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The development of high-end targeted drugs and vaccines against modern pandemic infections, such as COVID-
19, can take a too long time that lets the epidemic spin up and harms society. However, the countermeasures
must be applied against the infection in this period until the targeted drugs became available. In this regard,
the non-specific, broad-spectrum anti-viral means could be considered as a compromise allowing overcoming
the period of trial. One way to enhance the ability to resist the infection is to activate the nonspecific immunity
using a suitable driving-up agent, such as plant polysaccharides, particularly our drug Panavir isolated from
the potato shoots. Earlier, we have shown the noticeable anti-viral and anti-bacterial activity of Panavir. Here
we demonstrate the pro-inflammation activity of Panavir, which four-to-eight times intensified the ATP and
MIF secretion by HL-60 cells. This effect was mediated by the active phagocytosis of the Panavir particles by
the cells. We hypothesized the physiological basis of the Panavir proinflammatory activity is mediated by the
indol-containing compounds (auxins) present in Panavir and acting as a plant analog of serotonin.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The COVID-19 pandemic caused by the SARS-CoV-2 virus clearly
showed that humanity does not yet have a reliable and effective
means of rapidly responding to such global challenges. The standard
protocol includes:

1) enforcing quarantine and using personal protective equipment;

2) development of the diagnostic tools and specific treatment;
3) development of vaccines against a new pathogen.

The effectiveness and safety of the fastest measures (the first item in
the list above) raise fierce debates, and the arguments of the opponents
are rather valid. The rest of the items above take time, whereas a pan-
demic picks up the speed and can cause irreparable damage to society.
The RNA viruses, including SARS-CoV-2, are highly variable, so the ex-
penditures on developing novel means of specific prevention and
nment (theme number AAAA-

tate University, Russia
treatment may become too significant [1]. Moreover, the development
of an effective vaccine against many RNA viruses (including
coronaviruses) could be additionally complicated by the effect of anti-
genic imprinting or the phenomenon of “original antigenic sin” (OAS,
[2–4]) and the “antibody-dependent enhancement” (ADE, [5–8]). The
most striking example demonstrating the complexity of this problem
is the time humanity has already spent on creating an effective vaccine
against HIV infection and has not yet been able to create it, although 36
years have passed since discovering this virus. The Ebola vaccine was
registered and recognized by WHO only in 2019, 43 years after discov-
ering the virus. Also, specialists have made little progress in the devel-
opment of a vaccine against the respiratory syncytial virus, despite the
huge investment [1].

One of the approaches to solve the designated global problem is
creating low-toxic agents for nonspecific activation of innate immunity.
The latter would accelerate the primary response development and
reduce the likelihood of the severe course of the disease. We assume
the possibility of the targeted pharmacological impacting the innate
immunity, which can transfer it to a certain hypothetical “state of
increased responsibility” (SINRES). The innate immunity cells, in
particular natural killer cells, can acquire the immunememory similarly
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to the adaptive immunity cells and enhance their activity in response to
the antigenic stimulation [9–11]. Such trained or provoked immune
cells could serve as a basis of the SINRES state [12,13], which is, how-
ever, was never introduced as a separate notion earlier.

We have previously shown that the particles of a high-molecular-
weight polysaccharide extracted from potato shoots (Panavir) have a
broad spectrum of antiviral activity [14–16]. The antiviral activity was
demonstrated against the broad spectrum of germs, including both
DNA and RNA-containing viruses, such as, for example, animal
coronaviruses – the close relatives of SARS-CoV-2, and also against in-
fluenza virus, herpes, cytomegalovirus, tick-borne encephalitis virus,
human papillomavirus, and the virus of hepatitis C. Such a broadness
of the pharmacological activity of the drug forces to search its action
mechanism among the non-specific immunological reactions.

Until now, we have considered themainmechanismof Panavir's an-
tiviral activity to be caused by its ability to stimulate interferons' secre-
tion, which are one of the coordinating factors of innate immunity [17].
Undoubtedly, this property is one of the key ones since the severity of
pathologies caused by viral infections directly correlates with the de-
fects in the interferon system, which has recently been shown in pa-
tients with COVID-19 [18,19]. Besides that, Panavir demonstrates
neuroprotective and antibacterial activity and also suppresses autoim-
mune distresses [16], which is difficult to explain by the induction of in-
terferons alone. At the same time, such a variety of pharmacological
effects should be associated with some fundamental mechanism of the
innate defense, where the infection, apparently, is one of, but not the
only, potentially dangerous factor. Such a fundamental mechanism
could be phagocytosis, as well as cascades of immunological reactions
triggered by extracellular ATP and MIF exocytosis [20,21]. Moreover,
these processes should occur primarily in the epithelial cells of the re-
spiratory tract – the gateway to respiratory infections. A pool of media-
tors of the nonspecific immune response should form in these cells
specifically to attract the nonspecific immunity cells, which would fur-
ther participate in suppressing a viral infection [22].

