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INTRODUCTION

It is known that nearly all cell types of humans and
other mammals contain the pattern-recognition recep-
tor (PRR) system. It was confirmed that this system
determines the specificity of activation of innate
immune cells in response to an invaded pathogen [1, 2].
Numerous studies showed that the well-developed PRR
system present in different subpopulations of T and B
cells (which are conventionally classified as compo-
nents of adaptive immunity) is activated during
immune response in humans and laboratory animals
[3–6]. However, the role of this activation remains
obscure, and its establishment became the goal of this
study.

 

Cytokines regulate and direct the adaptive
immune response.

 

 It is well known that a processed
antigen is delivered by antigen-presenting cells (prima-
rily dendritic) to naive T and B cells. This leads to acti-
vation of immune response to the given antigen through
a specific globulin receptor in cytotoxic T cells and
stimulation of synthesis of antibodies by plasma cells
[7]. However, to ensure reliable protection against the
invaded pathogenic microorganism, the immune
response of T and B cells should be strictly balanced
with respect to the ratio between the cytotoxic T cells
and the antibody-producing plasma cells, the classes
and amount of generated antibodies, as well as switch-
ing between the syntheses of antibodies of different

classes. This balance differs for each type of pathogenic
microorganism. For example, the T-cell response pre-
dominates in tuberculosis, whereas the antibody
immune response, which ensures toxin neutralization,
predominates in diphtheria infection. Immune response
in diphtheria includes predominant generation of anti-
bodies of classes IgM and IgG; in dysentery, class IgA
[8]; and in helminthoses, class IgE. Disturbance of this
balance (e.g., overproduction of antibodies of a certain
class) underlies the development of many immune
pathologies. For instance, overproduction of specific
IgE antibodies to certain antigens (allergens) is
observed in allergic reactions [9].

There is no doubt that the type of immune response
developed by the adaptive immune system in each case
should be determined by specific regulatory mecha-
nisms, which make it possible to choose the optimal
way to eliminate the pathogen. At the same time, it is
clear that the mechanisms by which specific lympho-
cyte clones are selected cannot determine the type of
immune response to the given pathogen.

Extensive studies performed in the past two decades
showed that such regulation of the balance of the pre-
dominant type of immune response is determined by
the synthesis of certain sets of cytokines.

Cytokines and chemokines (chemoattractant cytok-
ines) regulate division and differentiation of T and B
cells in all organs of the immune system beginning with
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Abstract

 

—In the past fifty years, adaptive immune response has been studied from the standpoint of Burnet’s
clonal selection theory. Much progress in understanding the mechanisms of specific cellular (T-cell) and anti-
body (B-cell) immune response has been made. However, it remained unclear why different pathogen types
induce principally different types of immune response. Effective immune response in different cases may
develop either by cellular or humoral type, and antibodies are produced on the basis of immunoglobulins of
different classes. These facts could only be explained by specific regulation of differentiation of immunocom-
petent cells during the development of adaptive immune response to different pathogens. The discovery of the
system of signaling pattern-recognition receptors (PRRs) in immunocompetent cells made it possible to under-
stand these specific physiological mechanisms of regulation of T- and B-cell response to various pathogens.
Upon interaction with pathogens, signaling PRRs activate the synthesis of various cytokines in the cells, which
then regulate further activation of cells in different directions. Dendritic cells not only provide naive T cells with
a processed antigen but also supply them with various cytokines inducing formation of type 1 or 2 T-helpers;
as a result, adaptive immune response develops by the cellular or humoral type, respectively. Antigens of patho-
gens activate PRRs in B lymphocytes, which initiate the synthesis of various cytokines in cells. These are cytok-
ines that determine predominant production by plasma cells of class A, M, G, or E antibodies depending on the
pathogen type.
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the bone marrow and thymus [10]. However, in this
study we will focus only on the regulation of the spe-
cific effector function of T and B cells in response to
various pathogens. Since lymphocyte differentiation
takes place in the secondary lymphoid structures, it is
there where cytokines should affect this process.

