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BOTH MATERNAL AND NEWBORN
IGMS INHIBIT TRANSMISSIBLE GASTROENTERITIS
VIRUS INTERNALIZATION IN LLC-PK1 CELLS

Immunoglobulins M (IgMs) are the evolutionally oldest class of antibodies in higher eukaryotes. This pool of antibodies
is one of the first to appear in humans and begins to besynthesized at the early stages of the neonatal period. Most of the
repertoire of IgMs of the newborns consists of the so-called «natural», or «naive», antibodies synthesized by the body
without external antigenic stimulation. In addition to the classical functions of human immunoglobulins M (such as an-
tigen recognition and initiation of innate immune responses), antibodies of this class exhibit a variety of non-canonical
functions. The non-canonical functions are the action of antibodies as agonists/antagonists of various receptors, cleavage
of antigen due to the catalytic activity of IgM, direct inactivation of pathogens in the absence of effector cells and mol-
ecules, etc. The aim of this work was to study and compare the antiviral activity of total preparations of immunoglobulin
M of newborns and adults, obtained from umbilical cord and venous blood sera, on the LLC-PK1 cell line model infected
with the transmissible gastroenteritis virus (TGEV). In addition, in the course of the studies, a decision was made to
investigate the effect of combined preparations of immunoglobulin M on the change in signal transduction in the epider-
mal growth factor receptor as one of the mechanisms of TGEV internalization during infection of target cells. Methods.
Highly purified preparations of total IgM of adults or newborns were obtained using the methodologies of sequential salt
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fractionation and affinity chromatography. This work used the model of the interaction of the transmissible gastroen-
teritis virus with cells of the LLC-PK1 line and the monitoring of changes in the phosphorylation state of the epidermal
growth factor receptor of these cells during virus infection to study the effect of human IgM on the internalization of the
virus and its interaction with the receptor system of the host cell. The degree of cytopathogenic effect of the virus was
determined visually by changes in cell morphology. The mean infectious dose for transmissible gastroenteritis virus in the
cell culture of the LLC-PK1 line was determined by the Reed-Muench method. Analysis of changes in the phosphoryla-
tion of the epidermal growth factor receptor was performed using the Western blot analysis method. Results. The addi-
tion of a total high-purified sample of human IgM reduces the degree of efficiency of TGEV infection of the LLC-PK1 cell
line and modulates the phosphorylation levels of these cells. Conclusions. The total preparations of IgM obtained from
human venous blood of adults and from umbilical cord blood of newborns can affect the internalization of the transmis-
sible gastroenteritis virus in the LLC-PK1 cell line. The original model of virus (TGEV) — cell line (LLC-PK1) was ap-
plied and tested to study the effect of native total preparations of immunoglobulin M on the internalization of the virus
into the cell. The obtained data can be useful in further studies for a better understanding of the process of development

and functioning of the immune system of newborns.

Keywords: Immunoglobulin M, cord blood serum, adult venous blood serum, epidermal growth factor receptor.

The phenomenon of the innate immune system
is the immediate protection of the host the attack
by a certain pathogen. It consists of barriers that
prevent and inhibit the spread of viruses, bacte-
ria, parasites, and other foreign species.

Natural antibodies (nAbs) of higher eukary-
otes are components of innate immunity. Even
without visible antigenic stimulation, the pres-
ence of natural circulating antibodies is already
detected in human cord blood [1]. Such anti-
bodies are produced spontaneously without an-
tigenic stimulus and they are called naive (natu-
ral) antibodies [2]. Usually, the class of immu-
noglobulins M (IgM) predominates in the body
among the natural antibodies [3], whereas anti-
bodies of the IgG and IgA classes are found in
smaller quantities [4, 5].

It has been confirmed that a pool of antibod-
ies that arises spontaneously without antigenic
stimulation is already present in the umbilical
cord blood of fetuses and newborns [6], as well
as in blood of normal healthy individuals [3, 7,
8]. The repertoire of natural antibodies is quite
conservative [1, 9—11]. These antibodies are
components of the humoral link of mammalian
immunity. During an infectious involvement
within the body, natural (innate) immunity is
provided, first of all, with polyreactive IgM se-
creted by class B-1 lymphocytes. B-1 cells are
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generated mainly during the fetal and neona-
tal development from progenitor cells located
in the liver and omentum [12]. In adults, the
population of B-1 cells is maintained at a con-
stant level. This population of cells is capable
of self-repair, which makes it possible to main-
tain a constant level of natural antibodies in the
blood serum [13—15]. The main source of nat-
ural antibodies in the body are peritoneal B-1
cells [16]. Also, they are produced by B-1 cells
located in the bone marrow [17] and spleen
[18—21]. Bone marrow B cell progenitors pro-
duce B-2 and B-1 lymphocytes in the fetus and
in adults [15, 22, 23].

There is much evidence that natural antibod-
ies play a critical role in protecting the host from
bacterial and viral infections through activating
them at the earliest stages of interaction with the
pathogen, similar to membrane-bound patho-
gens (PRRs) [24—26].

IgMs are the first to react against foreign inva-
sion, including viral pathogens that cause global
pandemics. This is the only class of antibodies to
be present in all vertebrate species [27]. In the
human body, the total pool of IgMs is available at
a high enough concentration in the blood serum
(~1.47 mg/mL) [28].

