic radical becomes
deeply and firmly bound by the C18 stationary phase
and a classical strong anion exchanger is formed [33]:
the resolution of anions occurs on it via a compet-
ing mechanism. The ion-exchange mechanism of an-
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ion sorption is proven to be involved by the fact that
retention strongly depends on the ionic strength of
the eluent, which is the main mean of regulating the
strength of anion retention.

The effect of the ionic strength
In order to understand how the ionic strength in-
fluences the impacts of the addition of IPRs to the

mobile phase, 50 mM of NaCl was added to the elu-
ent containing OTMA. The study showed that an
increase in ionic strength significantly reduces the
retention time of diastereomeric isoindoles and short-
ens the analysis time (Fig. 6, left and center). Under
these conditions, the isoindole derivatives of polar-un-
charged asparagine also start to separate (Fig. 6, left).
Improved resolution can be achieved at lower concen-
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trations of the organic solvent in the eluent (compare
Fig. 6, right and center).

Our experiments showed that by adding IPRs to
the eluent and varying their structure, one can reg-
ulate the efficiency of a chiral amino acid analysis
based on the chromatographic determination and res-
olution of diastereomeric isoindoles obtained upon
pre-column derivatization of amino acids by OPA in
the presence of NAC. Better resolution of the peaks
of the identified isoindoles of phenylalanine, leucine,
glutamic acid and asparagine can be achieved by us-
ing IPRs. Although it is accompanied by longer ana-
lyte retention on the column, the analysis time can be
reduced by using an asymmetric IPR (OTMA) and
increasing the ionic strength of the eluent. Figure 7
shows the characteristic effect of various factors on
the efficiency of the chromatographic resolution of the
isoindole derivatives of amino acid enantiomers using
glutamic acid.

CONCLUSIONS

The development of effective and accessible methods
for the chiral analysis of amino acids is an impor-
tant issue in scientific research, medical diagnostics,

and the characterization of a wide range of products
manufactured by the pharmaceutical and food indus-
tries. Chromatographic determination of the individ-
ual enantiomers of natural and synthetic amino acids
using achiral columns after pre-column derivatiza-
tion of samples by OPA in the presence of chiral SH
compounds is one of the most common and conven-
ient techniques used today. This study showed that
we can achieve better resolution of the peaks of the
determined diastereomeric isoindoles using ion-pair
reagents. By varying the structure of the ion-pair re-
agent and increasing the ionic strength of the mobile
phase, one can achieve a more efficient resolution of
diastereomers and shorten the analysis time. Hence,
addition of ion-pair reagents to the mobile phase is
a useful approach in engineering a chiral amino acid
analysis, along with the synthesis of chiral SH com-
pounds and the choice of stationary phases. ®

This study was conducted under the state
assignment of Lomonosov Moscow State University,
topic 119042590056-2 of Belozersky Institute of
Physicochemical Biology.
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ABSTRACT Alzheimer’s disease, first described over a century ago, is currently among the most common
neurodegenerative diseases whose significance is increasingly growing with the aging of populations.
Throughout the entire period of its study, no remedies have been found that would be effective in treating —
or at least significantly slowing — the pathological process, while being sufficiently safe. In this regard, sig-
nificant attention is paid to the development and application of natural peptide drugs lacking side effects.
The present study assessed the effect of the known neuroprotective peptide Semax and its derivative on the
behavioral characteristics and development of amyloidosis in transgenic APPswe/PS1dE9/Blg mice acting as
a model of Alzheimer’s disease. The open field, novel object recognition, and Barnes maze tests demonstrated
that both Semax and its derivative improved cognitive functions in mice. Histological examination showed
that these peptides reduced the number of amyloid inclusions in the cortex and hippocampus of the animals’
brains. These findings demonstrate the high potential of Semax and its derivatives when used to develop
therapeutic and corrective strategies for Alzheimer’s disease.

KEYWORDS Alzheimer’s disease, peptide drug, behavioral testing, histological analysis, amyloidosis.
ABBREVIATIONS AD - Alzheimer’s disease; A — beta-amyloid peptide; APP/PS1 — APPswe/PS1dE9 transgenic
mice; ACTH(4-7) — adrenocorticotropic hormone fragment (4-7); Heptapeptide — Met-Glu-Asp-Arg-Pro-Gly-

Pro peptide; WT — Wild type, C57BL/6 mice.

INTRODUCTION

Alzheimer’s disease (AD) is currently among the most
prevalent neurodegenerative disorders in the elderly
and senile populations [1-4]. The progressive form of
AD can be caused by cerebral disorders, intoxication,
infection, and defects in the pulmonary and circulato-
ry systems, leading to reduced oxygen supply to the
brain, by nutrient and vitamin B12 deficiency, as well
as by tumors [5—8]. AD is the most common type of
dementia and can be defined as a slowly progressive
neurodegenerative disease characterized by the for-
mation of senile plaques and neurofibrillary tangles
via the accumulation of beta-amyloid peptide (AR)
and tau protein within the most affected brain re-
gions: the medial temporal lobe and neocortical struc-
tures [9-11].
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The number of pharmaceuticals used to treat
Alzheimer’s disease remains limited [12, 13].
Therefore, there is an ongoing need for novel com-
pounds that would mitigate the cognitive impairment
caused by disease progression [14, 15].

Animal models of AD play a crucial role in this
research, as they make possible a detailed inves-
tigation of drug effects on key characteristics of
the disease. The APPswe/PS1dE9/Blg (APP/PS1)
transgenic mouse line, commonly used to study the
mechanisms of AD and methods to correct them, is
such a model [16].

Significant attention is currently directed toward
developing drugs based on natural regulatory pep-
tides, which are characterized by mild action and a
lack of significant adverse effects [17]. Special at-
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tention has been focused on Semax, one of the well-
known and long-used peptide-based drugs contain-
ing the Met-Glu-His-Phe-Pro-Gly-Pro sequence.
Semax is a hybrid molecule carrying an adrenocor-
ticotropic hormone fragment, ACTH(4-7), and the
Pro-Gly-Pro tripeptide, which affords increased re-
sistance to peptidase activity. Semax does not exhibit
any hormonal activity and is included in the Russian
List of “Vital and Essential Drugs for Medical
Application” (Appendix No. 1 to Decree No. 2406-r
of the Government of the Russian Federation, dated
October 12, 2019). It is used to treat neurological pa-
thologies and stress conditions. Semax exhibits noo-
tropic effects, stimulating learning, attention, and
memory formation in animals and humans [18-22].
This very feature makes it a promising candidate
for AD therapy. A preliminary trial of Semax in a
limited cohort of AD patients showed that it can po-
tentially be used to prevent and treat Alzheimer’s
disease [23]. However, a further, more detailed inves-
tigation of the effects of the drug on various char-
acteristics of AD is needed before its broader ap-
plication [24, 25]. Furthermore, it is reasonable to
study other derivatives of this peptide drug, whose
architecture would incorporate structural features
capable of improving the physiological properties of
the potential therapeutic agent. This study employed
a peptide derivative of Semax, with two amino acid
substitutions. These substitutions (His-Phe to Asp-
Arg) resulted in the Glu-Asp-Arg sequence within
its structure. Previous studies using cellular models
of AD had indicated that the Glu-Asp-Arg tripep-
tide plays a positive role in improving the functional
state of neurons [26].