Since cytokines are short-lived molecules, they
major effects are local, being exerted in the sites of their
production. The regulatory effects of cytokines are
either autocrine (interaction with the same cells that
produced them) or paracrine (interaction with adjacent
cells). Upon binding to respective cytokine receptors,
cytokines activate certain nuclear DNA genes through
temporal multicomponent peptide–enzyme structures.
This results in the synthesis of mRNA and various com-
pounds that activate corresponding functions of the cell
(Fig. 1).

It should be noted that such mechanisms of cytokine
action are highly effective in the secondary lymphoid
organs, where T and B cells undergoing differentiation
are located separately and form compact aggregates.

Dendritic cells, the main antigen-presenting cells,
after activation produce large amounts of cytokines:
interleukins IL-1, IL-2, IL-3, IL-6, IL-7, IL-8, IL-10,

IL-12, IL-13, IL-17, IL-18, IL-23, and IL-25; interfer-
ons (IFN) 

 

α

 

 and 

 

γ

 

; tumor necrosis factor (TNF) 

 

α

 

; gran-
ulocyte monocyte colony-stimulating factor
(GM-CSF); migration-inhibiting factor (MIF); and
chemokines CCL-2, CCL-3, CCL-4, CCL-5, CCL-7,
CCL-8, and CCL-13 [10, 11]. Owing to the effect of
cytokines, dendritic cells during their maturation acti-
vate the synthesis of major histocompatibility complex
(MHC) class II molecules and costimulatory factors
and thereby ensure effective transfer of processed anti-
gens to naive T cells. Then, these cells migrate into
lymph nodes and other secondary lymphoid organs,
where they provide naive T cells not only with the anti-
gen but also with cytokines, which determine further
differentiation of T cells into either Th1, which are
responsible for the T-cell immune response, or Th2,
which are responsible for the humoral immune
response. Stimulation of the cell immune response is
mediated mostly by IL-2, IL-12, IL-18, IL-23, IFN-

 

γ

 

,
CCL-3, CLL-4, and CLL-5; whereas the development
of the humoral immune response is stimulated prima-
rily by IL-4, IL-5, IL-6, IL-10, IL-13, Il-25, CCL-2,
CCL-7, CCL-8, and CCL-13. It should be emphasized
that cytokines function as a complex, and their different
quantitative combinations often yield principally dif-
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 Main pathways of action of cytokines synthesized by immune cells upon contact with a pathogen (LPS, lipopolysaccharide).
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ferent ultimate effects [10, 11]. For this reason, here we
only speak of their preferential effect. There is no doubt
that the cytokines produced by lymphocytes them-
selves are also involved in this process. For instance,
the compact location of plasma cells in medullary cords
of lymph nodes, where dendritic cells are practically
absent, indicates that the cytokines produced in plasma
cells play the key role in this process (Fig. 2).

B cells are transformed into plasmoblasts in germi-
nal centers. They continue to divide and proliferate to
large and small plasma cells and simultaneously
migrate and eventually form compact aggregations in
the medullary cords of lymph nodes. Lymphocytes
undergo proliferation and differentiation in the paracor-
tical zones of lymph nodes and spleen [12]. During dif-
ferentiation to plasma cells, B cells produce a great
number of cytokines (IL-1, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12, IL-13, IL-21, and IFN-

 

γ

 

). Different com-
binations of these cytokines determine the synthesis of
different types of antibodies by plasma cells (Fig. 3)
[13].

Thus, the results of numerous studies showed that
cytokines play the key role not only in the determina-
tion of the type of immune response but also the direc-
tion of synthesis of antibodies of certain immunoglob-
ulin classes. However, the question on the mechanisms

of specific regulation of the synthesis of cytokines after
invasion of various pathogens has remained unan-
swered so far. In view of this, the characteristic features
of effective immune response to various pathogens
were also not determined.

 

Signaling pattern-recognition receptors (PRRs)
in adaptive immune cells.

 

 Cytokine production by
immune cells is associated first of all with activation of
cells. Cells are activated after contacting with a patho-
gen. Cell interaction with specific molecular structures
of the pathogen is realized through signaling pattern-
recognition receptors, which are highly diverse and
abundant on immune cells as well as on almost all other
cells of the body (primarily on those that first come in
contact with foreign agents, such as epithelial and
endothelial cells and keratinocytes).