Natural IgMs are low-affinity and polyreac-
tive compared to other classes of antibodies.
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The properties mentioned above are determined
by their unique structure. Secretory IgM is pre-
dominantly a pentamer and contains an ad-
ditional J-chain. Even at low affinities, natural
IgMs play a critical role in the primary protec-
tion of the host from dangerous foreign agents
[29]. It should be noted that the high avidity
may allow them to adapt more effectively and
recognize viral particles, despite the high fre-
quency of mutations in the latter. Therefore, se-
rum IgMs may be effective in the prevention of
generalized infections [30].

Natural IgMs use the following three mecha-
nisms to protect the body from viral infections:
(i) neutralization of them by direct binding to vi-
ral proteins or viral receptors that are expressed
on potential viral target cells, with or without
complement; (ii) capture of virions by aggrega-
tion; (iii) transport of viral antigens in the form
of immune complexes (ICs) to lymphoid tissues,
thereby contributing to the emergence of an
adaptive immune response to the activation of
the complement system or interaction with the
Fc receptor [29].

Growth factor receptor (GFR) signaling is
crucial for intiation of infection caused by cer-
tain types of viruses [31]. Activation of GFR
leads to the modulation of a wide range of cel-
lular processes, such as proliferation, adhesion,
or differentiation [32]. Various viruses, such as
Epstein-Barr virus, influenza, or hepatitis C,
have been shown to use epidermal GFR (EGFR)
as a cell entry receptor [33, 34]. In addition,
EGFR activation may inhibit interferon signal-
ing and thus the antiviral response occurring in
respiratory viral diseases such as influenza A or
rhinovirus infection [35]. There is evidence that
activation of GFR signaling may also play a sig-
nificant role in infection with respiratory viruses
such as SARS-CoV-2 [36].

In recent years, the studies of many viruses
have shown that the effect of host cell signal-
ing can be an influential aspect for virus repli-
cation and have grounds for obtaining effective
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therapeutic tools for viral diseases [31, 37]. The
mechanism of regulation of GFR signaling in
SARS-CoV-2 infection is currently the subject of
speculation. It should be noted that inhibition of
GEFR signaling may be a useful approach in the
treatment of SARS-CoV-induced fibrosis [38]
and also serves as a potential tool for the treat-
ment of COVID-19.

One of the conditions for tissue tropism of
coronaviruses is the type and distribution of rel-
evant receptors on the cell surface [39]. The abil-
ity of coronaviruses to transfer successfully from
one species to another can also be explained by
the use of various penetration strategies to infect
the target cell [31].

It should be emphasized that coronaviral in-
fections of swine and other respiratory coronavi-
ruses are used as a model for the study of severe
acute respiratory syndrome (SARS), which is
characterized by symptoms like the pneumonia
caused with the coronavirus SARS-CoV [40].
An example that serves as a model in this case is
the transmissible gastroenteritis virus (TGEV),
which belongs to the coronavirus family and
causes a highly contagious disease in piglets. The
TGEV as a tropism both for the gastrointestinal
tract and the respiratory tract’s epithelial cells.
It is similar by structure but very distinct in the
type of target cell from the porcine respiratory
coronavirus (PRCV), which affects the respira-
tory system. The latter has been shown to arise
from TGEV by deletion of part of the viral pro-
tein S, resulting in a change in the tropism of the
virus from the gastrointestinal tract to the respi-
ratory tract [41].

The LLC-PKI1 cell line (renal epithelial cell
line, LLC-PK) is used to model swine intestinal
coronavirus infections. It is known to be quite
susceptible to porcine enteroviruses, rotaviruses,
and coronaviruses. Epidermal GFRs are local-
ized along the nephron [42] and play a key role
in normal physiology and renal pathology. The
proximal region of the renal tubules contains the
highest concentration of EGFR in the structure
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of the organelles [43]. Therefore, the combina-
tion of two important aspects of susceptibility
to TGEV infection and the high concentration
of EGFR in LLC-PK1 cells, prompted the use of
this cell line in the study of the interaction of hu-
man ImGMs with the viruses from the Corona-
viridae family.

The aim of this study was to investigate the
susceptibility of LLC-PK1 cells to infection in-
duced by porcine intestinal coronavirus such as
TGEV and the effect of naive neonatal IgM that
derives from the umbilical cord blood pool as
well as venous blood pool of adult donors dur-
ing infection of the above cells with TGEV. This
study describes events of signal transduction in
the host cells infected with TGEV coronavirus
and shows the transmission of GFR signals as
a probable pathway required for replication of
this virus. It was found that the addition of to-
tal IgMs changes the degree of effectiveness of
TGEV infection of the LLC-PK1 cell line and
modulates the levels of EGFR phosphorylation
of these cells.

Materials and methods. Cells, viruses, and re-
agents. LLC-PK1 cells used in this study were of
ATCC; Manassas, VA.

TGEYV, an etiologic agent of porcine transmis-
sible gastroenteritis (PTG), highly virulent strain
D, of low passages in cell cultures, was taken
rom the collections of the Gromashevsky Insti-
tute of Epidemiology and Infectious Diseases of
the NAMS of Ukraine.