The effects of Semax and its derivative, the
Heptapeptide Met-Glu-Asp-Arg-Pro-Gly-Pro, on the
behavior of APP/PS1 mice and the amyloid load in
brain tissues were investigated in this study to as-
sess the therapeutic potential of these peptides dur-
ing the development of Alzheimer’s-type pathologic
changes.

EXPERIMENTAL

Animals

The experiments were conducted using 60 male
APPswe/PS1dE9/Blg (APP/PS1) mice with a mixed
C57B16/Chg genetic background and 20 male
C57Bl6/Chg (wild-type, WT) mice. The housing con-
ditions complied with the current sanitary regula-
tions for the design, equipment, and maintenance
of experimental biological clinics: ten animals per
cage; temperature, 22°C; ad libitum access to wa-
ter and forage; and a 12-h light cycle (from 8 a.m.

to 8 p.m.). The laboratory animals with the Specific
Pathogen-Free (SPF) status were procured from
the Research Institute of Pharmacology of Living
Systems at the Belgorod State University (Belgorod,
Russian Federation). All the procedures were con-
ducted in compliance with the Law of the Russian
Federation “On the Protection of Animals from
Cruel Treatment” dated June 24, 1998, the Good
Laboratory Practice (GLP) regulations for preclinical
studies in the Russian Federation (State Standards
GOST 3 51000.3-96 and GOST R 53434-2009), and the
EU Directive (86/609/EEC). All the stages of the study
adhered to the Russell and Burch’s 3R principles.

Synthesis of peptides and their characteristics

The Met-Glu-Asp-Arg-Pro-Gly-Pro peptide
(Heptapeptide) based on the adrenocorticotropic hor-
mone fragment was synthesized by the conventional
liquid-phase peptide chemistry approach using pro-
tected and free L-amino acids. The purity and iden-
tity of the synthesized compound were confirmed by
high-performance liquid chromatography and mass
spectrometry.

Semax, a synthetic peptide drug, an analog of
ACTH, ,,, which is entirely devoid of hormonal ac-
tivity, was obtained according to the procedure de-
scribed previously [4, 18, 25]. All the amino acids were
L-stereoisomers.

The formation of experimental groups

The mice were allocated into four study groups. The
first group (the APP/PS1 group) was used as the pos-
itive control and comprised APP/PS1 mice with con-
firmed manifestations of Alzheimer’s-type pathology.
The second group (the WT group) was the negative
control and comprised wild-type animals. The third
and fourth groups consisted of APP/PS1 mice intra-
nasally administered either Semax (the Semax group)
or its derivative (the Heptapeptide group) at a dose
of 50 pg per kg, starting from the age of 6 months.
The animals received the drug every other day dur-
ing one month (a total of 15 doses). Next, the animals
in the groups were divided into two subgroups. The
first subgroup of animals in each group (10 animals)
was allocated for histological analysis at the age of 7.5
months. The animals in the second subgroup under-
went a one-month washout period during which they
did not receive the drug. At an age of 8 months, the
animals underwent behavioral testing during a 14-day
period. The following tests were conducted: the open
field test, the novel object recognition test, and the
Barnes maze test. Once testing had been completed,
histological examination of the animal’s brain sections
was conducted (Fig. 1).
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Experimental Scheme
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Fig. 1. The experiment design in the study investigating the effects of Semax and the Heptapeptide on APP /PS1 mice

Behavioral testing

The open field test. This test allows one to assess the
locomotor activity of, exploratory behavior, and anxie-
ty in the animals. The animals were placed in an are-
na made of opaque plexiglass (50 X 50 cm base; wall
height, 50 cm) (OpenScience, Russia). A single mouse
was tested for 5 min under ambient lighting condi-
tions of 35—40 lx. The following parameters were doc-
umented in the online test: the total number of move-
ments; the total movement time (s); the total distance
traveled (cm); the average speed of all the movements
(cm/s); the resting time (s); the distance traveled in
the peripheral zone (cm); the total time spent mov-
ing in the periphery zone (s); the distance traveled
in the central zone (cm); the time spent in the cen-
tral zone (s); and the number of center crossings. The
EthoVision software (Version 16, Netherlands) was
used for data recording and processing.

The novel object recognition test. This test was used
to assess the animals’ cognitive functions, and memo-
ry in particular, by exploring the animals’ preference
for exploring a novel object compared to a familiar
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one. The test is subdivided into three phases: the ha-
bituation, training, and testing phases. The open field
test was conducted on day 1 of the novel object rec-
ognition test. On day 2 of the test, the animal was also
placed in the arena for 5 min; two objects (toys) of
the same color were placed in certain zones. On day
3, the animal was placed in the arena for 5 min again,
one of the objects being replaced with a new one of
a different color. The following parameters were re-
corded using the EthoVision software: the locomotor
activity, the number of approaches made toward the
novel and familiar objects, and the time spent near
them. After data analysis, the preference index for
the novel object was calculated using the formula:

Pl = b
" b+4a

where a is the number of approaches to the old object
and b is the number of approaches to the novel object.

- 100%,

The Barnes maze test. This test was used to study
spatial learning and memory of the animals. The ob-
jective of the Barnes maze test was to let a mouse
explore the space and memorize the location of the
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escape box using the configuration of distal visual
cues placed around the testing area. The setup con-
sisted of an arena 122 cm in diameter, with 40 holes
5 cm in diameter, one of them being the exit (the
escape box). The distal visual cues were four black-
and-white images with different figures and pat-
terns, positioned in the cardinal directions (north,
south, west, and east).

The Barnes maze test was carried out during five
days: four days were intended for training and learn-
ing, and day 5 was the test day. During the first four
days, the animals were placed in the arena for 3 min.
After that, if the rodent had managed to find the es-
cape box on its own, the box with the mouse inside
was carefully transferred to its home cage. If the ani-
mal had failed to find the escape box independently,
the experimenter gently guided it towards the box.
Each rodent made four trials per training day with
a 15-min interval. On day 5, the escape box was re-
moved, and the hole was covered with a partition.
The animal was placed in the arena for 5 min. The
EthoVision software was used to measure the dis-
tance traveled, animal velocity, latency to find the tar-
get zone, and time spent near the former location of
the escape box.