2. Methods

2.1. Panavir

Panavir is a high-molecular-weight (~3 ⋅ 109 Da) fraction of the poly-
saccharides extracted from Solanum tuberosum (potato) shoots. The
substancewas isolated from the groundmeristematic tissue bywashing
and subsequent filtration of the obtained liquid.

The Panavir particles have near a spherical shape with a diameter of
about 300 nm. The electrokinetic (zeta) potential of the particles is nega-
tive and equals -25 mV. The chemical composition of Panavir is rather
Fig. 1. Infra-Red spectra of Panavir (red) and starch (blue). For clarity, the spectrawere split int
and B are the same.
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variable: glucose (10–67%), galactose (2–27%), arabinose (3–15%), rham-
nose (2–10%), mannose (0.1–5%), and xylose (0.1–3%). It also contains
some uronic acids (2–5%), traces of lipids, peptides, and proteins, first of
all, RuBisCo (less than 1 % in total). The IR spectrum of Panavir is very
close to the one of the starch as it is defined mainly by the hexoses
(Fig. 1). The most intense spectral bands were 1150 cm-1 (C–O–C asym-
metrical stretching), 1079 cm-1 (C–O bending and CH2 related modes),
1024 cm-1 (C–OH stretching vibration), and 928 and 854 cm-1 (C–O–C
symmetrical stretching and C–H deformation). The spectrum also
contained the broadened bands in the range of 1450–1200 cm-1, which
can be attributed to deformation C–H bonds, asymmetric vibration in
CH2 group, and C=O bond stretching. The absence of the iodine coloring
indicates the cross-linking of the hexose polymers, which prevents the
formationof the channel-type clathrates responsible for the characteristic
blue coloring [15,23]. The X-Ray spectra of the dried Panavir demon-
strated only amorphous halo without any signs of ordering (data not
shown.

2.2. Cells cultivation

The HL-60 human myeloid leukemia cell line has been purchased
from the Hungarian Cell Bank, Paseur Institute of Hungary, Szeged,
NCBI Code C427. Cells were maintained in suspension culture at +37 °C
under 5% CO2/air in RPMI 1640 (Gibco, UK) supplemented with 10%
FCS and antibiotics: 100U/ml of Penicillin and100 μg/ml of Streptomycin.
The cells were subcultured three times weekly, ATRA (Sigma, USA). This
procedure has been originally adopted by Olins et al. [24] and thenmod-
ified by Roy et al. [25].

The primary human nasal epithelial cells (NHEpC) isolated from
healthy human nasal mucosa, male donors 18–25 years old (PromoCell,
GmbH, Germany, Cat # C-14062) were also cultivated in standard con-
ditions [26].

2.3. Phagocytic activity

Experiments were carried out using both original, immature HL-60
cells and mature neutrophils obtained by treating the HL-60 culture
with 1.25% DMSO for 96 h [27,28]. Panavir solution in bidistilled water
was added to the cell culture suspension (20–30 million cells per ml)
and incubated for 2, 6, 12, and 24 h. The combined action of Parnavir
andATPwas also investigated. The reagentswere added into the culture
medium simultaneously, and the ATP final concentrationwas 0.5 μg/ml.
After the incubation, the cells were harvested by centrifugation (20000
rpm, 20 min, 4 C) and rinsed with 50 mM PBS (pH 8.2). Then the cells
were lysed with 2% Triton X-100 solution (10 min, 4 C) and subjected
o two regions of 3800–2600 cm-1 (A) and 1600–700 cm-1 (B). The arbitrary units in plots A
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to ultracentrifugation (150000 g, Beckman Coulter Optima L-90K, SW-
27 rotor, 2 h, 4 °C).