As a result of extensive studies performed after the
discovery of the first PRRs ten years ago, several well-
represented families of these receptors have been
revealed to date. The first family of signaling PRRs,
which play the key role in immune response initiation,
was the family of Toll-like receptors (TLRs), which in
humans includes ten TLRs (TLR1, TLR2, TLR3, etc.).
Later, other TLR families were discovered and studied.
The family of C-type lectin receptors comprises seven
members (dectin-1, dectin-2, mannose receptor, lan-
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 Effect of TLR activation in dendritic cells on predominant formation of Th1 or Th2 lymphocytes during adaptive immune
response.
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gerin, DC-SIGN, SIGNR-1, and Endo-180) [14]. Sig-
naling functions were also found in some types of scav-
enger receptors (C-type lectin scavenger receptors and
the group of class A macrophage scavenger receptors)
[15, 16]. The family of NOD-like receptors comprises
23 types of receptors (NOD1, NOD2, and receptors of
subfamilies NALP, IPAF, and NAIP5) [17]. The family
of CARD helicases comprises RIG-I, MDA5, and
LGP2 [14]. The majority of PRRs are located in the
cytoplasm; however, some of them (some TLRs) are
located on the cell membrane.

In dendritic cells presenting the processed antigen to
naive T and B cells, PRRs of all five types are widely
represented: TLR1–TLR10, C-type lectin receptors,
langerin, DC-SIGN, dectin-1, dectin-2, scavenger
receptors, CARD helicases, NOD1, NOD2, NALP,
IPAF, and NAIP5 [18–23].

PRRs that have been studied most comprehensively
in T and B cells are TLRs, which are activated during
immune response. In different subpopulations of T
cells, TLR1, TLR2, TLR3, TLR4, TLR5, TLR7, TLR8,
and dectin-1 were found [24–26]. B cells were shown
to contain TLR1, TLR2, TLR3, TLR4, TLR7, TLR9,
and TLR10 [3, 6, 13, 27].

Thus, the systems of signaling PRRs, which are acti-
vated during immune response, were found in the cells
that are immediately involved in adaptive immune
responses.

 

The major function of activated signaling PRRs
is stimulation of cytokine production.

 

 As a result of
activation of any signaling PRR by a pathogen, tempo-
ral multicomponent structures that mediate signal
transduction to the cell nucleus are formed in the cyto-
plasm. In general, these structures are uniform but may
comprise different components. The first part of this
structure is the receptor with a bound ligand. The sec-
ond part is the system of activated protein kinases of
different types, which are present in the cytosol of a
quiescent cell in an inactive (blocked) state. The inter-
section of protein kinase signaling pathways is pre-
vented owing to special adaptor proteins that form mul-
tienzyme complexes with protein kinases. The third
part of this system includes transcription factors, the
main targets of the protein kinase cascade, which are
present in the cytosol in the blocked state. After the
blocker is removed, they migrate to the nucleus and
bind to a certain inducible gene, thereby activating it
and triggering the synthesis of respective mRNA and
then the product encoded by the given gene. Today, sev-
eral groups of transcription factors are known (

 

NF

 

-

 

κ

 

B

 

,
AP1, etc.), each of which has several different variants
[14, 28].

Examples of nuclear transcription pathways that are
triggered by TLR4 and TLR3 are shown in Fig. 4.
TLR4 may induce the MyD88- and TRIF-dependent
signaling pathways. Both of them begin in the endo-
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 Cytokine regulation of production of antibodies of different types by plasma cells.
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plasmic moiety of the receptor. In the first variant, the
endoplasmic part of TLR binds to the MyD88 adaptor
molecule, after which the family of IRAK kinases
enters this process. Activated IRAK-1 interacts with the
protein activating MAP kinases TRAF6, which results
in activation of the TAK1 factor. The latter, in turn, acti-
vates the complex of IKK protein kinases. This com-
plex phosphorylates 

 

I

 

κ

 

B

 

 (the factor inhibiting 

 

NF

 

-

 

κ

 

B

 

),
which results in 

 

NF

 

-

 

κ

 

B

 

 release and its subsequent
translocation to the nucleus. In the TRIF-dependent
pathway, the IKK complex can be also activated
through the RIP-1 factor. This results in the activation
of the genes encoding antiinflammatory cytokines.
TLR3, similarly to TLR4, can induce the MyD88-inde-

penndent pathway of signal transduction through the
TRIF adaptor molecule, leading to the activation of the
IRF-3 factor, which induces interferon gene expression
[29].