Histological examination

The animals were euthanized by cervical dislocation,
and tissue specimens were prepared for analysis. The
brain was dissected and fixed with Carnoy’s solution
(six parts 96% ethanol, three parts chloroform, and
one part glacial acetic acid) overnight. Tissue was de-
hydrated using a sequential series of ethanol solu-
tions of increasing concentration: 75% solution, 1 h;
96% solution (I), 5 min; 96% solution (II), 45 min; 100%
solution (I), 5 min; 100% (II). After incubation in a
100% ethanol-chloroform (1:1) mixture for 30 min
and in chloroform (I) for 1 h, the specimens were
left overnight in chloroform (II) and the tissues were
then impregnated with paraffin (3 changes, 1 h each)
at 60°C. Paraffin blocks were prepared using a Leica
EG1160 tissue embedding center (Leica Biosystems).
Paraffin sections (8 pm thick) were mounted onto
polylysine-coated glass slides.

Five glass slides, each containing ten brain sections,
were prepared from a 400 um thick brain region; ev-
ery fifth brain section was placed on a single glass
slide. The sections were then deparaffinized in xylene
for 20 min, rehydrated by sequential incubation in
ethanol solutions (100% solution, 10 min; 95% solution,
5 min; and 50% solution, 5 min), followed by three
washes with deionized water for 5 min. The sections
were stained with a Congo red dye solution (0.5%
Congo red in 50% ethanol) for 5 min, differentiated in

a 0.2% KOH solution in 80% ethanol for 1 min, washed
thrice with deionized water for 5 min, and embed-
ded into the Immu-Mount™ aqueous-based mountant
(Thermo Scientific).

After brain fixation, dehydration, incubation, and
paraffin embedding, tissue was sectioned and stained
with Congo red dye. The total number of plaques
across all the brain sections in the cortical and hippo-
campal regions was counted for each group through-
out the study, and the arithmetic mean was calculat-
ed. Amyloid plaques were counted using the QuPath
v0.5.1 software.

Statistical analysis

The descriptive statistics were employed for the sta-
tistical analysis of the data. All the behavioral testing
data were characterized by parametric distribution by
the Kruskal-Wallis H test. Two-way analysis of vari-
ance (two-way ANOVA) using generalized linear mod-
els (GLMs) was applied for intergroup comparisons
in the Barnes maze test. Intergroup comparisons of
changes in the histological variables were performed
using the Kolmogorov—Smirnov test. Furthermore,
the Siddk correction was used to control for the type
I error rate during multiple hypothesis testing, which
adjusts the significance threshold based on the num-
ber of planned comparisons. Differences were consid-
ered statistically significant at p < 0.05. The statistical
analysis was conducted using the Statistica 10.0 soft-
ware.

RESULTS

The effects of Semax and Heptapeptide

on animal behavior

Mouse behavior in the open field test was evaluat-
ed at the first stage of the study (Fig. 2). A compar-
ative analysis of the behavior of the animals in the
WT and APP/PS1 groups revealed that the develop-
ing pathology in APP/PS1 mice statistically signifi-
cantly reduced the number of entries into the center
of the arena and entries into the periphery zone, as
well as the time spent in the center of the arena.
Administration of Semax prevented all these behav-
ioral impairments in APP/PS1 animals. Furthermore,
administration of Semax made the animals generally
more active; their velocity and total distance traveled
increased. Administration of the Heptapeptide statisti-
cally significantly increased the time spent in the pe-
riphery zone compared to the APP/PS1 animal group.
However, the Heptapeptide exerted no significant ef-
fect on animal velocity, distance traveled, the number
of entries into the periphery zone or center of the
arena, or time spent in the center.
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The novel object recognition test was subsequently
conducted (Fig. 3). On test day 3, the animals from
the APP/PS1 group traveled a greater distance at a
higher velocity compared to the animals in the WT
group. Meanwhile, interest in exploring the novel ob-
ject in APP/PS1 mice was significantly lower com-
pared to that in wild-type mice. No differences in the
preference index were observed for these two groups.

Administration of the Heptapeptide had no effect
on the animals’ velocity, distance traveled, or explo-
ration of the novel object. However, the preference
index in these animals increased by almost 30% com-
pared to that in the APP/PS1 mice. Administration
of Semax significantly increased interest in the novel
object and the preference index for the novel object
in the animals.

The Barnes maze test was then conducted. At the
first stage of testing, the animals were trained during
four days (Fig. 4). No significant differences in veloc-
ity and distance traveled were uncovered among all
the studied groups, except for the animals receiving
Semax. This drug significantly increased the velocity
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and reduced the distance traveled by the animals. On
test days 2 and 3, the latency to find the target zone
was significantly reduced in these animals; however,
their performance deteriorated on test day 4.

On day 5 of the Barnes maze test, the experimen-
tal trial was performed, where the animals were
let go in the arena; the results are shown in Fig. 5.
The APP/PS1 animals traveled a greater distance at
a higher velocity and were slower to find the zone
where the escape box had previously been located
compared to the wild-type animals.

The administration of the Heptapeptide significant-
ly reduced the distance traveled by the animals and
their velocity, increased the time spent in the area
where the escape box had previously been located,
and reduced the latency to find the target zone com-
pared to the APP/PS1 animal group. However, the
Heptapeptide did not significantly affect the num-
ber of entries into the target zone. The drug Semax
significantly reduced the velocity, distance traveled,
time spent in the target zone, the number of entries
into the target zone, and the latency to find the area
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Fig. 3. Results of the novel object recognition test on day 3. Total distance traveled (A); the number of approaches
to the novel object on day 3 (B); velocity (C); discrimination index (D); * — p < 0.05, ** — p < 0.01, respectively
(compared to the untreated APP /PS1 group); # —p > 0.05, ## — p < 0.01, ### — p < 0.001, respectively
(APP /PS1 mice compared to wild-type animals) (Kruskal-Wallis H test). n= 10

where the escape box had previously been located.
Therefore, both the Heptapeptide and Semax led to a
notable correction in the behavioral parameters of the
APP/PS1 animals to a level comparable to that in the
wild-type animals.

The results of histological studies
The histological examination was performed to assess
the effect of Semax and Heptapeptide on the devel-
opment of amyloidosis in APP/PS1 mice. Experiments
were carried out at two time points: the number of
amyloid plaques in the animal brain was determined
two weeks (in mice aged 7.5 months) and 1.5 months
(in mice aged 8.5 months) after drug administration.
In the animals aged 7.5 months, therapy with
Heptapeptide and Semax reduced the number of
amyloid plaques in the cortical area by a factor of
1.6 and 2.8, respectively, compared to the untreated
animals (Fig. 6). An analysis of the size distribution
of amyloid plaques revealed that most of them were
sized < 100 pm? those were the recently formed in-
clusions whose size would further increase with age.
Heptapeptide and Semax significantly decreased the
prevalence of this plaque population.