The cytosol fraction (S150) was collected and treated with a mixture
of nucleases: S1 nuclease (20 U/ml, Serva Heidelberg, Germany) and
RNase A (5μg/ml, Serva Heidelberg, Germany) for 40 min (37 C, pH
7.7). Then, 100μl of a mixture of two proteases: proteinase K (10μg/ml,
Serva Heidelberg, Germany) and trypsin (10μg/ml, Serva Heidelberg,
Germany) was added to the obtained lysate and incubated for 60 min
(37 °C, pH 8.0). The resulting lysatewas ultrafiltered on aDiafloY5.0filter
at 800 psi (Amicon SQ600,MerckMillipore, USA). The obtained highmo-
lecular weight fraction resistant to nucleases and proteaseswas solved in
20 mM of Tris/EDTA buffer (20 mM/1.5 mM, pH 8.2) and analyzed calo-
rimetrically. The volume of the obtained specimens was measured with
an accuracy of ±1% by Microliter 700 syringes, Hamilton, USA. The pro-
tein concentration in the initial cytosol fraction was determined by the
Bradford method [29].

2.4. Panavir concentration

The absorption spectrum of Panavir has a characteristic peak in the
region of 190 nm (Fig. 2), which allows calorimetric measuring of con-
centration. The Panavir extinction coefficient was determined for
Panavir solutions in Tris/EDTA buffer (20 mM/1.5 mM, pH 8.2) using a
Lambda 1050 spectrophotometer (Perkin Elmer, USA) in the concentra-
tion range of 100–1200ng/ml. For the extinction coefficientwehave ob-
tained the value of (3.28 ± 0.09) ⋅ 103 ml/(ng⋅cm). To determine the
Panavir concentration, we have compared the optical densities of the
highmolecularweight (HMW) and nuclease/protease-resistant fraction
of the cells' cytoplasm obtained from cultures treated and not treated
with Panavir. The difference in optical densities at 190 nmwas fully at-
tributed to Panavir particles consumed by the cells.

2.5. ATP release

After incubation of the cells with Panavir, ATP primer was added to
the medium to a concentration of 2.5 mM, together with succinate
(1.5mM), and 32P-orthophosphate (1.0mM) [30]. The sampleswere in-
cubated for 60 min (37 °C), and immediately after the end of the incu-
bation, they were mixed with ice-cold Triton X100 (2.0%, v/v)/10 mM
Tris-HCl (pH 7.45) and incubated for 2 h. The pool of low-molecular-
weight compounds was extracted with ice-cold acetone (10 v/v),
Fig. 2. Area-normalized absorption spectra of an aqueous solution of Panavir (green),
cytosolic fraction of HL-60 cells (blue) and HMW fractions of cytosol of HNEpC cells
treated with Panavir (red).
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while the debris was precipitated by centrifugation (20000 rpm, 20
min, QS70, Sorvall, USA). The extraction was repeated three times. The
obtained extract was separated by HPLC: stationary phase ODS-S5CN,
10–60% linear gradient of pyridine based on 10% methanol, Altex-
1800 column 15x280 mm, 22 °C, 2000 psi, 2.0 A254 in 50μl of injected
sample (Gilson W100 UV254 detecting HPLC System). ATP peaks were
collected for further measurement of 32P concentration in a Koch Light
Beta SL20 dioxane scintillator using a JR880 liquid scintillation counter
(Wallac, Finland).

2.6. DNA polymerase activity

The catalytic activity wasmeasured by themethod of Sakaguchi and
Boyd [31] adapted for 0.15 ml incubation volume: 50 mM Tris-HCl (pH
8.0)/8.0 mM dithiothreitol/15 mM MgCl2/15% glycerol (v/v)/27μg act
DNA, calf thymus/50μg each of dATP, dCTP, dTTP, dGTP/0.25μmole of
[Methyl-1,2-3 H]dTTP (90–120 Ci/mmol, NET520A, NEN)/150 mM
NaCl. The tritium-labeled nucleotide was purchased from New England
Nuclear, USA. These compound concentration values were first opti-
mized within both pH of 6.0–−9.0 and MgCl2 concentration of
5.0–50.0 mM. These mixture samples were pre-incubated at 37 °C for
60 min. Then 5.0–7.5μg of the pure enzyme was added to each one of
these running samples and they were incubated at 37 ° C for another
60 min. The ice-cold incubation samples as well as the trypsin treated
samples (20μg/mL trypsin, Merck GmbH, Germany, 37 °C) were taken
as controls.