Virus inoculation and cytopathic effect (CPE).
LLC-PK1 cells were grown in 24-well plates to
the confluence and then inoculated with TGEV
at a multiplicity of infection (MOI) of 0.01. The
optional infection doses used for TGEV were
based on our preliminary experiments. After in-
cubation for 1 h at 37 °C to allow virus attach-
ment, the inocula were discarded and replaced
with DMEM (Sigma). CPE was observed at 6, 12,
18, 24, and 30 h of postinfection (hpi).

Median tissue culture infectious dose (TCID50)
assay and proliferation curve. The LLC-PK1 cells
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were inoculated with TGEV at an MOI of 0.01.
Samples were collected at 6, 12, 18, 24, and 30 hpi,
frozen and thawed three times, and centrifuged
at 4 °C with 12,000 rpm for 10 min, and the su-
pernatants were collected. TCID50 assays were
performed as described previously [14]. Briefly,
cell monolayers grown in 96-well plates were
washed twice with DMEM. Virus-containing
supernatants were serially diluted tenfold, and
appropriate dilutions of virus suspension were
chosen to inoculate LLC-PK1 cells, with eight
replicates at each dilution. After the cells were
cultured at 37 °C with 5% CO, for 3—4 days,
the TCID50 was calculated by the Reed-Muench
method, and the virus proliferation curves were
plotted from three independent experiments.

Sample and sera collection. Information on
gestational term, health of mother and child was
obtained through an interview with the curator
and clinical data from the hospital.

10 maternal-cord serum pairs were collect-
ed from apparently normal mothers and from
the umbilical cord blood of their infants at the
time of delivery at Maternity Hospital 5, Kyiv,
Ukraine. A written consent was obtained from all
donors, and all study procedures were confirmed
by the ethical committee of Research Institute
«MedLife» (Protocol No 2). Umbilical cord blood
was collected immediately after birth. Maternal
blood was obtained by venipuncture on the day
of delivery. Freshly harvested blood was allowed
to clot by incubation for 30 min at 37 °C, then
stored for 12 h at 4 °C, and serum was obtained
after centrifugation at 1,500 g for 30 min at 4 °C.
All sera were stored in a 50% ammonium sulfate
solution at 4 °C and were not heated before use.
The study was conducted after the approval of the
institutional ethical board review and the signed
informed consent of each participant.

IgM purification. To obtain total IgM from
umbilical cord blood pool as well as venous
blood pool of maternal adult donors, each se-
rum was treated with saturated ammonium sul-
fate to 50% salt concentration in the working
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solution at 4 °C. After centrifugation at 2,500 g
for 1 h, the precipitate was solubilized in phos-
phate-buffered saline (PBS) and again treated
with ammonium sulfate at 4 °C overnight (de-
gree of saturation with ammonium sulfate was
35%). After centrifugation at 2,500 g for 1 h at
4 °C, the precipitate was solubilized in PBS. Frac-
tions of cord blood samples were combined to-
gether. The same procedure was carried out with
samples from venous maternal blood. Dialysis
of the above samples was perfomed overnight at
4 °C. The dialysate was filtered through a 0.45
um filter and then passed through a G-agarose
column (ABT, Spain) for maximum depletion
of IgG from the samples. Then total serum IgM
was purified and concentrated using column
chromatography with anti-IgM-resin (Thermo
Scientific, Holland). Then the purified total IgM
preparations were filtered through a 0.2 pum filter
in sterile conditions and stored in a 0.1 M gly-
cine buffer, pH 7.4 in aliquots at 4 °C.

Quantification of sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and
protein concentration in IgM samples. All total
IgM samples purified from maternal-cord serum
pairs and proteins from cell lysates of LLC-PK1
were analyzed by SDS-PAGE in 7—22% gradi-
ent of polyacrylamide gel under reducing condi-
tions, as described by laemmli [44].

Protein concentration (IgM — heavy chain)
was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analysis.
Coomassie brilliant blue R-250 (Bio-Rad, Her-
cules, CA) was used to stain the gel, and the
molecular mass marker (ApplyChem, Germany)
and bovine serum albumin sample with certain
concentrations were used for standartization.
Quantification of total IgM purified samples was
conducted by using the Image Studio lite Soft-
ware 5.2 (LI-COR Biosciences, US). The heavy
chain of IgM samples was used for determina-
tion of protein concentration in the samples.

Determination of the cytotoxic concentration
of samples (CC50). LLC-PK1 cell cultures were
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used to determine the CC50 of the samples. Dur-
ing the experiments, at least ten rows of wells of
the immunological plates with the cell culture
were used for each dilution of the sample in the
culture medium (RPMI 1640, Sigma). The plates
with the cellculture were incubated at 37 °C with
5% CO, atmosphere supply for 5 days. Observa-
tions were made daily on test and control sam-
ples of cultures in order to establish the presence
or absence of cytopathogenic activity (CPA).

The degree of cytopathic effect (CPE) was de-
termined by changes in the morphology of cells
(rounding, wrinkling of cells, rejection of the
well surfaces, and degeneracy of changed cells).

We used the 4+ descriptive system ranked
from + to ++++.

Thus, «—» means the absence of cell degen-
eration; «+» — no more than 25% of the cell
monolayer is affected (i.e., protection of cells of
the monolayer from the antiviral drug is 75%);
«++» — no more than 50% of the cell monolayer
is affected; «+++» — no more than 75% of the
cell monolayer is affected; «++++» — complete
degeneration of the cell monolayer.