The same trend was observed when analyzing am-
yloid plaques in the hippocampal area (Fig. 6). The
number of amyloid plaques in the Heptapeptide and
Semax groups was 1.7-fold and 2.6-fold smaller than
that in the APP/PS1 group, respectively. The drug-
induced reduction in the plaque count was most sig-
nificant for the population of amyloid inclusions with
an area of < 100 um?

In the APP/PS1 animals aged 8.5 months, the
number of amyloid plaques was significantly in-
creased both in the cortex and hippocampus (Fig. 7).
Meanwhile, the protective effects of Heptapeptide
and Semax were nearly identical to that observed
for the 7.5-month-old animals. The numbers of
amyloid plaques in the cortex of the mice in the
Heptapeptide and Semax groups were 1.8-fold and
2.2-fold smaller than that in the APP/PS1 group.
The number of plaques in the hippocampus of the
mice in the Heptapeptide group was 1.6-fold small-
er compared to mice in the APP/PS1 group, while
the animals in the Semax group had 1.7 times few-
er plaques. A size distribution analysis of amyloid
plaques revealed that the largest reduction in num-
ber was observed for plaques sized up to 100 um? in
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mice of both ages (7.5 and 8.5 months) that had re-
ceived the drugs.

DISCUSSION

The peptide Semax, which exhibits neuroprotective
and nootropic properties, is a long-acting memory en-
hancer [17]. The proposed modifications to Semax,
yielding the Heptapeptide, are expected to enhance
the effect of the peptide on the key pathological fea-
tures of AD.

Testing of animal behavior revealed that APP/PS1
mice had significantly impaired behavioral and cog-
nitive characteristics compared to those of wild-type
mice. After a course of peptide drugs, many of these

Plaque area, ym?

functions were restored, either completely or partially.
Semax exhibited a significant favorable effect in the
open field and novel object recognition tests. In the
Barnes maze test, the Heptapeptide improved certain
behavioral parameters of APP/PS1 mice to a level
comparable to that of wild-type animals. Semax had a
positive effect on an even greater number of param-
eters in this test.

Hence, a number of behavioral and cognitive char-
acteristics in animals with a Alzheimer’s-type pathol-
ogy showed improvement one month after the course
of peptide drugs.

The most significant data were collected through
the histological examination of animals’ brains.
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Amyloid plaques were detected in the cerebral cor-
tex and hippocampus two weeks after the administra-
tion of the peptide during one month. At this stage,
the mean number of amyloid plaques in the APP/PS1
group was > 350 per mm? while this number de-
creased 1.6-fold and 2.8-fold in the Heptapeptide and
Semax groups, respectively. The peptides pri-
marily reduced the number of small plaques
(sized < 100 pm?), which is indication that they in-
hibit the formation of new plaques. As expected, the
mean plaque number in the hippocampal region was
smaller (< 50 per mm?). In APP/PS1 mice, the pep-
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tides also reduced the number of plaques (1.7-fold for
the Heptapeptide group and 2.6-fold for the Semax
group). Therefore, at this stage, course therapy with
either peptide significantly reduced the formation of
amyloid plaques in both brain regions, Semax being
the more efficient of these two peptides.

The next histological examination stage was con-
ducted 1.5 months after drug administration using
animal brain specimens. During this period, the mean
number of plaques (per mm?) in the cerebral cor-
tex of APP/PS1 animals had exceeded 400. In the
Heptapeptide and Semax groups, this value increased
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only slightly, remaining significantly lower (1.8- and
2.2-fold, respectively). Similar findings were obtained
for the hippocampal specimens. Hence, both peptides
decreased the number of amyloid inclusions within
tissues, and this effect persisted for 1.5 months post-
administration. The effect of these peptides may po-
tentially be based on an important feature of many
peptides: their ability to allosterically interact with
various receptors, thus altering their impact on con-
trolled signaling pathways [27].

The previously proposed concept of amyloid matri-
ces relies on a long-term interplay between modified
beta-amyloid variants and partner proteins, includ-
ing the alpha-4 nicotinic acetylcholine receptor. The
resulting complexes can act as seeds for pathological
aggregation of intact beta-amyloid molecules to in-
duce the formation of amyloid plaques [28, 29]. Hence,
it is fair to hypothesize that both of the studied pep-
tides bind allosterically to receptors, including acetyl-
choline ones, and alter their configuration, thus either

fully preventing or substantially reducing the degree
to which they bind to the modified form of beta-am-
yloid. In this case, this particular amyloid plaque for-
mation pathway can be inhibited by the peptides un-
der study; this inhibitory effect persists for more than
a month following the treatment course.

Our findings demonstrate that intranasal adminis-
tration of Semax or Heptapeptide improves the cog-
nitive function in the mouse model of Alzheimer’s
disease. Both Semax and Heptapeptide significantly
reduce the amyloid load in the animal brain. These
data prove that Semax and its derivatives are promis-
ing for developing therapeutic and corrective strate-
gies for Alzheimer’s disease. ®
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ABSTRACT The ProTx-I toxin from Thrixopelma pruriens tarantula venom inhibits voltage-gated sodium
(Nav), potassium, and calcium channels, as well as the chemosensitive TRPA1 ion channel, affecting the ac-
tivating processes of these channels. Due to its action at the Na 1.7, Na 1.8, and TRPA1 channels involved in
pain perception and propagation, ProTx-I may be used as a model for the development of next-generation
analgesics. ProTx-I consists of 35 amino acid residues, with three disulfide bonds forming an inhibitor cys-
tine knot (ICK) motif, which challenges its heterologous production. An efficient ProTx-I production sys-
tem is necessary to study, at the molecular level, the mechanism by which the toxin acts. In this study, we
tested several approaches for bacterial production of disulfide-containing toxins. Cytoplasmic expression of
ProTx-1I fused with either thioredoxin or glutathione-S-transferase failed to yield a correctly folded toxin.
However, the natively folded ProTx-I was successfully obtained by “direct” expression in the form of cyto-
plasmic inclusion bodies, followed by renaturation, as well as by secretion into the periplasmic space via fu-
sion with maltose-binding protein. The activity of the recombinant ProTx-I was studied by electrophysiology
in X. laevis oocytes expressing rat and human TRPA1 channels. The toxin proved to be more active on the
rat channel than on the human channel (IC,, = 250 = 85 and 840 * 190 nM, respectively). The presence of
an additional N-terminal methionine residue in the toxin obtained through “direct” expression significantly
attenuated its activity.

