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The transcription factor NF-kB is a key factor in the activation of immune responses; it is in turn activated
by pattern recognition receptors, such as TLR and NLR receptors. The search for ligands activating innate immunity
receptors is an important scientific problem due to the possibility of their use as adjuvants and immunomodulators.
In this study the effect of recombinant Pseudomonas aeruginosa OprtF proteins and a toxoid (a deletion atoxic form
of exotoxin A) on the activation of TLR4, TLR9, NODI, and NOD2 receptors has been investigated. The study
was carried out using free and co-adsorbed on AI(OH); P. aeruginosa proteins and eukaryotic cells encoding these
receptors and having NF-kB-dependent reporter genes. The enzymes encoded by the reported genes are able to cleave
the substrate with the formation of a colored product, the concentration of which indicates the degree of receptor
activation. It was found that free and adsorbed forms of the toxoid were able to activate the TLR4 surface receptor
for lipopolysaccharide. OprF and the toxoid activated the intracellular NOD1 receptor, but only in the free form.
This may be due to the fact that the cell lines used were not able to phagocytize aluminum hydroxide particles with
protein adsorbed on them.
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INTRODUCTION

The transcription factor NF-kB is one of the key
components of intracellular signaling pathways
responsible for the immune response in the human body;
it is involved in the functioning of certain intracellular
signaling pathways that regulate innate and adaptive
immune responses [1-3]. The sphere of influence
of NF-kB covers genes encoding of cytokines
such as interleukins IL-1, IL-2, I1L-6, 1L-12, TNF-q,
granulocyte-monocyte  colony-stimulating  factor
GM-CSF, chemokines (such as IL-8, CCL3, CCL5, and
CCL11), acute phase proteins, adhesion molecules, and
inducible enzymes (e.g. iNOS, COX-2). In addition,
NF-kB plays a critical role in regulating the survival,
activation, and differentiation of innate immune cells
and T cells involved in inflammation [1-3].

Various stimuli, such as cytokines and ligands
of pattern recognition receptors and receptors
of the TNF, TCR, and BCR superfamilies, cause
NF-xB activation [1].

In this study we have investigated the effect
of recombinant proteins of Pseudomonas
aeruginosa OprF and a toxoid on pattern
recognition receptors: (i) Toll-like receptors TLR4
(receptors for lipopolysaccharides) and TLR9
(ligand is CpG-rich DNA) [2, 3]; (ii) intracellular
NODI1 and NOD?2 receptors. Ligands for NOD1 and
NOD2 are muropeptides, fragments of peptidoglycans
containing structural motifs specific for bacteria,
such as 7y-D-glutamyl-meso-diaminopimelic and
N-acetylmuramic acids [4, 5]. The results of recent
studies have shown that other substances can also serve
as ligands for these receptors [5].

The bacterium P. aeruginosa is one of the most
important causative agents of opportunistic infections
in modern clinical practice. The treatment
of opportunistic infections is a serious problem
due to the prevalence of antibiotic resistance among
clinical isolates of this bacterium [6]. In this regard,
studies of methods of vaccinal prevention of infections
caused by P. aeruginosa are especially important [7].

Abbreviations used: ALR — AIM2-like receptors; AP-1 — activating protein-1; BCR — B-cell receptor;
CLR - C-type lectin-like receptors (CLR); COX-2 — cyclooxygenase-2; EU — endotoxin units according
to the International Standard for Endotoxin; EA — units of enzyme activity; MTT test — colorimetric test for assessing
the metabolic activity of cells (from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide); iNOS — inducible
nitric oxide synthase; NF-kB — nuclear factor kappa-beta; NLR — NOD-like receptor; OprF — outer membrane
protein F of Pseudomonas aeruginosa; RLR — RIG-I-like receptors; SEAP — secreted embryonic alkaline phosphatase;
TCR — T cell receptor; TLR — toll-like receptor; TNF — tumor necrosis factor.
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Recently, in vaccinology, special attention has been
paid to the mechanisms of activation of innate
immunity by the action of vaccines [8]. The mechanisms
of action of adjuvants including the adjuvant
properties of bacterial proteins are currently studied
by researchers [9].