According to the CC50 of the sample, the
largest amount that did not cause cell degenera-
tion was taken.

Determination of effective concentration
(EC50). EC50 is the minimum concentration
of the sample that inhibits the development
of a specific CPE virus by 50%. To determine
the EC50, the test viruses at a dose of 100
TCD50/0.1 mL were added to the cell culture
and incubated for 60 min at 37 °C. After ad-
sorption of the virus on the cells, the residues
were removed, the cells were washed with a nu-
trient medium, after which samples in different
concentrations were added to the supporting
cell growth medium (RPMI-1640 + 2% fetal
bovine serum (FBS), Sigma). The absence of
CPE in the treated cultures, its presence in the
control, as well as the decrease in the infectious
titer in the treated cultures, and the difference
in the infectious titers in the experiment com-
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pared to the control virus allowed us to estab-
lish the EC50 of the sample.

To study the antiviral activity of the samples,
daily cultures of LLC-PK1 cells were selected.
The culture growth medium was drained, and
the investigated drugs at different concentra-
tions were added to the monolayer of cells. After
1 hof contact, the virus was introduced at a dose
of 100 TCD50. The cultures were incubated in a
thermostat with CO, supply for 2 daysand moni-
tored daily with a microscope. There was noted
the reproduction of the virus by the cytopatho-
genic effect of TGEV on LLC-PK1 cells unlike
the control cultures where the monolayer was
not exposed to any influences.

Criterion for assessing the antiviral activity
of substances in in vitro systems. Transplanted
LLC-PK1 cell culture was used to study the anti-
coronavirus activity of the samples. Cells were
grown in plates on RPMI-1640 medium + 10%
FBS (Sigma) at a 37 °C in a thermostat with CO,
supply.

Cytotoxic concentration CC50, that is, the
concentration of substances that contribute to a
decrease in the viability of cell culture by 50%,
was determined during the analysis of the cy-
totoxic effect of the studied substances in ac-
cordance with the regulatory recommendations
for studies of antiviral samples in vitro. To de-
termine the antiviral activity of the tested sub-
stances, the effective concentration (EC50) was
determined, that is, the concentration of the
tested substance at which the level of virus rep-
lication in the infected cell culture is suppressed
by 50%. After determining the indicators of cy-
totoxic and antiviral action, the selectivity index
(SI) was calculated as the ratio of CC50 to EC50.
The substances that had SI > 16 in the in vitro
system were considered more active and promis-
ing for further research on animals.

Determination of EGFR phosphorylation in
LLC-PK1 cell culture using the Western blot
analysis. LLC-PK1 cells were cultured in RPMI-
1640 medium containing 10% FBS, 1% penicil-
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lin/streptomycin at 37°C in 5% CO,. Cells were
seeded in 24-well plates at a density of 1.5x105
cells/1 mL of RPMI-1640 medium per well and
grown to 70—80% monolayer. Cells were then
washed three times with RPMI-1640 medium
and incubated overnight in the absence of FBS.
The cells depleted in this way were exposed over-
night to the samples under study. Cells were in-
cubated with EGF from murine submaxillary
gland (E4127, Sigma), TGEV and IgM virions
separately or, in the case of TGEV and IgM, in a
mixture for 60 min at 37 °C. Then the cells were
washed twice with RPMI-1640 medium and
lysed in RIPA buffer containing 1 mM EDTA.
Aliquots of 25 pg of protein were separated in
7—22% SDS-PAGE and transferred to a nitro-
cellulose membrane.

The EGF receptor was detected in the Western
blot using primary monoclonal Anti-Epidermal
Growth Factor Receptor’s antibody produced in
mice (E2760, Sigma), and the level of autophos-
phorylation was identified using Anti-Phospho-
tyrosine Antibody, clone 4G10 (05-321, Sigma).
Equal amounts of LLC-PK1 cell lysates samples
were subjected to 7—22% SDS-PAGE. Next, the
proteins were transferred to 0.45 pm nitrocel-
lulose membranes (Amersham Biosciences, GE
Healthcare, Germany) using a trans-blot cell
(Bio-Rad, US). Then tne membranes were incu-
bated with anti-phosphotyrosine antibodies and
visualized using ECL reagent (Sigma, England).

In our previous studies, the optimal quantita-
tive indicators of the studied agents for the phos-
phokinase activity of the epidermal growth re-
ceptor have been determined (data not shown).

Comparison and quantification of protein phos-
phorylation signals. Comparison and quantifi-
cation of Protein phosphorylation signals from
LLC-PK1 cell lysates were conducted using the
Image Studio lite Software 5.2 (LI-COR Biosci-
ences, US).