KEYWORDS cystine knot, TRPA1 channel, gating modifier toxin, bacterial production, disulfide-rich proteins.
ABBREVIATIONS AITC - allyl isothiocyanate; GST — glutathione S-transferase; ICK — inhibitory cystine knot;
MBP — maltose-binding protein; Na, — voltage-gated sodium channel; TRX — thioredoxin; IPTG - isopropyl
B-D-1-thiogalactopyranoside.
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INTRODUCTION

Spider venoms are a rich source of polypeptide tox-
ins that act on various membrane receptors and
ion channels [1-3]. Many spider toxins belong to
the knottin family that includes small (20-50 aa)
B-structural peptides containing a conserved inhib-
itory cystine knot (ICK) motif [4] formed by three
disulfides: C1-C4, C2-C5, and C3-C6. This spatial
structure is responsible for the high physicochemical
and proteolytic stability of knottins, making the ICK
motif a promising basis for the design of new pep-
tide drugs [5].

Spider knottins include membrane-active toxins
that affect the activation or inactivation of sodium
(Na,), potassium, and calcium voltage-gated channels
(so-called gating modifier toxins) [6]. The ProTx-I
toxin (Protoxin-I or B/w-theraphotoxin-Tpla, 35 aa)
is a membrane-active knottin of the Peruvian green
velvet tarantula Thrixopelma pruriens. ProTx-I ef-
fectively inhibits a number of voltage-gated chan-
nels [7], as well as the chemosensitive TRPA1 channel
[8]. Among the ProTx-I targets, Na 1.7, Na 1.8, and
TRPA1 channels are promising therapeutic targets
for the treatment of pain and neurological inflamma-
tory syndromes [9-11]. Studying the mechanism of
ProTx-I action on these channels may yield valuable
insight that could help in the development of new an-
algesics and other biomedical drugs.

The first step that is required in order to study the
mechanism of ProTx-I action and, eventually, design
new variants of this knottin is to develop an efficient
production system. Traditionally, small polypeptide
toxins, including spider knottins, are produced using
methods of peptide synthesis followed by refolding
to form the correct system of disulfide bonds [12]. In
addition, recombinant knottins are produced in Pichia
pastoris cells [12—14] and Escherichia coli cells [15,
16]. However, during cytoplasmic production, these
proteins accumulate as insoluble inclusion bodies [17,
18]. In E. coli cells, disulfide-rich toxins are produced
through (1) “direct” expression followed by isolation
of the peptide from inclusion bodies and its refolding;
(2) fusion with proteins that promote the formation of
disulfide bonds and increase the level of production,
e.g., thioredoxin A (TRX) or glutathione S-transferase
(GST); and (3) secretion of recombinant peptides into
the E. coli periplasmic space where formation of di-
sulfide bonds occurs [17, 19].

We compared these approaches in bacterial ProTx-I
production and, for the first time, produced a cor-
rectly folded recombinant toxin and characterized its
activity at human and rat TRPA1 channels. The ob-
tained data demonstrate a significant species-specific-
ity of the inhibitory action of ProTx-I, as well as the
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influence of the N-terminal sequence of the toxin on
its activity. The developed bacterial production system
opens new opportunities for the production of mu-
tant and isotope-labeled ProTx-I variants for further
structural and functional studies.

EXPERIMENTAL

Design of expression vectors

The ProTx-I gene was constructed based on the ami-
no acid sequence P83480 from the UniProt data-
base. The nucleotide sequence of the gene was opti-
mized in accordance with the codon usage frequency
in E. coli. Vectors for the cytoplasmic expression of
the TRX—-ProTx-I and GST-ProTx-I fusion proteins
were prepared by cloning the ProTx-I gene into the
pET-32a(+) (Novagene, USA) and pET-32a(+)/GST
vectors at the KpnI/BamHI and BamHI/HindIII sites,
respectively. The pET-32a(+)/GST plasmid was pro-
duced prior by replacing the TRX gene sequence
in the pET-32a(+) plasmid with the GST gene se-
quence. The vector for bacterial secretion of the
MBP—-ProTx-I fusion protein was generated by clon-
ing the ProTx-I gene into the pLicC-MBP-APETx2
plasmid (Addgene, #72668) at the KpnI and Sacl
sites [20]. The vector for direct expression of Met-
ProTx-I was prepared by cloning the ProTx-I gene
into the pET-22b(+) vector (Novagene) at the Ndel
and BamHI sites. In this case, the N-terminus of the
ProTx-I molecule contained an additional methio-
nine residue encoded by the ATG start codon. To
produce 6His-Met-ProTx-I, an additional sequence
encoding the 6His-tag and a linker sequence contain-
ing a methionine residue were inserted at the 5-end
of the ProTx-I gene. This gene was then cloned into
the pET-22b(+) vector at the Ndel and BamHI sites.
Schematic representations of the constructs used in
the study are shown in Fig. 1.

Bacterial production of the TRX-ProTx-I,
GST-ProTx-I, and MBP—-ProTx-I fusion proteins

To produce the TRX—-ProTx-I and GST—-ProTx-I
fusion proteins, E. coli BL21(DE3) and SHuffle
T7 Express (NEB) strains were transformed with
the pET-32a(+)/TRX—ProTx-I and pET-32a(+)/
GST—ProTx-I vectors, respectively. MBP—ProTx-I was
produced in the E. coli Rosetta-gami (DE3) strain.
Cells were grown in a TB medium (12 g of bactot-
ryptone, 24 g of yeast extract, 4 mL of glycerol, 2.3 g
of KH,PO,, 12,5 g of K,HPO, per 1 L of medium,
pH 7.4) containing 100 pg/mL ampicillin (Sigma, USA)
to OD,,, ~ 0.6. Expression was induced by adding
0.1 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG,
Sigma). The cells were cultivated at 20°C for 16 h for
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Fig. 1. Design of expression vectors for ProTx-l production
in E. coli cells. (A) The amino acid sequence of the ProTx-I
toxin. Cysteine residues are shown in yellow; disulfide
bonds are indicated with solid lines. (B) Schematic rep-
resentation of expression vectors. From top to bottom:
vectors for “direct” expression of Met-ProTx-l and
6His-Met-ProTx-l; vectors for the cytoplasmic produc-
tion of ProTx-l with the partners TRX and GST; the vector
for ProTx-l secretion as a fusion protein with MBP. Check
marks indicate the vectors successfully used for the pro-
duction of correctly folded ProTx-I

GST-ProTx-I or at 13°C for 72 h for MBP—ProTx-I
and TRX—-ProTx-I.