The aim of this study was to investigate
the activation of TLR4, TLR9, NODI1, and NOD2
receptors in eukaryotic cell culture by P aeruginosa
recombinant OprF and a toxoid (separately, together, and
adsorbed on aluminum hydroxide). OprF is a protein
with a mass of 38.9 kDa, and the toxoid is a deletion
form of exotoxin A, which lacks the toxic activity,
but causes the formation of neutralizing antibodies
to exotoxin A, with a mass of 65.8 kDa [10-12].

MATERIALS AND METHODS

Cell Lines

The following cell lines purchased from InvivoGen
(France) were used in the work:

1. Raw Blue cells are mouse macrophage
leukemia cells induced by the Abelson virus. They
contain a reporter gene encoding secretory embryonic
alkaline phosphatase (SEAP) under the control
of the NF-xB- and AP-1-dependent promoter; these
cells express TLR-, NLR- and CLR-receptors;

2. HEK293-hTLR4-CD14/MD2 are human
embryonic kidney cells containing the 3-galactosidase
gene under the control of the NF-kB/AP-1-dependent
promoter and expressing the TLR4 receptor and
CD14 and MD2 molecules, the components
of the CD14/TLR4/MD2 receptor complex that
recognizes lipopolysaccharide;

3. HEK293-TLR9 Blue cells are human
embryonic kidney cells containing the SEAP reporter
gene under the control of an NF-«xB/AP-1-dependent
promoter and expressing the TLR9 receptor;

4. HEK293-NODI1 cells are human embryonic
kidney cells containing the B-galactosidase gene under
the control of the NF-xB/AP-1-dependent promoter and
expressing the NODI receptor;

5. HEK293-NOD?2 are human embryonic kidney
cells containing the SEAP gene under the control
of the NF-kB/AP-1-dependent promoter and expressing
the NOD2 receptor.

The recombinant forms of P. aeruginosa proteins
were obtained in the Laboratory of Protective Antigens
(LL. Mechnikov Research Institute of Vaccines and Sera)
and studied as vaccine candidates [10—12]. The complex
of OprF and toxoid proteins adsorbed on an aluminum
hydroxide gel showed protective properties exceeding
those of individual proteins [13].

Protein concentrations in the studied preparations
were similar to their content in the complex
preparation. The content of aluminum hydroxide
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in the preparations of adsorbed proteins was also
equivalent, 3 times higher than the protein
concentration. The following compositions have
been investigated:

1. OprF (50 pg/ml) + toxoid (100 pg/ml)
in 0.9% NaCl saline solution;

2. Toxoid (100 pg/ml) in 0.9% NaCl saline solution;

3. OprF (50 pg/ml) in 0.9% NaCl saline solution;

4. OprF (50 pg/ml) + toxoid (100 g/ml) +
+ Al(OH); (450 g/ml) in 0.9% NaCl saline solution;

5. Anatoxin (100 pg/ml) + AI(OH); (300 pg/ml)
in 0.9% NaCl saline solution;

6. OprF (50 pg/ml) + AI(OH); (150 ug/ml)
in 0.9% NacCl saline solution.

The corresponding ligands (all from InvivoGen)
were used as a positive control confirming the functional
competence of receptors and reporter genes:

1. Tumor necrosis factor TNF-a (10 ng/ml)
for the control cell line HEK293-null and
HEK293-nulll-k;

2. The Escherichia coli
lipopolysaccharide (1 pg/ml with an activity
of 1x10° endotoxin units (EU) according
to the International Endotoxin Standard/ml) for TLR4;

ODN 2006

serotype 0111:B4

3. A synthetic oligonucleotide
(1 pg/ml) for TLRY;

4. Asynthetic fragment of bacterial peptidoglycan
C12-iE DAP (10 pg/ml) for NODI;

5. L18 MDP (a muramyl dipeptide derivative
1 pg/ml) for NOD2; TDB (Trehalose-6,6-dibehenate)
a synthetic analogue of trehalose-6,6-dimicolate
from Mycobacterium tuberculosis (10 pg/ml)
for Raw Blue cells.

The recombinant forms of the proteins were
obtained in the Laboratory of Protective Antigens
(LL. Mechnikov Research Institute of Vaccines and Sera)
using E. coli producer strains. The proteins were
purified by metal-chelate affinity chromatography
to a concentration of ~95% according to Laemmli
polyacrylamide gel electrophoresis. The content
of endotoxin, determined using the ENDOSAFE®
ENDOCHROME™ LAL test (Charles River
Laboratories, USA), did not exceed 35 EU/ml.