Statistical methods of analysis. Statistical analy-
sis of the data obtained was carried out using the
current statistical methods, Excel 2000 computer
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Fig. 1. Comparative characteristics of the culture of LLC-PK1 cells in a normal state
(a) and when affected by the TGEV (b) (10 x 40 res)
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Fig. 2. Determination of anti-coronavirus activity of immunoglobulin preparations (EC50) in LLC-PK1 cell cul-
ture: a — total IgM obtained from serums of venous blood of parturients; b — total IgM obtained from umbilical
cord blood sera of newborns; ¢ — total IgG obtained from donor blood sera (commercial preparation)
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Fig. 3. The infectious titer of the TGEV in the wells with the LLC-PK1 cell line treated with various dilutions
of the drugs and the TGEV 100 ID50: a — total IgM obtained from sera of donor venous blood of parturients;
b — composite preparation of total IgG of donor venous blood/total IgM of donor venous blood of parturients;
¢ — composite preparation of total IgG of donor venous blood/ total IgM of umbilical cord blood of newborns;
KB — control of the infectious titer of a cell culture affected by the TGEV virus without addition of immuno-

globulin preparations

program, and OriginPro 2018 software. One-
way repeated analysis ANOVA was performed
to evaluate the effects of EGE, TGEV, and human
IgM obtained from the adult venous blood and
from newborns umbilical cord IgM on the de-
gree of EGFR phosphorylation in LLC-PK1 cell
culture. The Bonferroni adjustment was applied
to reduce the instance of a false positive.
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Results. The cytopathogenic effect of the
TGEV on cells is morphologically manifested in
the formation of small cell degeneration (Fig.1).

After 3 days, the culture medium was collect-
ed from the tablet wells, and the infectious titer
was determined.

The effect of the studied samples on the re-
production of TGEV was well-determined when
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following the drug administration scheme used:
simultaneous introduction of the TGEV and the
studied samples, i.e. during the adsorption of
TGEV onto cells.

All studied samples were non-toxic when
tested on LLC-PK1 cell culture. The pigs TGEV
strain was used with an infectious titer of 5.0—
8.5 Lg ID50.

Total IgM samples obtained from both adult
donors and umbilical cord blood serum dem-
onstrated antiviral activity of the studied prepa-
rations, which was determined when a separate
preparation was added to the TGEV-infected cell
culture of the LLC-PK1 line. The determination of
the antiviral activity EC50 of the total IgM sam-
ples in LLC-PK1 cell culture is presented in Fig. 2.

In order to create a composition of the total
human IgG/IgM preparation, where M immu-
noglobulins would act as a total preparation
obtained from the umbilical cord blood of new-
borns, or a total IgM preparation obtained from
the venous blood of mothers in labor, the anti-
coronavirus activity of such composite samples
was investigated in the culture of LLC-PK1 cells
infected with the TGEV.

The composite preparation of IgG from adult
donors/IgM from umbilical cord blood showed

higher anti-coronavirus activity when used
in LLC-PK1 cell culture than when the compos-
ite preparation from immunoglobulins IgG from
adult donors/IgM from the venous blood of par-
turients was used in such a system (Fig. 3).

The criterion for evaluating the inhibi-
tory activity of antiviral drugs in in vitro sys-
tems is the selectivity index (SI) of the samples
and a decrease in the infectious titer by 1.5—
2.0 LgTCD50. Therefore, the table below pres-
ents the summarized results of studies on the
determination of EC50 when administering the
studied immunoglobulin preparations.

The data of EC50 indicators when determin-
ing the antiviral activity of samples in the LLC-
PK1 cell culture on the coronavirus model of
transmissible gastroenteritis of pigs are shown
in Table 1.

As a result of an experiment on the study of
the antiviral effect of the samples on the experi-
mental model of the transmissible gastroen-
teritis of pig’s coronavirus in the LLC-PK1 cell
culture, it was revealed that the studied samples
effectively inhibit the reproduction of the por-
cine coronavirus by 2.0—4.0 Lg TCD50, SI —
250.146. The most significant antiviral effect in
the TGEV-affected cell culture of the LLC-PK1

Table 1. EC50 indicators for determining the antiviral activity
of drugs in LLC-PK1 cell culture on the TGE coronavirus model

CC50 EC50 nhibition
Sample meg/mL meg/mL SI of infectious titer,
& & Lg TCD50
Total preparation of IgM from sera of venous blood
of women in labor 800 25 32 3
Total preparation of IgM from sera of umbilical cord blood
of newborns 800 25 32 3
Total commercial preparation of human
immunoglobulin G 6880 27.5 250.18 4
Composite preparation of total IgG of donor venous blood/
total IgM of donor venous blood of women in labor 34404400 | 26.25 146.28 2
Composite preparation of total IgG of donor venous blood/
total IgM of umbilical cord blood of newborns 3440+400 | 26.25 146.28 4
ISSN 1028-0987. Microbiological Journal. 2023. (2) 67
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Fig. 4. EGFR autophosphorylation of LLC-PK1 cells un-
der the action of 50 ng/mL epidermal growth factor (a)
and TGEV virions (TCID50) (b): 1 — control without
adding agents; 2 — induction time 30 min, 3 — 60 min,
4 — 120 min
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Fig. 5. Autophosphorylation of the EGF receptor in
the LLC-PK1 cell line, detected by the Western blot
analysis using anti-phosphotyrosine and anti-EGFR
antibodies with the addition of the studied infection
agents in various combinations. (Cells were incubated
in serum-free medium RPMI-1640 for 60 minat 37 °C):
1 — control, not added with agents or virus; 2 — EGF
(50 ng/mL) — positive control; 3 — TGEV (TCID50);
4 — IgM of the mother in labor (0.8 mg/mL); 5 — um-
bilical cord IgM (0.8 mg/mL); 6 — IgM of the mother in
labor (0.8 mg/mL) + TGEV (TCID50); 7 — umbilical
cord IgM (0.8 mg/mL) + TGEV (TCID50)