Bacterial production of Met-ProTx-I

and 6His-Met-ProTx-I

Met-ProTx-I and 6His-Met-ProTx-I were pro-
duced in the E. coli BL21(DE3) strain trans-
formed with the pET-22b(+)/Met-ProTx-I or
pET-22b(+)/6His-Met-ProTx-I vector. To produce
Met-ProTx-I, cells were grown in a TB medium at
37°C to OD,,, of ~0.6 and expression was induced by
adding 0.2 mM IPTG. To produce 6His-Met-ProTx-I,
cells were grown in a SB medium (32 g of bactot-
ryptone, 20 g of yeast extract, 5 g of NaCl, pH 7.4) at
37°C to OD, of ~6.0 and expression was induced with
1 mM IPTG. After induction, cell cultivation was con-

tinued at 37°C for 18 h.

Isolation and purification of the TRX-ProTx-I,
GST-ProTx-I, and MBP—-ProTx-I fusion proteins
Cells were collected by centrifugation at 10,000 g
and 4°C for 20 min. The cell pellet was resuspended
in buffer A (20 mM Tris-HCI, 300 mM NaCl, pH 8.0)

in the presence of 1 mM phenylmethylsulfonyl fluo-
ride (PMSF, Sigma). The cells were disrupted by ul-
trasound (Branson Digital Sonifier; USA) at an output
power of 500 W and 4°C for 6 min. The suspen-
sion was centrifuged at 30,000 g at 4°C for 30 min.
Fusion proteins were purified by metal-chelate af-
finity chromatography on a Ni-Sepharose FastFlow
resin (Cytiva, USA) pre-equilibrated in buffer A.
Recombinant proteins were eluted by imidazole
(Macklin, China) gradient (20—-500 mM).

Isolation and purification of reduced

Met-ProTx-I and 6His-Met-ProTx-I

Isolation of Met-ProTx-I from cytoplasmic inclu-
sion bodies and its purification under denaturing
conditions were performed according to the proto-
cols reported elsewhere [19]. After chromatography,
Met-ProTx-I was reduced with a 500-fold molar ex-
cess of dithiothreitol (DTT, Sigma). Cytoplasmic inclu-
sion bodies containing 6His-Met-ProTx-I were solubi-
lized in denaturing buffer (20 mM Tris-HCI, 300 mM
NaCl, 10 mM B-mercaptoethanol, 8 M urea, pH 8.0) for
3 h, centrifuged, and the supernatant was applied on
a Ni-Sepharose FastFlow chromatography resin equil-
ibrated with denaturing buffer. 6His-Met-ProTx-I was
eluted by imidazole gradient (20-500 mM). Before
BrCN hydrolysis (Sigma), chromatographic frac-
tions of 6His-Met-ProTx-I were supplemented with
a 500-fold molar excess of DTT.

Hydrolysis of recombinant proteins with BrCN

The recombinant proteins 6His-Met-ProTx-I,
TRX-ProTx-I, GST-ProTx-I, and MBP—ProTx-I at
a concentration of 4 mg/mL were hydrolyzed by add-
ing 0.3 M HCI and a 50-fold molar excess (relative to
methionine residues) of BrCN. The reaction proceed-
ed in the dark at room temperature overnight. BrCN
was then removed by evaporation using a Centrivap
(Labconco, USA) equipped with a cryogenic trap.

Renaturation of Met-ProTx-I and ProTx-I
Renaturation of Met-ProTx-I and ProTx-I (produced
by BrCN hydrolysis of 6His-Met-ProTx-I) was initi-
ated by transferring the recombinant proteins to the
refolding buffer (0.1 M Tris-HCI, 2 M urea, 1.5 mM
GSH, and 0.15 mM GSSG, pH 7.5) using gel filtration
on NAP-25 chromatography columns (Cytiva). The fi-
nal concentration of recombinant toxins in the refold-
ing buffer was 0.02 mg/mL.

Purification and analysis of recombinant

ProTx-I variants by HPLC

HPLC analysis of recombinant ProTx-I var-
iants was performed on a Jupiter C4 column
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Fig. 2. Purification and characterization of recombinant ProTx-I variants. (A—C) Representative HPLC chromatograms

of the purification (upper panel) and analysis (lower panel) of recombinant ProTx-I variants. (A) Refolded Met-ProTx-l.
(B) ProTx-l produced by “direct” expression of 6His-Met-ProTx-l, followed by BrCN hydrolysis and refolding. (C) ProTx-l
produced by bacterial secretion of MBP-ProTx-l, followed by BrCN hydrolysis. (D—F) MALDI-MS spectra of recombinant
ProTx-l variants shown in (A—C), respectively. The Pha1f3 toxin was added to the samples shown in (E and F).
[ProTx-I4+2H*] and [Pha1B+2H*] doubly charged ions are also observed in (E and F). (G) Electrophoretic analysis

of the ProTx-I samples produced by “direct” expression: M, marker (BioSharp BL712A); 1, Met-ProTx-l before refold-
ing; 2, ProTx-l after hydrolysis of 6His-Met-ProTx-l with BrCN; 3, ProTx-l as in lane 2 after refolding

(A300, 4.6 X 250 mm, Phenomenex) using the
Vanquish Core and Ultimate 3000 chromatographs
(ThermoFisher, USA). Toxins were eluted by an ace-
tonitrile gradient containing 0.1% trifluoroacetic acid
(TFA) at a flow rate of 1 mL/min. The resulting toxin
samples were lyophilized.

Mass spectrometry

The Met-ProTx-I sample was analyzed using a
Rapiflex MALDI-TOF/TOF spectrometer (Bruker,
Germany) in the reflection positive ion mode. The re-
sulting m/z value (4116.9 Da, Fig. 2D) was close to an
expected monoisotopic [Met-ProTx-I + H*] mass of
4116.7 Da for a toxin molecule with closed disulfide
bonds.

Analysis of the ProTx-I variants produced by the
hydrolysis of 6His-Met-ProTx-I (Fig. 2E) or bacterial
secretion (Fig. 2F) was performed using the Ultraflex
MALDI-TOF/TOF spectrometer (Bruker, Germany).
Trypsin autolysis products were used for spectrom-
eter calibration. The molecular masses of ProTx-I
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(3985.0 and 3985.9 Da) achieved in both cases corre-
sponded to the calculated monoisotopic ProTx-I mass
(3985.7 Da, [ProTx-I + H*]) within the measurement
error. In both cases, the samples additionally con-
tained the Phalp toxin (calculated mass 6029.5 Da
[PhalpB + H*]) to verify calibration and its measured
mass was 6028.5 and 6029.9 Da, respectively.

NMR spectroscopy

NMR spectra were measured in an aqueous solution
(5% D,O, pH 4.5, 30°C) using an AVANCE-800 NMR
spectrometer (Bruker) with an operating proton fre-
quency of 800 MHz. A commercial toxin sample ob-
tained by chemical synthesis (Smartox Biotechnology
Inc., France) was used as a positive control for the
correct spatial structure.