Thus, in all dilutions of the preparations used,
the content of lipopolysaccharide was hundreds and
thousands of times less than in the positive control
(1000 EU/ml); this excludes the possibility of stimulation
due to lipopolysaccharide contaminations.

Measurement of the Expression Level of Secretory
Alkaline Phosphatase in Eukaryotic Cell Cultures

The cell lines were cultured on the DMEMx1
medium (Eagle's medium modified by Dulbecco)
supplemented with 10% heat-inactivated fetal calf
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serum, 4 mM L-glutamine, and the antibiotics
streptomycin and penicillin (to a final concentration
of 50 U/ml penicillin and 50 pg/ml streptomycin) .

Cells (5x10* for Raw Blue and 2.5x10*
for HEK-NOD2 Blue and HEK-TLRY Blue cells
in 100 pl of the culture medium) were seeded
in a 96-well culture plate. Test substances and controls
were added to the cells 24 h after incubation
in a CO, incubator (37°C, 5% CO,). 24 h after
these additions, the level of enzymatic activity
of SEAP encoded by the NF-kB/AP-1-dependent gene
was assessed by using a colorimetric method [14].
The method is based on measuring the rate of cleavage
of a colorless substrate nitrophenyl phosphate
disodium salt) with the formation of yellow
para-nitrophenol. The color intensity of the solution,
and, consequently, the optical density value,
is directly proportional to the level of alkaline
phosphatase enzymatic activity, which, in turn,
is directly proportional to the level of activation
of the transcription factor NF-«B in cells.

A freshly prepared solution of the substrate
(4-nitrophenyl phosphate hexahydrate disodium salt;
2 mg/ml) in SEAP buffer (0.5 M NaHCO;,
0.5 mM MgCl,, pH 9.8) was added (150 pl) to each
well of a new 96-well plate. Next, 50 pl of the medium
was transferred from the cell culture plate
to the assay buffer plate to measure SEAP activity.
Immediately after the transfer of the medium,
the optical density of the solution was measured
in all samples at 405 nm (OD,, T,) using a BioTek
Synergy H1 spectrophotometer (BioTek, USA).
Next, the plate was incubated at 37°C for 10-60 min
and the optical density was measured at a 405 nm
until the positive control reached an optical density
value of 1.8 and higher (OD,, T)).

Alkaline phosphatase activity was calculated
by the formula:

EA = X ,
t1 - t0 Kun

where EA — enzyme activity units, OD, — optical
density at the first measurement, OD, — optical density
at the last measurement, t, — time of the first
measurement, t; — time of the last measurement,
K,; — dilution factor of the medium in the wells
equal to 20, K,, — coefficient for 1 milliunit,
defined as the amount of phosphatase that
hydrolyzes 1 pmol of 4-nitrophosphate per minute,
which corresponds to 0.04 mU per minute.

Measurement of the Expression Level
of B-Galactosidase in Eukaryotic Cell Cultures

Cell lines HEK293-hTLR4-CD14-MD2 and
HEK?293-NOD1 were seeded (2.5x10* cells per well
in 100 pl of culture medium) in a 96-well culture plate.
After the 24 h of incubation (at 37°C and 5% CO,),

test samples and controls were added to the cells and
24 h after the additions, the activity of B-galactosidase
encoded by the NF-xB/AP-1 responsive
was measured. For B-galactosidase assay the culture
medium was taken from the wells of the plate,
and then a buffer with a [(-galactosidase substrate
(1 mM MgCl,; 0.25 M Tris-HCl, pH 7.4; 0.02% NP40;
2 mg/ml o-nitrophenyl-B-D-galactopyranoside) was
added. The level of P-galactosidase activity was
measured on a BioTek Synergy H1 spectrophotometer
at 405 nm by altered degree of the substrate color
intensity in the wells, without calculating enzyme
activity units.

Cells that do not express TLR and NOD receptors
but contain the reporter SEAP gene (HEK293-null1-k)
or the [-galactosidase gene (HEK293-null2) were
used as controls confirming the specificity
of receptor activation.