line was shown by a composite preparation of
a mixture of IgMs obtained from the umbilical
cord blood of newborns and a total preparation
of immunoglobulins G of adults, which inhibits
the reproduction of TGEV by 4.0 Lg TCD50.
The LLC-PK1 culture of epithelial cells of
pig kidney tubules, which we decided to use to
study the changes that may occur at the level of
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EGFR phosphorylation when affected by the
TGEYV, is a convenient tool for conducting the
experiment due to the high content of the re-
ceptor on the membrane surface of these cells.
Therefore, such a model makes it possible to
detect changes in EGFR phosphorylation using
the Western blot analysis.

During the control test of receptor activa-
tion, it was found that changes in the increase in
receptor phosphorylation occurred both when
the specific ligand of the EGF from the subman-
dibular glands of the mouse and TGEV virions
were added (Fig. 4). The similarity of the results
for the phosphorylation of the EGF receptor
during the induction of EGFR phosphokinase
by the studied agents at the same intervals of
time is observed.

One of the tasks of the research was to find
out the effect of total preparations of immuno-
globulin M on the internalization of the TGEV
in the LLC-PK1 cell line. It was important to
find out whether there are changes in the phos-
phorylation of EGFR when adding total IgM
preparation in the absence of TGEV into the
cell mixture, taking into account that the addi-
tion of the virus alone to the system led to al-
most the same increase in EGFR phosphoryla-
tion as when adding EGF directly to the system
(Fig. 5). The identity of the concentrations of
the applied samples was proven by the visual-
ization of the same P-actin signals during the
Western blot analysis.

It should be noted that combined preparations
of human immunoglobulin M did not lead to an
increase in EGFR phosphorylation, and there-
fore, probably, to the activation of the above-
mentioned receptor.

Data obtained from the statistical processing
of phosphotyrosine signals using the Western
blot analysis showed that upon adding a total
preparation of immunoglobulins M from the
umbilical cord blood of newborns, the signal
decreased by almost 60% compared to the sig-
nal when the same number of cells were infected
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with TGEV in the absence of the IgM system. At
the same time, the reduction of the EGFR phos-
phorylation signal and the probable internaliza-
tion of the virus into cells were more effective
when adding the IgM preparation obtained from
the umbilical cord blood of newborns compared
to the IgM preparation from the venous blood of
mothers in labor (Fig. 6).

There was a statistically significant difference
in the averages between cultures treated with
EGF (50 ng/mL) and TGEV (TCID50), IgM of
mother in labor (0.8 mg/mL); umbilical cord
IgM (0.8 mg/mL); maternal IgM (0.8 mg/mL)
+ TGEV (TCID50), and umbilical cord IgM
(0.8 mg/mL) + TGEV (TCID50) (p < 0.001).
Treatment of the LLC-PK1 cell line with ma-
ternal IgM (0.8 mg/mL) and maternal IgM
(0.8 mg/mL) + TGEV (TCID50) resulted in sta-
tistically significant difference in EGFR phos-
phorylation as well (p < 0.05). However, the
difference between treatment with umbilical
cord IgM (0.8 mg/mL) and umbilical cord IgM
(0.8 mg/mL) was found to be statistically insig-
nificant.

Discussion. This study provides new insights
into the molecular mechanisms elicited by
TGEV infection in the LLC-PKI1 cells line and
definition of the potentional role of the human
IgM in prevention of such infection processes.

It has been found that the addition of individ-
ual preparations of human immunoglobulin M
to the culture of TGEV-infected cells of the LLC-
PK1 line increases the survival of the line and
can potentially suppress the possibility of virus
penetration into the cell. The total preparations
of IgM obtained from human venous blood of
adults and from umbilical cord blood of new-
borns can affect the internalization of TGEV in
the LLC-PK1 cell line.

It is known that composite preparations of
highly purified human immunoglobulins are
used for therapy and prevention of certain diseas-
es in the world. The above-mentioned commer-
cial samples are, for the most part, enriched with
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Fig. 6. Statistical treatment of EGFR phosphorylation
signals in LLC-PK1 cells after pre-incubation with
the following compounds: Control (without adding
compounds or virus to the cell line; EGF (50 ng/mL);
TGEV (TCID50); IgM of the mother in labor
(0.8 mg/ mL); umbilical cord IgM (0.8 mg/mL); ma-
ternal IgM (0.8 mg/mL) + TGEV (TCID50); umbilical
cord IgM (0.8 mg/mL) + TGEV (TCID50). Results of
three replicates are presented. Data are expressed as the
average * outliers. *p < 0.05, ***p < 0.001, ns — no sta-
tistically significant difference

total immunoglobulins G. There is also a small
number of variants on the commercial market
consisting of a mixture of human immunoglobu-
lins of different classes (IgG, IgM, and IgA).

In the course of the work, we decided to create
a composition of the total human IgG/IgM prep-
aration, where IgMs would act as a total prepara-
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tion obtained from the umbilical cord blood of
newborns, or a total IgM preparation obtained
from the venous blood of mothers in labor. Anti-
coronavirus activity of such composite samples
was investigated in the culture of LLC-PK1 cells
infected with TGEV.