Electrophysiological experiments

Currents through human and rat TRPA1 [21] were
recorded in X. laevis oocytes expressing these chan-
nels. Oocyte isolation, mRNA injection, and exper-
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imental recordings have been described previously
[22]. All solutions were prepared on the day of the ex-
periment using calcium-free ND-96 containing 96 mM
NaCl, 2 mM KCI, 1 mM MgCl, and 10 mM HEPES
at pH 7.4. Currents were stimulated by the applica-
tion 100 uM AITC (Sigma-Aldrich). The solution was
manually added to the perfusion chamber, and the
currents were recorded using voltage ramps as re-
ported in [22]. For each oocyte, we sequentially re-
corded three responses to AITC application, as well as
the subsequent leakage current in the presence of a
specific TRPA1 inhibitor: HC030031 (Sigma-Aldrich).
The first response amplitude was used to normal-
ize the data obtained on different oocytes. To induce
the second response, AITC was applied together with
ProTx-I or HC030031. The amplitude of this response
was measured, normalized, averaged across differ-
ent oocytes, and used to plot dose—response curves.
Dose—response curves were approximated by the Hill
equation:

100%

ProTx-11.""
1 +(—[ ECeg ])

where nH is the Hill coefficient.

Statistical data processing was performed using
GraphPad Prism 9.0. To compare current amplitudes
at specific toxin concentrations, either a two-tailed
Student’s t-test or one-way ANOVA and Dunnett’s
multiple comparison test was used. Dose—response
curve parameters were compared using the F-test.

RESULTS AND DISCUSSION

Production of ProTx-I as a fusion

protein with TRX and GST

Five different approaches were tested to produce re-
combinant ProTx-I. Toxin was produced as a soluble
fusion protein with TRX, GST, and maltose-binding
protein (MBP), and in the form of cytoplasmic inclu-
sion bodies with and without six N-terminal histidine
residues — 6His-tag (Fig. 1). The efficiency of recom-
binant production of spider toxins fused with TRX
and GST was demonstrated previously [23-26], and
the efficiency of production as cytoplasmic inclusion
bodies, followed by refolding, has been demonstrat-
ed by us for a number of disulfide-rich proteins, in-
cluding snake venom toxins and human proteins from
the Ly6/uPAR family [27].

Cultivation of BL21(DE3) cells transformed with
the pET-32a/ProTx-I plasmid at 37°C resulted in the
production of an insoluble TRX—-ProTx-I fusion pro-
tein, whereas reducing the cell culture temperature

TRX-ProTx-1/BrCN

A

Met-ProTx-I
B

6His-Met-ProTx-I/BrCN
C

MBP-ProTx-I/BrCN
D

ProTx-1 (Smartox)

ppm

Fig. 3. 1D 'H NMR spectra of recombinant ProTx-l variants
(pH 4.5, 30°C). (A) The spectrum of an incorrectly folded
ProTx-lI produced as a TRX-ProTx-I fusion protein, fol-
lowed by BrCN hydrolysis. (B) The spectrum of a refolded
Met-ProTx-l. (C) The spectrum of ProTx-| obtained by
"direct” expression of the 6His-Met-ProTx-l, followed by
BrCN hydrolysis and refolding. (D) The spectrum of ProTx-I
produced by secretion of an MBP-ProTx-I fusion protein
followed by BrCN hydrolysis. (E) The spectrum of com-
mercial, synthetic ProTx-

to 13°C resulted in the production of a soluble pro-
tein with a yield of 20 mg/L of bacterial culture. Since
the ProTx-I molecule lacks methionine residues, we
used BrCN to hydrolyze the fusion protein [28] at an
additional methionine residue introduced upstream
of the first ProTx-I residue. MALDI analysis of the
purified ProTx-I sample confirmed the expected mo-
lecular mass of the toxin with closed disulfide bonds.
However, comparison of the 'H NMR spectra of the
recombinant toxin and commercial ProTx-I revealed
absence of the correct spatial structure for recombi-
nant ProTx-I (Fig. 3A,E). Employing GST as a protein
partner also failed to yield a correctly folded ProTx-I.
These results underscore the need for an analysis
of the spatial structure of recombinant toxins before
any further analysis. Production of a soluble fusion
protein and verification of its molecular mass do not
guarantee proper protein folding and the formation of
correct disulfide bonds.
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Production of Met-ProTx-I in inclusion bodies

By “direct” expression, the ProTx-I gene contains the
ATG start codon at the 5’-end, which is necessary for
translation initiation. Therefore, a final recombinant
protein produced as cytoplasmic inclusion bodies con-
tains an additional N-terminal methionine residue
(Fig. 1B). To purify Met-ProTx-I, we used a previ-
ously developed protocol that involved cytoplasmic
inclusion body solubilization to obtain a denatured
toxin with cysteine residues chemically modified to
S-sulfonate, followed by ion-exchange chromatogra-
phy on a DEAP-spheronite-OH resin [27]. The yield
of denatured Met-ProTx-I at this stage was 6 mg/L
of bacterial culture. The purified Met-ProTx-I was
treated with DTT to remove S-sulfonate groups from
cysteine residues, then DTT was removed by gel fil-
tration, and the toxin was transferred to the renatur-
ation buffer. The toxin refolding protocol was based
on a protocol previously reported for chemically syn-
thesized ProTx-I [29] and was similar to the protocols
we used for the refolding of other disulfide-rich pro-
teins [27]. Refolded Met-ProTx-I, purified by HPLC
(Fig. 2A), had the native spatial structure (Fig. 3B),
but the efficiency of toxin refolding using this ap-
proach was extremely low. The final yield of the re-
folded toxin was only ~0.05 mg/L of bacterial culture.

Production of ProTx-I with the

native N-terminal sequence

The low efficiency of Met-ProTx-I refolding may
be due to insufficient purity of the sample before
the refolding procedure. To overcome this prob-
lem, a 6His-tag was introduced into the N-terminal
sequence of ProTx-I. A similar approach was pre-
viously used for recombinant production of oth-
er spider toxins [30]. Additional residues in the
N-terminal sequence of toxins can affect their struc-
ture and activity [31]. Therefore, to produce a tox-
in with the native N-terminal sequence, we intro-
duced an additional methionine residue after the
6His-tag for subsequent BrCN hydrolysis (Fig. 1B).
The yield of 6His-Met-ProTx-I after purification by
metal-chelate chromatography was ~13 mg/L of bac-
terial culture. Thus, the introduction of the 6His-tag
into the N-terminal sequence not only increased the
purity of the toxin preparation before renaturation
(Fig. 2G) but also elevated the level of toxin produc-
tion, which is consistent with our earlier observation
that the N-terminal sequence can affect the yield
of recombinant proteins [32]. The denatured 6His-
Met-ProTx-I was hydrolyzed with BrCN, and the
refolding was performed similarly to that for the
Met-ProTx-I. The final yield of the refolded ProTx-I
with the native N-terminal sequence after HPLC
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(Fig. 2B) was 0.3 mg/L of bacterial culture. Thus,
the introduction of the 6His-tag into the ProTx-I
molecule not only increased the production level
of the toxin but also yielded a folded peptide with
the native sequence, which was confirmed by NMR
spectroscopy (Fig. 3C).