The post-incubationmixtureswere subjected to the quantitative ex-
traction of the DNA ultramicro–amounts using an AccuPrep Genomic
DNA Extraction Kit (Bioneer Corp., Korea) as described by Mikami
et al. [32] and modified by Haratian et al. [33]. The extracted DNA
aliquots were used for electrophoretic determination of the DNApolβ-
processed DNA chain sizes [34] and for [3H]-radioactivity measure-
ments in Wallac 2200LX LS Counter (Wallac OY, Finland). The
DNApolβ-specific catalytic activity values were expressed in [3H]
cpmDNA/mg enzyme. The protein ultramicro amounts were estimated
according to Fukami et al. [35]. The DNA ultramicro amounts measure-
ments were performed in diluted water solutions as described by
Müller et al. [36].

The kinetic constants, KM (mM) and Kcat ([μM dTTP/min]/mg en-
zyme), were estimated by the free dTTP pool depletion rates [37] mea-
sured using the HPLC analysis of acetone-soluble fractions of pre- and
post-incubation mixtures: Altex 1800E (18 × 220 mm) column/ODS-
S5CN stationary phase/mobile phase, 10–60% linear pyridine gradient
based on 10%water-methanol/2000 psi at 22 C/Waters DL600HPLCAn-
alytical System [37,38].

2.7. Indol-containing compounds

A total amount of the indol-containing compounds spread over the
Panavir particles' surface was detected and quantitatively assessed
using a multi-collector inductively coupled plasma mass spectrometer
(Aurora M90 QS analytical system, Brucker, USA). The IUPAC MG410
software and database package were used to identify the amounts of
the indol-derivatives.

3. Results and discussion

3.1. State of INcreased RESponsibility (SINRES)

It has been experimentally shown that the innate immunity cells, in
particular natural killer cells, are able to acquire the immune memory
similar to the adaptive immunity cells and subsequently enhance their
activity [9–11]. de Laval et al. have shown that the “memory” of the non-
specific immunity can also be provided by myeloid cells (monocytes,
macrophages, and neutrophils) demonstrating high phenotypic diver-
sity and plasticity [39]. The latter is particularly characteristic for
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macrophages that acquire so-called “long-term antimicrobial skills”
using epigenetic mechanisms that are fundamentally different from
those triggeringmaturating of the adaptive immunity cells [12]. The cel-
lular basis of such a “trained” immunity and heterologous protection
against secondary infections consists in the functional reprogramming
of the innate immune cells, which was first discovered in invertebrates
[13]. Live attenuated vaccines (for example, BCG) or the pathogen cell's
structures (such as beta-glucans or lipopolysaccharides) can provide for
a long-term increase in the antimicrobial activity of the myeloid cells
due to the conformational changes in chromatin packing altering the
gene expression patterns [39]. Therefore, the stimulation of the innate
immune cells can leave some kind of an “epigenetic scar”, a set of ex-
posed enhancers and promoters of host defense genes. Each element
of such a “scar”, due to its openness as a result of DNA methylation,
can serve as the basis of the increased reactivity in the course of the re-
alization of the acquired protection program [40]. Several epidemiolog-
ical studies support these observations: for example, BCG has a
pleiotropic effect reducing the incidence of viral infection [41].

The mechanisms described above can serve as the substrate for
the development of SINRES. The SINRES state should provide for ad-
equate immunological reactivity in response to any kind of infection,
but at the same time not harm the organism, limiting its activity on
the feedback principle base. Indeed, in order to maintain homeosta-
sis, the on-time termination of the immune response is as important
as its onset, which was clearly demonstrated by the COVID-19 pan-
demic. Long-term inflammatory processes going far beyond the ade-
quate response have significant “intrinsic toxicity” and can cause
tissue damage [42]. Certain elements of innate immunity, particu-
larly macrophages, play a key role in restoring homeostasis in vari-
ous pathological processes, both infectious and non-infectious
diseases, such as oncological, autoimmune, neurodegenerative,
chronic inflammatory bowel and lung diseases [43–45]. Therefore,
it became reasonable to propose that, in the SINRES state, the body
should be potentially able to resist any damaging factors, including
viruses that cause viral respiratory infections, and should also be
able to control chronic viral diseases.