Addition of total preparations of IgM to
the LLC-PK1 cell line affected with TGEV led
to an increase in the cell survival in this culture,
and therefore, it is possible to assume that such
preparations could have an antiviral effect and
be used in the future as therapeutic agents. It
was therefore decided to find out the probable
mechanism of prevention of cell culture virus
damage when using such drugs. When conduct-
ing experiments for the direct neutralization of
TGEV with total preparations of IgM, no posi-
tive result was found (data not specified). There-
fore, we proposed an alternative mechanism for
preventing the TGEV entry into the culture of
the LLC-PK1 line cells when total preparations
of IgM are added to the culture medium. There
are data that one of the mechanisms for the virus
penetration into the host cell is the interaction
of certain (specific) viral proteins with the mem-
brane receptors of eukaryotes.

Also, it has been established that the studied
samples statistically reliably inhibit the repro-
duction of the TGEcoronavirus in the LLC-PK1
cell culture line.

According to the researchers’ preliminary find-
ings, the signaling pathways regulating the inter-
nalization of the receptor-virus complex into the
cell may be diverse, but have common and similar
functional and mechanical features between dif-
ferent families of viruses. There is evidence that
the epidermal growth factor receptor (EGFR), a
member of the ERBB family, is involved in the
functioning of the life cycle of several viruses [45,
46]. Its involvement in the internalization of vi-
ruses into the cell and their transport into the en-
dosomal space were confirmed for the hepatitis B
virus (HBV) [46, 47] as well as for gastroenteritis
viruses [48, 49].
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Others have reported that the EGFR may play
a role in the internalization of coronaviruses
through interaction with protein S. Transmis-
sible gastroenteritis virus (TGEV) is an alpha-
coronavirus that infects intestinal epithelial cells,
causing severe, potentially fatal diarrhea in pig-
lets. Its internalization into cells is achieved due
to clathrin- and caveolin-mediated endocytosis.
Then it binds to EGFR, promoting sequential
clathrin-mediated endocytosis [50]. After the S
spike protein of TGEV binds to the EGFR the
phosphoinositide-3 kinase (PI3K) pathway is
activated. EGFR is a MAPK pathway that cor-
relates with F-actin reorganization, which is im-
portant evidence for the involvement of EGFR in
endocytosis of coronavirus [51].

An interesting fact is that various respiratory
viruses induce EGFR activation, which can lead
to suppression of interferon-1, a regulatory in-
hibitory factor that regulates interiron A activa-
tion, which, in turn, contributes to a decrease
in antiviral protection in the epithelium of the
respiratory tract [35, 48].

Thus, EGFR can be not only a portal for vi-
rus entry, but also participate in suppressing the
host’s immune response.

An obvious decrease in the phosphorylation
signal (EGFR activation) when human IgM total
preparations are added to the mixture of cells af-
fected by the TGEV can be a direct evidence of
its effect on preventing the interaction with the
EGEFR cell receptor and internalization in the
cells of the LLC-PK1 line. The explanation of the
more effective action in reduction of the EGFR
phosphorylation signal by the total IgM sample,
obtained from umbilical cord blood, can be the
assumption that the avidity of a certain pool of
immunoglobulin M depends on the heterogene-
ity of antibodies in the serum specific to a certain
antigenic determinant.

The results of the conducted studies give
grounds for drawing the following conclu-
sions: total IgM preparations obtained from
both the umbilical cord blood of newborns and
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the venous blood of mothers in labor can affect
the internalization of the TGEV in the LLC-
PK1 cell line. Further research of umbilical cord
IgM is a promising direction for the develop-
ment of effective and universal antiviral agents.
Neonatal IgM has a number of advantages com-
pared to other antibodies: leveling of the signif-
icant mutational capacity of viruses due to the
impossibility of adapting to the many variable

creased aggregating capabilities, and the ability
to bind viruses even inside the cell. To perform
the work, an original model of virus-cell inter-
action was tested and applied, which makes it
possible to accurately assess the effectiveness of
inhibitors of virus internalization. One of the
important advantages of this model is its safety.
In addition, a similar concept can be effectively
applied to other viruses that use EGFR to enter

the cell.

regions of the Fab of heterogeneous IgM, in-
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CYMAPHI ITPEITAPATV IMYHOIJIOBYJITHIB M
HOBOHAPOIPKEHUX TA TOPOC/IMX IHI'TBYIOTb IHTEPHAJII3AIIIIO
BIPYCY TPAHCMICVBHOI'O TACTPOEHTEPUTY B KJIITVIHAX LLC-PK1