The MTT Test

The toxic effect of tested substances, which may be
the cause of non-specific activation of NF-«kB and,
as a result, an increase in the expression level
of P-galactosidase or SEAP, was determined using
a quantitative colorimetric analysis determining cell
survival (the MTT test using 3-[4,5-dimethylthiazole-
2-yl]-2,5-diphenyltetrazolium bromide). Cell viability
analysis was carried out according to the standard
procedure for the reduction reaction of pale
yellow MTT to blue-violet formazan. The optical
density was measured on a spectrophotometer using
540 nm and 620 nm filters. The results were calculated
by the formula:

X = (OD54O - OD62O)experimemal

x100,
(OD540 - OD620)intact

where X is the proportion of surviving cells, %.

The significance of differences between
the compared values was determined by nonparametric
basic statistics using the Mann-Whitney U-test.
Differences were considered as statistically
significant at p<0.05.

RESULTS AND DISCUSSION

The results of the study have shown that
at the concentrations studied the tested substances
had no effect on the HEK293-nulll-k and
HEK?293-null2 control cell lines, which do not express
TLR- and NOD-receptors, but contain the SEAP
or P-galactosidase genes, respectively. At the same
time, the reliability of the results is confirmed
by the activation of the nuclear factor NF-xB during
the interaction of the classical ligand, TNF-a, with
its own TNF receptor on the surface of control cell lines
(Tables 1, 2).
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Table 1. Activation of NF-kB/AP-1-dependent SEAP in HEK293-nulll-k cells by P. aeruginosa OprF and the toxoid

Dilutions
Additions 1:10 1:100 1:1000
Enzyme activity (EA)
. 0.76+0.02 0.70+0.01 0.72+0.03
+
Oprf + toxoid p=0.238 =0.402 =0.264
Toxoid 0.73+0.03 0.73+0.03 0.72+0.03
p=0.248 p=0.412 p=0.451
ObrF 0.91+0.28 0.67+0.03 0.73+0.12
P =0.460 £—0.589 »=0.587
OprF + toxoid, adsorbed on AI(OH), 0.70+0.04 0.74+0.08 0.70+0.07
p=0.531 p=0.481 p=0.556
Toxoid, adsorbed on AI(OH); 0.72+0.001 0.68+0.01 0.66+0.01
p=0.360 p=0.539 p=0.565
OprF, adsorbed on AI(OH); 0.67+0.01 0.74+0.11 0.64+0.03
p=0.505 p=0.530 p=0.752
.. 9.11+0.10
Positive control (TNF-a, 10 ng/ml ) 9=0.007
Negative control (without stimulation) 0.60+0.24

Table 2. Activation of NF-«xB/AP-1-dependent [B-galactosidase in HEK293-null2 cells by P. aeruginosa OprF
and the toxoid
Dilutions
Additions 1:10 1:100 1:1000
Enzyme activity (ODg4s)
. 1.84+0.16 1.86+0.04 1.82+0.02
+
Oprf + toxoid =0.643 9=0.439 p=0.919
Toxoid 1.84+0.01 1.86+0.04 1.81+0.03
x p=0.719 p=0.674 p=0.991
1.71+0.10 1.79+0.01 1.81+£0.06
OprF a - B
p=0.229 p=0.804 p=0.920
OptF + toxoid, adsorbed on AI(OH); 1.80+0.10 1.79+£0.01 1.79+£0.01
»=0.200 p=0.734 »=0.831
Toxoid, adsorbed on Al(OH)s 1.70+0.05 1.8240.03 1.7840.02
p=0.482 p=0.911 p=0.648
OprF, adsorbed on Al(OH); 1.78+0.08 1.80£0.02 1.79+0.12
p=0.833 p=0.872 p=0.899
o 10+0.20
Positive control (TNF-a, 10 ng/ml) =0.006
Negative control (without stimulation) 1.81£0.10
The first stage of the work was to study the effect aluminum hydroxide (1.84+0.07 EA; p=0.003),

of the tested substances on NF-kB/AP-1 activation
on Raw Blue mouse macrophage leukemia cells
expressing many pattern recognition receptors and
the SEAP reporter gene under the control of NF-xB and
an AP-1-dependent promoter.