Currently, the pathways of nuclear transcription that
are triggered by different ligand-activated signaling
PRRs are actively studied. The final stage of these path-
ways is the synthesis of various cytokines by the cell.
Thus, the major function of the activated system of signal-
ing PRRs is the synthesis of a certain set of cytokines.

The regulation of immune response of T and B cells
to pathogens includes the regulation of antigen-present-
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 Signaling pathways induced by RLT3 and TLR4.
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ing cells by cytokines as well as through PRRs present
on T and B cells.

Dendritic cells, the main antigen-presenting cells,
are present in all tissues of the body and in the subepi-
thelial layer. They engulf the pathogen, as a result of
which the PRR system of the cell is activated. This acti-
vates the synthesis of MHC molecules and costimula-
tory molecules CD40, CD80, and CD86, on the one
hand, and stimulates cytokine production, on the other
hand. Such mature dendritic cells migrate to the sec-
ondary lymphoid organs, where they come in contact
with naive T cells and pass them the processed antigen
together with the MHC molecule, which is facilitated
by the costimulatory molecules. This process is accom-
panied by paracrine transfer of the complex of cytok-
ines, which determine further development of T cells to
T helper cells Th1 or Th2. The former and the latter
ensure predominantly cellular and humoral immune
response, respectively (Fig. 2).

The antigen entering naive B cells of a specific clone
not only stimulates the synthesis of respective antibod-
ies but also activates PRRs on these cells. The activated
cells produce cytokines, which affect cells by the apo-
crine mechanism and determine the synthesis of anti-
bodies of a certain class. The production of antibodies
of class IgG is determined by IL-4, IL-5, and IL-6; class
IgA, by IL-5 and IL-10; and class IgE, by IL-13 and IL-
14. The synthesis of antibodies of different classes is
also directed in part by the cytokines produced by type
2 T-helpers, which influence cells by the paracrine
mechanism (Fig. 3).

 

Internal and external regulation of activation of
the system of signaling PRRs of immunocompetent
cells.

 

 Extensive studies performed in the past five years
showed that the activation of the system of signaling
PRRs in the cell is regulated at different levels by
numerous factors produced in the cell. These factors
affect different components of the temporal multicom-
ponent molecular system, which is formed after PRR
activation at the level of both PRRs themselves and the
entire chain of peptide enzymes (up to gene transcrip-
tion factors and mRNA), simulating or inhibiting
cytokine synthesis. The number of such factors known
today is over 30, and the list of them is steadily increas-
ing [30–32]. Importantly, the resultant effect of patho-
gen-induced activation of signaling PRRs also depends
on numerous factors that can be regarded as external
with respect to a given cell, such as hormones and var-
ious metabolic factors.

In considering the hormonal regulation, special
attention should be paid on corticosteroids, which sup-
press the PRR system [33]. The biological effect of glu-
cocorticoids is ensured through the intracellular gluco-
corticoid receptor (GR), which belongs to the subfam-
ily of nuclear receptors including the receptors for
mineralocorticoids, estrogens, thyroid gland hormones,
retinoic acid, and vitamin D [34]. In the nucleus, an
activated hormone-bound GR undergoes dimerization

and directly interacts with DNA sequences in the pro-
moter regions of target genes or with transcription fac-
tors via protein–protein interactions [35]. In inflamma-
tion, glucocorticoids can stimulate expression of antiin-
flammatory cytokines, inhibit MAP kinases (MAPKs)
required for activation of genes encoding antiinflamma-
tory proteins, and stimulate apoptosis of T cells
involved in inflammation [36]. The suppressive effect
of corticosteroids on the transcriptional pathways from
PRR to the nucleus may be either direct (suppression of
transcription factors 

 

NF-

 

κ

 

Ç

 

 and AP-1 [37, 38]) or indi-
rect (suppression of the central molecules by MAPK
[39] or induction of MAPK phosphatase 1 [40]). As a
result, 

 

NF

 

-

 

κ

 

Ç

 

 rapidly binds again to the newly synthe-
sized factor 

 

I

 

κ

 

B

 

α

 

, an inhibitor of 

 

NF

 

-

 

κ

 

B

 

, and the
amount of the transcription factor that reaches the
nucleus significantly decreases [41].