3.2. ATP and MIF secretion

Cellular stress (caused, for example, by infection) leads to the release
of ATP, ADP, and other nucleotides into the extracellular space [46,47].
Extracellular nucleotides activate the immune cells through the system
of purinergic receptors [48–53]. Purinergic receptors are present in the
membranes of many cell types, particularly in themembranes of all im-
mune, epithelial and endothelial cells. Thus, extracellular ATP can
Fig. 3. Release of ATP by immature (circles) andmature (squares) HL-60 cells under the influen
(orange), and 1000 ng/ml (purple). The gray dotted lines show the background concentration
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activate all the elements of the nonspecific (innate) immunity, includ-
ing the antiviral immunity [54,55].

Extracellular nucleotides function as autocrine and paracrine signal
activating P2 purinergic receptors that elicit pro-inflammatory immune
responses, which is an acute inflammation phase lasting minutes to
hours. Over time, extracellular nucleotides are metabolized to adeno-
sine, which leads to a decrease in the signal from P2 and an increase
in the signal through the anti-inflammatory adenosine P1 purinergic
receptors, which is a subacute phase lasting from hours to several
days [20]. Relatively high concentrations of extracellular ATP (in the
millimolar range) cause predominantly pro-inflammatory effects due
to the activation of the low-affinity P2X7 receptor, while the low (the
micromolar) ATP concentrations have a predominantly tolerogenic/
immunosuppressive effect provided by the activation of the high-
affinity P2Y11 receptor [56,57]. Therefore, the extracellular ATP can
serve both as an initiator and as a terminator of immune responses.

Following our expectations, treatment of the HL-60 cell culture with
Panavir resulted in the secretion of ATP into the extracellular environ-
ment (Fig. 3). Note that this effectwas observed both formature neutro-
phils and for the initial HL-60 cells. The effect was observed both in the
physiological range of Panavir concentrations (2.5–10 ng/ml, Fig. 3A)
corresponding to the pharmacological dose of 200μg for an adult [16]
and at the elevated concentrations (Fig. 3B). In all cases, in the presence
of Panavir, the ATP concentration in the extracellular medium was an
order of magnitude higher than the background value of 18.5 ± 0.6 ng
per million cells.

At the therapeutic concentration of Panavir, the extracellular ATP
concentration reached themaximum at 12 h after treatment. Therefore,
the characteristic time of the ATP-mediated effect of Panavir on the im-
mune system cells can be assumed to be of at least one day. Note that
the effect was 12 ± 0.6% more prominent for mature neutrophils than
the immature HL-60 cells.

The extracellular ATP concentration in the epithelial cells of the nasal
cavity (HNEpC) cell culture was 680 ± 50 ng per million cells, which is
more than 4 times higher than the ATP concentration in the HL-60 cell
culture. The HNEpC cells form the gateway for SARS-CoV-2 and other
airborne infections, so their susceptibility to Panavir is noteworthy. On
the other hand, the phagocytosis of foreign particles, for example,
Panavir particles, can stimulate nonspecific immunity, whichwas previ-
ously described for many elements of the nonspecific immunity system
[58]. The latter creates an opportunity for the SINRES state development
and increasing the resistivity of the organism.

The average ATP content in HL-60 cells was 4.4 ± 0.2 fmol per cell
[59]. Therefore, one million HL-60 cells contain about 4.4 nmol or
2.2μgATP. Thus, in our experiments, cells secreted into the environment
ce of physiological (A) and elevated (B) Panavir concentrations of: 2.5 (blue), 10 (red), 100
of ATP in the culture medium.



Table 2
Panavir and Ge nanoparticles uptake (particles number per cell) by immature and DMSO
maturated HL-60 cells.

Sample Panavir Ge

Mature Immature

Control Not detected Not detected Not detected
Panavir (2.5 ng/ml) No data 1.2 ± 0.1 Not detected
Panavir (20μg/ml) 9.6 ± 1.0 6.8 ± 0.8 No data
Panavir (20μg/ml) +ATP (0.5μg/ml) 11.5 ± 1.0 10.7 ± 1.0 No data
Ge (0.1μg/ml) No data Not detected 0.20 ± 0.01
Ge (0.1μg/ml) +Panavir (2.5 ng/ml) No data 4.8 ± 0.5 0.22±0.02
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something about 5–6% of the ATP contained in them,when treatedwith
physiological concentrations of Panavir. This is a very significant
amount, and such a loss of energy equivalents should affect the intensity
of synthetic processes in the cell, which was discovered experimentally
(Table 1). Treatment of the isolated nuclei of HL-60 cells with Panavir at
high concentrations led tomore than a two-fold decrease in nucleic acid
synthesis rate.