Results of our experiments have shown (Table 3)
that all the tested substances at a concentration of 1:10
promote a pronounced expression of NF-kB/AP-1-
dependent SEAP compared with the control
(0.97£0.03 EA), but do not affect expression
of NF-kB/AP-1 at a concentration of 1:1000. It should
be noted that OprF+toxoid (1.34+0.11 EA; p=0.043),
OprF (1.30+£0.05 EA; p=0.000), OprF+toxoid+
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anatoxintaluminum hydroxide (1.39+0.04 EA; p=0.005),
and OprF+aluminum hydroxide (1.53+0.02 EA;
p=0.001) were also active at a concentration 1:100.
The complex of two proteins OprF+toxoid adsorbed
on aluminum hydroxide exhibited the greatest effect
(a 1.9-fold increase).

In order to confirm the specific activation
of nuclear factors induced by the tested substances,
their toxic effect on Raw Blue cells was studied.
A dilution of 1:10 can be considered as toxic
due to the pronounced toxic effect of all substances
(Table 4), so the activating effect of drugs at this dose
can be considered nonspecific.
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Table 3. Activation of NF-kB/AP-1-dependent SEAP in Raw Blue cells by P. aeruginosa OprF and the toxoid

Dilutions
Additions 1:10 1:100 | 1:1000
Enzyme activity, EA
. 5.6+0.37 1.34+0.11 (1 1.38-fold) 0.85+0.01
OprF + toxoid =0.003 =0.043 =0.007
Toxoid 4.69+0.22 1.06+0.07 0.82+0.04
p=0.002 p=0.270 p=0.001
ObrF 4.84+0.02 1.3£0.05 (1 1.34-fold) 0.89+0.03
P £=0.000 £=0.000 1=0.078
OptF + toxoid, adsorbed on AI(OH); 3.6240.15 1.84+0.07 (1 1.9-fold) 1.15+0.05
p=0.002 p=0.003 p=0.045
Toxoid, adsorbed on AI(OH); 2.56+0.11 1.39+0.04 0.96+0.05
p=0.002 p=0.005 p=0.719
OptF, adsorbed on Al(OH); 1.90+0.03 1.53+0.02 (1 1.58-fold) 0.94+0.19
p=0.000 p=0.001 p=0.822
. 4.13+0.19
Positive control (TDB, 10 pg/ml ) 2=0.002
Negative control (without stimulation) 0.97+0.03

Table 4. Evaluation of the toxic action of P. aeruginosa OprF and the toxoid on survival of Raw Blue cells evaluated

using the MTT test

Dilutions
Additions 1:10 1:100 1:1000
Cell survival, %
. 33.14£0.71 56.8+0.63 109+12.8
OprF + toxoid p=0.005 =0.014 $=0.250
Toxoid 44.4+0.7 92.4+0.07 135+3.46
p=0.008 p=0.926 p=0.013
48.4+2.69 118+6.36 131+1.06
OprF - - N
p=0.011 p=0.050 p=0.012
OptF + toxoid + Al(OH); 45.2+2.33 110+7.35 112+11.38
p=0.009 p=0.123 p=0.171
Toxoid + Al(OH); 44.6+0.78 64+5.30 92+7.14
p=0.008 p=0.036 p=0.899
OprF + Al(OH), 77.6+9.62 103+2.80 125+2.83
p=0.197 p=0.404 p=0.020
Negative control (intact cells) 9346.08

During the next stage, the effect of the tested
substances on cells carrying certain pattern-recognizing
receptors was evaluated (Tables 5-8).

The tested substances promoted a pronounced
activation through TLR4 at a toxic dose of 1:10.
In a 1:100 dilution, the data were only significant
for the toxoid and toxoid with aluminum hydroxide.

In the range of studied -concentrations,
no pronounced activation during interaction with TLR9
was detected, the data were not statistically significant.

Studying the interaction with the NODI receptor,
statistically ~ significant data were obtained
for the OprF proteins, the toxoid, and their
combination at a dilution of 1:100; the increase
in activation was the most pronounced in the case

of the toxoid. The action of OprF+anatoxin and OprF
was also noted at a dilution of 1:1000. Proteins
in the complex with aluminum hydroxide did not cause
NODI activation.

Activation of the NOD2 receptor by the studied drugs
was not detected (data were not statistically significant).