Undoubtedly, among all hormones of the human
body, corticosteroids are the most potent regulators of
the PRR system. However, it should be taken into
account that other hormones also affect the PRR sys-
tem. For instance, the suppressive effect of 

 

β

 

-adrener-
gic agonists on the PRR system was shown [42].

The metabolic factors influencing PRR are quite
diverse.

One of such factors is histamine, which has an acti-
vatory effect on the PRR system [43]. Some authors
reported that histamines selectively activate different
cytokines [44]. Activation of cells by histamine is medi-
ated by the family of G protein receptors H1, H2, H3,
and H4 [45]. Histamine stimulates cell responses to the
molecular structures of the pathogen via enhanced
translocation of the nuclear transcription factor 

 

NF-

 

κ

 

B

 

or activation of MAPK and 

 

NF

 

-

 

κ

 

Ç

 

. Apparently, post-
transcriptional stabilization of RNA also plays a major
role in this process [46, 47].

Adenosine, which is produced by cells and tissues,
is a potent endogenous regulator of PRR activity. Along
with ADP and ATP, adenosine belongs to the group of
endogenous purine nucleosides, which are normally
produced by many cells during their metabolic activity
[48]. The suppressive effect of adenosine is realized
through transmembrane adenosine receptors [49]. Ade-
nosine-induced expression of IL-10 is detected at tran-
scriptional and posttranscriptional levels [50]. It was
shown that IL-1, TNF-

 

α

 

, and IFN-

 

γ

 

 stimulate the
expression of adenosine receptors 

 

A

 

2

 

A

 

 on monocytes,
which regulate secretion of IL-10 and IL-12 after acti-
vation by LPS. IFN-

 

α

 

, conversely, suppresses the
expression of adenosine receptors. Thus, cytokines
through stimulation or suppression of expression of
adenosine receptors regulate the degree of suppression
of immune response by adenosine [51].

The regulatory effect of hemoxygenase/CO (carbon
dioxide) on the PRR activity has been studied suffi-
ciently well. It was shown that the antiinflammatory
effect of CO is determined by the blockade of kinases
(MAPK, ERK, and JNK), which significantly increases
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the expression of the transcript for the key antiinflam-
matory cytokine IL-10 [52]. In the presence of CO,
rejection of allografts of the lung [53] and kidney [54]
significantly decreased. In humans and animals,
hemoxygenase ensures continuous CO production
from the heme. Endogenous CO exhibits a strong anti-
inflammatory effect owing to suppression of antiin-
flammatory cytokines and stimulation of production of
the antiinflammatory cytokine IL-10. CO damages the
conduction pathways of TLRs. It negatively regulates
TLR2, TLR4, TLR5, and TLR9, but not TLR3, in the
signaling conduction pathways [55]. This effect of
hemoxygenase-1/CO is realized either via the activa-
tion of the p38 MAPK transduction signaling pathway
[56] or via the signaling pathway mediated by JNK and
AP-1 transcription factor [57].

There are also data on the effect of other metabolic
products on the PRR system activity; however, they are
less substantiated.

All above data indicate that hormonal and metabolic
systems of the body have a strong effect on the PRR
specific signaling system in immunocompetent cells.
Indeed, it is known that metabolic changes and stress
response significantly influence the efficiency of
immune responses to pathogens, which was demon-
strated by Piruzyan et al. [58].

CONCLUSIONS

Adaptive immune response cannot be effective
being based only on the globulin specificity system. Its
triggering and further development is ensured by a
more evolutionarily ancient specific PRR system,
which is regarded as a component of innate immunity.
This system ensures the optimal type of specific globu-
lin reaction, the most efficient way to eliminate a given
pathogen. The PRR system directs differentiation of
antigen-activated clones of specific T and B cells via
triggering the synthesis of the required set of cytokines,
thereby determining the development of adaptive
immune response by the cellular or humoral type.

The intricate mechanisms of activation and function
of the system of signaling PRRs are regulated in multi-
faceted ways not only by an invading pathogen but also
by numerous hormonal and metabolic factors. This is of
great importance because the efficiency of defense
against pathogens strongly depends on the general state
of the body.
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