A significant difference between HNEpC cells and immature HL-60
cells is the different activity of the gene encoding the macrophage mi-
gration inhibition factor (MIF), which is an evolutionarily ancient pro-
tein whose homologs were found in a wide range of organisms from
vertebrates to cyanobacteria [21]. MIF is a multipotent protein impli-
cated in the pathogenesis of many infectious and autoimmune diseases.
Unlikemany other cytokines that are secreted during antigenic stimula-
tion, MIF is constantly expressed and stored in intercellular pools [21].
In general, MIF seems to be themost important regulator of many cellu-
lar processes, and its violation can lead to pathological states. For this
reason, MIF is an obvious target for the study of potential therapeutic
agents against infectious, inflammatory, and proliferative disorders
[60,61]. Note, that MIF affects, particularly the response of immune-
competent cells to viral and bacterial infection [62].

The intracellular synthesis of MIF in HNEpC cell culture treated with
Panavir solution (10 ng/ml)was 1850±60 versus 450±50 pg permil-
lion cells in control. Thus, stimulation of epithelial cells of the nasal ep-
ithelium with Panavir can stimulate the activity of the immune cells,
which in turn should reduce the time required for the development of
the response.

3.3. Phagocytic activity

One of the crucial issues regarding the Panavir physiological action is
the ability of rather large Panavir particles to penetrate the cells' cyto-
plasm. Considering the size of these particles' condensed nucleus equal-
ing ∼150 nm [15], the most probable way of penetration should be
phagocytosis.

In the immature HL-60 cell culture, 89% of the cells are myeloblasts
and promyelocytes, and only 1% are premature banded neutrophils
[27]. Treatment of the culture with DMSO and some other polar agents
for 3–6 days leads to their maturation [27,28]. In the process of matura-
tion, The intensity of the specific immune response, in particular the
ability to phagocytosis, increases manyfold [27].

In our experiments, even immature HL-60 cells exhibited significant
phagocytic activity towards Panavir particles at a high concentration
(20μg/ml), which in mature cells increased by only 40% (Table 2).
Note that the treatment of bothmature and immature cellswith Panavir
in the presence of ATP leads to an additional increase in phagocytic
activity by another 40–50%, which is no longer associated with cell
maturation, but is a physiological response to the presence of purine tri-
nucleotides in the medium [48–53]. Since the treatment of HL-60 cells
with Panavir induces ATP secretion, and ATP promotes phagocytosis,
there is a positive feedback loop that enhances the immunostimulatory
effect of Panavir.

Similar results were obtained when the culture of mature HL-60
cells was treated with neutral germanium particles (diameter of about
400 nm), which, like the Panavir particles, were consumed by the
cells. Moreover, the presence of large germanium particles in the me-
dium leads to a two-to-five fold increase in the phagocytosis of Panavir
Table 1
The rate of DNA and RNA synthesis (3H cpm/mg DNA) by isolated nuclei of HL-60 cells.

Sample Synthesis rate

DNA RNA

Control 70021 ± 836 38834 ± 630
PNR, 0.2μg/ml 42037 ± 588 16321 ± 584
PNR, 1.0μg/ml 31221 ± 489 28011 ± 489
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particles, depending on the concentration (Table 2). The opposite effect
was also observed, but it was much less explicit: comparatively smaller
Panavir particles enhanced the phagocytosis of germanium particles by
only 14%. It is remarkable that when treated with Panavir at a concen-
tration of 2.5 ng/ml, HNEpC cells consumed the drug particles more ac-
tively than HL-60 cells, and on average, absorbed 3.8 ± 0.2 particles
per cell.

3.4. Indole containing Panavir components

The chemical composition of the Panavir particles inherits some fea-
tures of the plant tissue they were isolated from (potato shoots' meri-
stem, [15]). Actively dividing meristematic tissues act as a source of
auxins, plant hormones regulating almost all aspects of plant growth
and development, including cell growth and differentiation [63,64].
Auxins are indole-containing compounds, which allows them to be con-
sidered as chemical analogs of serotonin [65], which was also found in
plant tissues. The functions of plant serotonin have not been precisely
established, but it was reported that serotonin is a functional inhibitor
of auxin and involved in roots differentiation [65].