Secretion of ProTx-I

An alternative approach for the production of pro-
teins with correctly formed disulfide bonds in E. coli
cells is secretion into the periplasmic space [20]. To
enhance toxin production, we used the peptide fused
with MBP. To secrete the fusion protein into the peri-
plasmic space, we introduced the MalE signal peptide
into the N-terminal sequence of MBP [33] (Fig. 1B).
Also, a methionine residue was inserted before the
toxin sequence to cleave ProTx-I from MBP. For this
step, we used E. coli Rosetta-gami™ (Origami™ de-
rivative), which had proven itself to be effective in
the production of disulfide-rich proteins, including
animal toxins [34, 35]. To increase the yield of solu-
ble protein, we lowered the cell culture temperature
after induction to 13°C, which slowed the rate of pro-
tein synthesis and promoted the correct formation of
disulfide bonds [36]. The yield of the MBP—ProTx-I
protein after purification from a total cell lysate using
metal chelate affinity chromatography was 75 mg/L
of bacterial culture. The MBP—ProTx-I protein was
then hydrolyzed with BrCN, and ProTx-I with the
native N-terminal sequence was purified by HPLC
(Fig. 2C). The final yield of the secreted, correctly
folded ProTx-I (Fig. 3D) was ~0.15 mg/L of bacterial
culture. Minor differences in the positions of individ-
ual signals in the NMR spectra of recombinant and
commercial toxins (Fig. 3D,E) are explained by pH
variations (within 0.1 units) in the samples.

The N-terminal sequence of ProTx-I
influences toxin—TRPA1 interaction
Activity of the chemically synthesized ProTx-I was
previously demonstrated in HEK293 cells express-
ing human and mouse TRPA1 receptors [8]. In the
present study, we compared the functional activity
of Met-ProTx-I and ProTx-I, with the latter being
produced by hydrolysis of 6His-Met-ProTx-I, at the
human TRPA1 channel expressed in X. laevis oocytes.
Consistent with [8], we found that 10 pM of recom-
binant ProTx-I almost completely inhibited the cur-
rent through the TRPA1 channel induced by 100 pM
of the covalent agonist allyl isothiocyanate (AITC)
(Fig. 4A). This effect was similar to that of 50 uM
HC0300301, a selective TRPA1 antagonist (Fig. 44).
Comparison of the dose—response curves of recom-
binant and commercial ProTx-I confirmed their simi-
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Fig. 4. Effect of ProTx-l variants on AITC-induced outward currents through TRPA1 in X. laevis oocytes. (A) Aver-

age normalized current traces for the human TRPA1 channel in the absence and presence of the selective antagonist
HCO030031 or ProTx-l. Data are presented as mean £ SEM (lines and shaded areas, respectively, n = 3—6 oocytes).
Compound application periods are shown by solid black bars above the traces. (B) Dose-response curves for the inhi-
bition of human TRPA1 by recombinant rProTx-l, Met-ProTx-l, and commercial synthetic ProTx-I (Smartox). **(p < 0.01)
and ***(p < 0.001) indicate a significant difference in the current amplitudes between Met-ProTx-l and other variants
according to the ANOVA /Dunnett criterion. The difference in IC values for the corresponding curves approximated by
the Hill equation (Table 1) is statistically significant with p < 0.0001 (F-test). (C) Dose-response curves for recombinant
rProTx-l at human (hTRPA1) and rat (rTRPA1) ion channels. The difference in IC values for these curves is statistically
significant with p = 0.006 (F-test). **(p < 0.01) indicates a significant difference in the amplitude of currents at rat and
human channels according to the two-sided t-test. Data in B and C (mean = SEM, n= 3—6 oocytes) are normalized to
the response recorded without ProTx-1 (100%)

Table 1. The Hill equation parameters for the inhibition curve analysis

Receptor/toxin IC_, uM Hill coefficient
hTRPA1/Met-ProTx-I 8.9 =170 = 1.0%
hTRPA1/ProTx-I (Smartox) 0.41 = 0.16 0.68 = 0.24
hTRPA1/rProTx-1I 0.84 £ 0.19 0.91 £0.18
rTRPA1/rProTx-1I 0.25 £ 0.07 1.03 = 0.26

*The Hill coefficient was set equal to 1.0 to analyze the dose-response curve for this toxin variant.
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larity (Fig. 4B, Table 1). The curve parameters (IC,
and Hill coefficient) were not statistically different.
However, analysis of Met-ProTx-I revealed a dramat-
ic, statistically significant decline in the activity of
this toxin variant. For example, recombinant and syn-
thetic ProTx-I at a concentration of 10 uM inhibited
currents to ~5%, whereas Met-ProTx-I inhibited cur-
rents only to ~60%, with the IC, value increased by
an order of magnitude (Fig. 4B, Table 1). Thus, the
N-terminal amino acid sequence of the toxin is criti-
cally important for its interaction with the receptor. It
is noteworthy that previous data on the ProTx-I ac-
tive site had not included the N-terminal residues [8].

ProTx-I inhibits rat TRPA1 more

efficiently than the human channel

Comparison of recombinant ProTx-I activity at rat
and human TRPA1 channels revealed higher activ-
ity of the toxin at the rat receptor (IC,, ~ 250 and
840 nM, respectively; the difference in IC  was sta-
tistically significant, Fig. 4B, Table 1). It is notewor-
thy that a previous comparative study of ProTx-I at
human and mouse TRPA1, conversely, revealed high-
er activity at the human channel [8]. The difference
in the toxin’s action on human, rat, and mouse re-
ceptors may be explained by significant differenc-
es in the amino acid sequences of the extracellular
S1-S2 and S3—S4 loops of these TRPA1 channels,
the primary site of toxin interaction [8]. For exam-
ple, the conserved residue Glu754 (numbering is giv-
en for the human channel) is replaced by Gly in the
mouse channel, and Glu825 in the human channel is
replaced by Asp and Asn in the rat and mouse chan-
nels, respectively. There are also other point differ-
ences. As a result, two negatively charged residues in
the toxin-binding site of the mouse channel are re-

placed by neutral residues, which probably attenuates
the binding of the positively charged toxin molecule
(charge +2).

CONCLUSION

A system for the recombinant production of the
ProTx-I toxin in the folded state was developed for
the first time. We showed that ProTx-I exhibits dif-
ferent activities relative to human and rat TRPA1l
channels, and that modification of the N-terminal se-
quence of ProTx-I may lead to toxin inactivation. @
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