The innate immune system provides the first line
of defense against microbial pathogens; it is mediated
by phagocytes such as macrophages and dendritic cells.
These cells recognize microbial infection, engulf
pathogens, and trigger inflammatory responses.
Activation of these cells by ligand stimulating pattern
recognition receptors is the initial and very important
stage of the immune response, which determines
its further features and direction [3].
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Table 5. Activation of NF-kB/AP-1-dependent

by P. aeruginosa OprF and the toxoid

[-galactosidase

in HEK293-hTLR4-CD14/MD2 cells

Dilutions

Additions 1:10 1:100 1:1000
Enzyme activity (ODys)
. 0.82+0.008 0.53+0.09 0.38+0.05
+

OprF + toxoid =0.000 =0.084 p=0.232
Toxoid 0.76+0.03 0.50+0.05 0.43+0.04
p=0.002 p=0.036 p=0.059
OorF 0.59+0.04 0.46+0.06 0.38+0.09
P £=0.009 »=0.103 p=0.457
OptF + toxoid + Al(OH); 0.85+0.04 0.42+0.04 0.39+0.03
p=0.004 p=0.089 p=0.087
Toxoid + Al(OH), 0.68+0.007 0.47+0.03 0.38+0.01
p=0.000 p=0.019 p=0.038
OprF + Al(OH), 0.48+0.01 0.43+0.08 0.41+0.07
p=0.005 p=0.212 p=0.219

.. L. . 0.83+0.004

Positive control (E. coli lipopolysaccharide, 1,0 pg/ml) 2=0.002

Negative control (without stimulation) 0.33+0.001

Table 6. Activation of NF-kB/AP-1-dependent SEAP in HEK-TLRO Blue cells by P. aeruginosa OprF and the toxoid

Dilutions
Additions 1:10 1:100 1:1000
Enzyme activity, EA
. 0.99+0.01 0.83+0.01 0.72+0.16
OprF + toxoid p=0.074 9=0.497 p=0.759
Toxoid 0.78+0.003 0.81+0.04 0.87+0.02
p=1.000 p=0.718 p=0.291
OprF 0.96+0.02 0.80+0.02 0.76+0.005
P p=0.104 0782 p=0.771
OptF + toxoid + Al(OH); 0.77+0.008 0.79+0.008 0.87+0.009
p=0.883 p=0.884 p=0.276
Toxoid + Al(OH); 0.99+0.008 0.85+0.08 0.80+0.07
p=0.074 p=0.556 p=0.848
OptF + Al(OH); 0.81+0.05 0.83+0.06 0.93+0.07
p=0.738 p=0.597 p=0.245
.. 2.05+0.32
Positive control (ODN 2006, 1,0 pg/ml) 0,050
Negative control (without stimulation) 0.78+0.06
Cells of the innate immune system, such signaling pathways. These include activation

as macrophages, dendritic cells, and neutrophils,
express pattern recognition receptors (PRRs).
These receptors detect conserved microbial
components, known as pathogen-associated molecular
structures (PAMPs), as well as damage-associated
molecular structures (DAMPs). DAMPs are molecules
secreted by necrotic cells and damaged tissues.
Mammalian cells express various PRRs, which are
currently divided into five families based on structural
homology: TLR, RLR, NLR, CLR, and ALR [15].
Different families of PRRs have different structural
properties and respond to different ligands,
but share common high similarity in downstream

170

of the canonical NF-xB pathway, which is responsible
for the transcriptional induction of pro-inflammatory
cytokines, chemokines, and additional inflammatory
mediators in various types of innate immune
cells [4, 16-18].

One of the most important sets of pattern
recognition receptors is the family of Toll-like
receptors. In humans it consists of 11 proteins,
which initiate intracellular signaling cascades during
cell exposure to certain substances characteristic
of pathogenic microorganisms. The other important
family of pattern recognition receptors is the family
of NOD-like receptors. In humans it consists
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Table 7. Activation of NF-xkB/AP-1-dependent (-galactosidase in HEK293-NODI1 cells by P. aeruginosa OprF

and the toxoid

Dilutions
Additions 1:10 1:100 1:1000
Enzyme sctivity (ODygs)
. 0.67+0.08 0.72+0.01 0.77+0.07
+
Oprf + toxoid =0.305 £=0.007 =0.097
Toxoid 0.86+0.13 0.82+0.09 0.58+0.07
p=0.148 p=0.002 p=0.243
OoF 0.74+0.04 0.72+0.001 0.73£0.008
P $=0.048 $=0.004 £=0.005
OprF + toxoid + AI(OH)3 0.72+0.06 0.72+0.16 0.52+0.13
p=0.119 p=0.423 p=0.788
Toxoid + AI(OH)5 0.79+0.17 0.71£0.16 0.6+0.002
p=0.309 p=0.448 p=0.059
OprF + AI(OH)5 0.61+0.02 0.58+0.30 0.55+0.10
p=0.039 p=0.591 p=0.899
. 0.98+0.10
Positive control (C112 DAP, 10.0 pg/ml) p=0.001
Negative control (without stimulation) 0.56+0.01