In mammals and humans, serotonin is involved in the processes of
allergy and inflammation, increases vascular permeability, enhances
chemotaxis, increases the migration of leukocytes to the inflammation
areas, increases the content of eosinophils in the blood, enhances the
degranulation ofmast cells, and the release of othermediators of allergy
and inflammation [66]. Thus, the immunostimulating properties of
Panavir could appear due to the presence of plant analogs of serotonin
(auxins and other indole-containing compounds).

According to the results of plasmamass spectrometry, the amount of
indole-containing groups on the surface of Panavir particles was 38.2±
2.6μg per gram of Panavir. Taking into account the molecular weight of
Panavir particles (~3 GDa [15]), the number of indole groups on the sur-
face of a single particlewould be about 300 units. Therefore, in one ther-
apeutic dose of Panavir (∼200μg), the number of such groups would be
∼10−11mol, and their concentration in human blood after Paravir appli-
cation would be about 2 ⋅ 10−9 g/l or about 10−11 M. This value is five
orders of magnitude lower than the native physiological concentration
of serotonin, which is about 150–200 ng/ml or (1.3–1.8)⋅10−6 M [9].
However, if at least one Panavir particle enters the cell, the concentra-
tion of indole groups inside the cell appears to be a thousand times
greater (∼10−8 M), which is already comparable to the physiological
concentrations of serotonin. The assessmentmade implies that the pro-
posed biological activity of indole radicals, which can be released during
intracellular degradation of the particles, cannot be excluded when an-
alyzing the Panavir physiological effects. Therefore, herewe observe the
interaction between the purinergic and serotonergic systems explicitly,
enhancing the positive feedback effect of inflammation and the sup-
pression of infection.

3.5. Toxicity and effectiveness of Panavir

In mice, LD50 of Panavir for intraperitoneal injection is 1240 mg/kg,
which makes it possible to classify Panavir as a low-toxic drug [67]. In
the studied therapeutic doses, Panavir does not exhibit allergic, local
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irritating, teratogenic, embryo-toxic, and mutagenic effects. The thera-
peutic index (the ratio of LD50 to ED50) of Panavir is as much as
413000 [67]. Consequently, Panavir has one of the broadest “therapeu-
tic windows” among registered drugs. Such a large therapeutic index is
not common in classical pharmacology since low-toxic drugs usually
have low therapeutic activity. However, in the case of Panavir, the
drug is represented by rather large nanoparticles, and the therapeutic
dose (200μg) of such particles contains only about 1010 of them,
which is a million times less than the values typical for conventional,
low-molecular-weight drugs. This value corresponds to a concentration
of 10−13 M and refers to the range of ultra-low doses of biologically ac-
tive substances, usually demonstrating extremely low toxic effects [68].
However, many drugs in ultra-low doses still demonstrate significant
therapeutic and/or physiological effects [68].

4. Conclusion

Summarizing the obtained results, we can specify several major
points. The physiological activity of Panavir on the cellular level is medi-
ated by the phagocytosis of its nanoparticles (by HL-60 cells in our ex-
periments). We tend to consider the act of phagocytosis as a primary
event providing for all of the consequent effects. The phagocytosis of
the Panavir particles is followed by the active ATP and MIF exocytosis
that in its turn activates all kinds of immune cells and mature neutro-
phils, in particular, and intensifies the phagocytosis. This interrelation
makes for the positive feed-back loop necessary for the development
of any significant physiological effect.

At the intracellular level, the physiological activity of Panavir can be
associated with the metabolism of the indol-containing auxins discov-
ered in the Panavir particles and usually abundant in actively dividing
meristematic plant cells. Auxins and their metabolites can possess a
serotonin-like activity, which explains the observed pro-inflammatory
activity of Panavir. Therefore, the supramolecular nature of the Panavir
represented by rather large (several MDa) particles becomes essential
as smaller particles would not be effectively phagocyted, while the tis-
sue of Panavir origin becomes crucial due to the high auxins level
usual for meristems.

The two factors described above fortunately combined in Panavir
and made it a good driving-up agent for the immune system. The non-
specific stimulation of the immune system could induce a so-called
SINRES state (State of INcreased RESponsibility), forcing the immune
system to form sharper responses to any kind of antigenic stimulation
compared to the “normal” state [9–12]. We propose the transfer of the
immune system to the SINRES state could be an effective way of
resisting the infections allowing decreasing the incidence and gaining
some time on elaboration and production of the targeted drugs. Such
kind of immuno-modulating drugs seems to be of particular importance
in the cases of pandemics such as modern COVID-19.
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