ImyHoro6yminu M (IgM) — 11e eBOMIOLIMHO HAlABHININIT K/IaC aHTUTIT y BUIIMX eyKapioTis. ITyr nyx aHTHTI
3’SIBJLIETHCS Y JIOAVHY OFHMM i3 MepIIuX i MOYMHAE CMHTe3yBaTUCs HA PAHHIX CTa/jisIX HEOHATATbHOIO HEPiOfy
PpO3BUTKY 110Ay. binbiry yactuny penepryapy IgM HOBOHapO/PKEHUX CK/IAlAlOTh TaK 3BaHi «IIPUPOJHI» UM «HAIB-
Hi» aHTUTI/A, [0 CUHTEe3YI0ThCs OPraHisMoM 6e3 30BHIIIIHBOI aHTUTeHHOI CTUMY/IALIL. OKpiM KIacuIHMX QYHKIiN
iMyHOITIOOY/IiHIB JTIOMMHM, @ CaMe PO3Mi3HaBaHHS aHTUTeHA Ta iHiliaIlis BpO/pKeHNX iIMYHHUX BifmoBineli, aHTHU-
Ti/Ta JaHOTO K/Iacy BUABNAIOTH PisHOMaHITHI HeKaHOHI4Hi QyHKIil. TakuMu € i aHTUTIN sAK aroHicTiB/aHTaroHic-
TiB Pi3HUX peIeNTOPiB, PO3IIENIeHHs aHTUTeHa 32 PAaXYHOK KaTaliTM4YHOI aKTUBHOCTI IgM, npAMa iHakTuBania
[IaTOTE€HIB 3a BiICYTHOCTI eeKTOPHMX KITHH i MOJIEKy! Too. MeToro po6oTu Oyno JOCIiAUTY Ta HOPiBHATU
MPOTUBIPYCHY aKTUBHICTh CyMapHMX IpenapaTiB IgM HOBOHapOIPKEHUX Ta OPOCINX, OTPUMAHMX 3 CMPOBAaTOK
IYIOBVHHOI Ta BEHO3HOI KpoBi, Ha Moperni aitnHHOI miHil LLC-PK1 indikoBaHOi BipycoM TpaHCMiCMBHOrO ra-
crpoentepury (TGEV). Y xopi gocnifxens 6y1o BupillleHo 1Ije HOCTIANTY BIVIMB CyMapHuX npemnaparis IgM Ha
3MiHY Ilepefadi CUTHAIy B PeLieNTOPi emifiepMaabHOro GakTopa poCTy SIK OFHOTO 3 MeXaHisMiB iHTepHasisawii
TGEV npu indikysanHi kaitun-mimeseit. Meropu. Bricokoounireni mpenaparyu cymapHux IgM gopocnux 4u Ho-
BOHAPOJ/PKEHUX 6y/I0 OTPMMAHO 3a JOIMOMOTOK MeTOMIiB IOCIiOBHOTO COMbOBOro (ppakilioHyBaHH:A Ta adiHHOI
xpomarorpadil. [na nocmimxenHa BIumBy IgM mropyuy Ha iHTepHatizalilo Bipycy Ta B3aEMOJIiI0 OCTAaHHBOTO 3 pe-
LIENITOPHOIO CUCTEMOIO KITUHY-Xa3sAHa B JaHill po6oTi 6y10 BUKopucTaHo Mopenb B3aeMopii TGEV 3 xiitnnamu
ninii LLC-PK1 ta gocnimxenns aMminn ¢pochopuIoBaHHA pelelITopa elifepManbHOro GpakTopa pocTy HaHUX KIli-
TVH 1ipu iHdikyBaHHi Bipycom. CTymiHb IjuTONaTOTeHHOI Aii Bipycy BusHauamM BisyanbHO 3a 3MiHOI0 Mopdororii
kaitus. Cepennio indexuiiiny nosy mia TGEV B kynbrypi xmitua ninii LLC-PK1 pospaxoByBau 3a JOIIOMOTOIO
Mmeropy Pena-Mronxa. AHais sMiH y pochopunoBaHi pelientopa emifepMaabHOro GakTopa poCTy MpOBOAIN 32
moromorom BecrepH-6710T aHanisy. PesynpraTn. BcTaHOBIIEHO, 1110 JOjaBaHHA CyMapHUX Ipenapatis IgM amiHIoe
cryninb edpexruBrocTi TGEV-indexuil minii knitrn LLC-PK1 Ta Mogyiioe piBHi pochopuiroBaHHS JaHUX KITiTHUH.
Bucnosku. IIpenapatu cymapuux IgM, oTpuMaHi fAK i3 BeHO3HOI KPOBi JOpPOCINX MIOfIeN, TaK i 3 TyIIOBMHHOI KPOBi
HOBOHAPOIKEHNX, MOXXYTb BIUIMBaTK Ha iHTepHamisanito TGEV B xnituanin ninii LLC-PK1. [Ina gocmimkeHHA
BIUIMBY HaTMBHUX CyMapHUX IperapariB IgM Ha iHTepHai3alio Bipycy B KITHHY 3aCTOCOBAHO Ta allpOOOBAHO
opurinanpay Mogens Bipyc (TGEV) — knitnana ninis (LLC-PK1). Orpumani gaHi MOXyTb 61t KOPMCHUMH B IO~
JANMbIINX TOCTIPKEHHAX JI/IA KPALOro pO3yMiHHA NPOIECiB PO3BUTKY iIMYHHOI CUCTEMI HOBOHAPOM)KEHNX.

Kniouosi cnosa: imynoznobyninu M, 8ipyc mpancmicueHozo 2acmpoeHmepumy, nynosuHHa Cuposama Kposi, 6eH03-
HA CUPOBAMKA KPOBi 00POCIIUX, PeUenmop enioepmanvHozo Gakmopa pocmy.
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