Table 8. Activation of NF-kB/AP-1-dependent SEAP in HEK293-NOD?2 cells by P. aeruginosa OprF and the toxoid

Dilutions
Additions 1:10 1:100 1:1000
Enzyme activity, EA
. 0.65+0.05 0.66+0.08 0.66+0.08
+
OprF + toxoid =0.685 P=0.843 P=0.843
Toxoid 0.71+0.02 0.81+0.002 0.68+0.002
p=0.571 p=0.083 p=1.000
OorF 0.79+0.006 0.67+0.01 0.66+0.008
P p=0.112 p=0.831 p=0.672
. 0.95+0.02 0.83+0.09 0.78+0.02
OprF + toxoid + AI(OH
pr + toxoid + Al(OH); =0.026 =0.267 p=0.155
Toxoid + Al(OH); 0.79+0.07 0.71+0.09 0.74+0.12
p=0.305 p=0.789 p=0.682
OprF + AI(OH); 0.71£0.07 0.72+0.09 0.68+0.02
p=0.774 p=0.724 p=1.000
. 1.84+0.15
Positive control (L18 MDP, 1.0 pg/ml) p=0.017
Negative control (without stimulation) 0.68+0.04

of 23 proteins which are located in cytoplasm and
recognize certain structural motifs of pathogens;
NOD-like receptors play a role in the activation
of immune cells [5, 17-20]. Different families of pattern
recognition receptors act synergistically, functionally
complementing each other [3].

The study of the processes of cell activation
by means of pattern-recognizing receptors and
the search for ligands stimulating them is an urgent
scientific problem. Certain evidence exists that
one receptor can be stimulated by various ligands
differing in structure and origin: for example,
in the case of TLR4 they can interact not only with

lipopolysaccharides, but also with P aeruginosa
proteins including its outer membrane proteins,
ExoS toxin, alginate [2, 18].

In the present work, using a mouse macrophage
leukemia cell line as an example, it has shown that
recombinant P. aeruginosa proteins are able to activate
NF-«B signaling pathways in myeloid cells and
the addition of an aluminum hydroxide adjuvant
enhanced this effect.

Next, we have investigated their influence on some
individual pattern-recognition receptors. At a (toxic)
1:10 dilution, all studied drugs activated TLR4. Since
the toxoid dose was higher than OprF, it was impossible
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to evaluate, which of the proteins had a stronger effect.
At the same time, the effect of adsorption of these
proteins on aluminum hydroxide was not revealed.
At a non-toxic dilution of 1:100, the toxoid had similar
properties, while the adjuvant AI(OH); did not enhance
these properties.

The stimulating effect of toxoid proteins,
OprF and their combination on the intracellular
NODI receptor was also noted; however, no additive
effect was found. In the form adsorbed on aluminum
hydroxide, these proteins did not stimulate NODI.
This may be due to the fact that the adsorption
of proteins reduces their solubility in water, while
HEK293 cells, being non-phagocytic due to their
non-hematopoietic origin [21], do not absorb
AI(OH); particles with adsorbed proteins. Interestingly,
OprF and its combination with the toxoid were able
to activate NODI even at a 1:1000 dilution.

Stimulation of TLR9 and NOD2 receptors was
not detected in the present study. Thus, the data
obtained suggest that P aeruginosa proteins
are capable of activating the membrane receptor TLR4
and the intracellular NOD1 receptor.
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NCCIEAOBAHUE AKTUBAIIMU TPAHCKPUIILIMOHHOI'O ®AKTOPA NF-xB
PEKOMBHUHAHTHBIMU BEJIKAMMW PSEUDOMONAS AERUGINOSA
B KVIIBTYPE DYKAPUOTHYECKHUX KJIIETOK

E.O. Kanunuuenxo'*, H. K. Axmamoea', H./]. Maxapenkosa’, A.C. Epoxoea’, H. A. Muxaiinoea’

'HayuHo-nccne1oBaTeIbcKui MHCTUTYT BaKIWH M chIBOpoTOK UM. M.M1. MeunnkoBa,
105064, Mocksa, Mansiii KazeHHbIi niepeynok, Sa; *am. mouta: eugeniuscallinicus@yandex.ru
*Hay4H0-MCCIen0BaTeNbCKUN HHCTUTYT 3MUAEMHONIOTHH 1 MuKpoOuonoruu um. I'I1. Comosa,

690087, BnaguBocTok, yi. Cenbckas, 1
*HarmoHanbpHbIH HCCIEN0BATENBCKUN IIEHTP AMUAEMHOIOTHH U MUKPOOUOIOTHUH
M. ouétHoro akagemuka H.®@. ['amanen, 123098, Mocksa, yi. 'amanen, 18

Tpanckpunuuonuelif ¢akrop NF-xB — xmroueBoil ¢GakTop axTHBallUM HMMYHHBIX peakLUd, KOTODBIH,
B CBOIO OYe€pe/lb, aKTUBHUPYETCS 4Yepe3 psijl HNaTTepH-PAclO3HAIOMMX peuentopos, Takux kak TLR- u NLR-peuenrtopsl.
Ilouck nHMraHnoB, aKTHBUPYIOIIUX PELENTOPbl BPOXKIEHHOTO HMMMYHHMTETA, SBISETCS AaKTyaJbHOHM HayuyHOH 3ajgadeit
B CBA3H C BO3MOXHOCTBIO HX HCIIOIb30BaHMS B KaueCTBE aJbIOBAHTOB U HMMYHOMOZIYIATOpoB. Mcciemosaiu
BIUSHUE PEKOMOMHAHTHBIX OenkoB Pseudomonas aeruginosa OprF u aHarokcuHa (IENCMOHHOW aTOKCHYECKOMH
dopmbl 3k30TOKCcMHA A) Ha aktuBauuio perentopoB TLR4, TLR9, NOD! u NOD2. [Ins 3TOro HCHosib30Bau
CcBOOOJHBIE M COBMECTHO ajcopOupoBaHHble Ha Al(OH); Oenku M >yKapUOTHUECKHE KIETKU, KOIUPYIOIIUE JaHHBIE
peuentopel u  umetomue NF-kB-3aBucumble penoprepHble reHbl. Komupyemble uMu  (GEepMEHTBl CIOCOOHBI
pacmeATe cyocTpar ¢ 00pa3oBaHUEM OKpAIIEHHOIO IPOLYKTa, KOHLEHTpALMs KOTOPOrO YKa3blBae€T Ha CTEIEHb
aKTHBAI[MM peLeNnTopa. BEIIO BBIABIGHO, YTO AHATOKCHH B CBOOOJHOM M aACOPOMPOBAHHOM BHJIE CIIOCOOEH
aKTUBHPOBAaTh TOBEPXHOCTHBHIM penentop k junononucaxapuny TLR4. OprF u aHaTOkCMH axTHBHpPOBAIH
BHYTpUKJIETOUHBIH penentop NODI, HO TOnbko B CBOOOAHOM BHAE. OTO MOXET OBITH CBS3aHO C TEM,
4YTO HCIOJIb30BAaHHBIE KJIETOYHbIE JMHUU HE OBUIM CIOCOOHBI (haromUTHPOBaTh YaCTUIBI TUAPOKCHIA ATIOMMHUS
C aJICOPOUPOBAHHBIM Ha HUX OEJIKOM.

Tonuwiii mexcm cmamuvu Ha PyccKoM A3biKe docmynel Ha cavime xcypuana (hitp://pbmce.ibmc.msk.ru).
Kirouessble cioBa: Pseudomonas aeruginosa; TLR; NOD; NF-kB; pekoMOHHAHTHBIC OCIIKH

®unancupoBanue. Pabora BBHIONHEHA B paMKax (DMHAHCHPOBAHHS 10 TOC33JaHUI0. DKCIEPHUMEHTAIbHAS 4acTh
paboThl BBIMONHEHa B HanMOHAIBHOM HCCIIEMOBATENBCKOM LCHTPE OSIHASMHOIOTHA W MHKPOOHOIOTUH HMMEHH

noué€tHoro akagemuka H.®. 'amanen (Mockga).
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