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Abstract
Some microorganisms can develop tolerance. On the one hand, it allows pathogenic microbes to escape immune 
surveillance, on the other hand, it provides the possibility to microbiota representatives to colonize different biotopes 
and build a symbiotic relationship with the host. Complex regulatory interactions between innate and adaptive 
immune systems as well as stimulation by antigens help microbes control and maintain immunological tolerance. 
An important role in this process belongs to innate immune cells, which recognize microbial components through 
pattern-recognition receptors. Toll-like receptors (TLRs) represent the main class of these receptors. Despite the 
universality of the activated signaling pathways, different cellular responses are induced by interaction of TLRs 
with microbiota representatives and pathogenic microbes, and they vary during acute and chronic infection. The 
research on mechanisms underlying the development of TLR tolerance is significant, as the above receptors are 
involved in a wide range of infectious and noninfectious diseases; they also play an important role in development 
of allergic diseases, autoimmune diseases, and cancers. The knowledge of TLR tolerance mechanisms can 
be critically important for development of TLR ligand-based therapeutic agents for treatment and prevention of 
multiple diseases. 

Keywords: Toll-like receptors, pattern-recognition receptors, immunological tolerance, endotoxin-induced 
tolerance, innate immunity, microbiota, PAMPs, endotoxin, lipopolysaccharide, review

Funding source. This study was not supported by any external sources of funding.
Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this 
article.
For citation: Bulgakova I.D., Svitich O.A., Zverev V.V. Mechanisms of Toll-like receptor tolerance induced by 
microbial ligands. Journal of microbiology, epidemiology and immunobiology = Zhurnal mikrobiologii, èpidemiologii i 
immunobiologii. 2022;99(6):708–721. 
DOI: https://doi.org/10.36233/0372-9311-323

Научный обзор
https://doi.org/10.36233/0372-9311-323

Механизмы формирования толерантности Toll-подобных 
рецепторов под действием микробных лигандов
Булгакова И.Д.1, 2 , Свитич О.А.1, 2, Зверев В.В.1, 2

1Научно-исследовательский институт вакцин и сывороток им. И.И. Мечникова, Москва, Россия; 
2Первый Московский государственный медицинский университет им. И.М. Сеченова, Москва, Россия

Аннотация
Некоторые микроорганизмы способны формировать толерантность. С одной стороны, это позволяет па-
тогенным микробам ускользать от иммунного надзора, с другой стороны — даёт возможность представи-
телям микробиоты колонизировать различные биотопы и выстраивать симбиотические отношения с ма-
кроорганизмом. Сложные регуляторные взаимодействия врождённого и адаптивного иммунитета, а также 
стимуляция антигенами позволяют микробам управлять состоянием иммунологической толерантности. 
Важную роль в этом процессе играют клетки врождённого иммунитета, которые распознают компоненты 
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микробов при помощи паттерн-распознающих рецепторов. Основным классом этих рецепторов являют-
ся Toll-подобные рецепторы (TLRs). При этом, несмотря на универсальность активируемых сигнальных 
путей, можно наблюдать различные клеточные ответы при взаимодействии TLRs с представителями ми-
кробиоты и патогенными микробами, они также будут различаться при острой и хронической инфекции. 
Изучение механизмов формирования толерантности TLRs имеет большую ценность, поскольку эти рецеп-
торы вовлечены в широкий спектр инфекционных и неинфекционных заболеваний, а также играют важ-
ную роль в развитии аллергических, аутоиммунных патологий и онкологических заболеваний. Понимание 
механизмов формирования толерантности TLRs может также внести существенный вклад в разработку 
препаратов на основе лигандов этих рецепторов для лечения и профилактики многих заболеваний. 

Ключевые слова: Toll-подобные рецепторы, паттерн-распознающие рецепторы, иммунологическая 
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PAMPs, эндотоксин, липополисахарид, обзор

Источник финансирования. Авторы заявляют об отсутствии внешнего финансирования при проведении ис-
следования.
Конфликт интересов. Авторы декларируют отсутствие явных и потенциальных конфликтов интересов, свя-
занных с публикацией настоящей статьи. 
Для цитирования: Булгакова И.Д., Свитич О.А., Зверев В.В. Механизмы формирования толерантности Toll-по-
добных рецепторов под действием микробных лигандов. Журнал микробиологии, эпидемиологии и иммунобио-
логии. 2022;99(6):708–721.
DOI: https://doi.org/10.36233/0372-9311-323

matic diagram of TLR signaling pathways is shown in 
Fig. 1 [7, 9, 10]. Each signaling pathway participates 
in formation of supramolecular organizing centers 
(SMOCs). All TLRs, except for TLR3, participate in 
activation of a MyD88-dependent pathway, in which a 
SMOC is represented by a myddosome consisting of 
the cytosolic adaptor protein MyD88. The involvement 
of this signaling pathway results in activation of AP-1,  
NF-κB, and IRF5 transcription factors, followed by the 
induced expression of antimicrobial factors and inflam-
matory mediators, and by the regulation of apoptosis [7, 
11]. Stimulation of TLR3 and TLR4 receptors triggers 
activation of a MyD88-independent signaling pathway 
with the key adaptor protein TRIF, which participates 
in formation of another SMOC – a triffosome. The 
involvement of this pathway causes activation of the 
IRF3 transcription factor responsible for the expression 
of type I interferons. In addition, there are other effects 
associated with TLRs, which are present in non-im-
mune cells [7, 11, 12]. 

Based on the above, we can conclude that TLRs 
have multiple functions, and there are specific mech-
anisms responsible for the "switchover" of cellular re-
sponses in different conditions. With few exceptions, 
the type of a ligand is of no significance. Among TLR 
ligands, there are exogenous and endogenous ligands. 
Exogenous ligands (PAMPs) are represented by lipo-
polysaccharide (LPS), peptidoglycan, teichoic and li-
poteichoic acids, flagellin, zymosan, viral DNAs and 
RNAs, nucleoside analogs, etc. Some types of recep-
tors are mainly sensitive to components of specific 
microbes: gram-positive (TLR1, TLR2, TLR6) and 
gram-negative (TLR4, TLR5) bacteria, viruses (TLR3, 
TLR7, TLR8, TLR9), protozoa, and fungi (TLR1, 
TLR2, TLR6). Different DAMPs can act as endoge-
nous ligands, for example, heat-shock proteins (Hsp60, 
Hsp70, Hsp96), defensins, fibrinogen [13, 14]. 

Introduction
Immunological tolerance is a state of unrespon-

siveness of lymphocytes towards specific antigens. 
Burnet’s clonal selection theory states that lymphocyte 
receptors recognizing antigens are clonally distributed 
in the population, and the response to the binding of an 
antigen depends on the maturity of lymphocytes. This 
way the tolerance develops towards the antigens enter-
ing the body before it is immunologically mature [1–3]. 
Microbiota representatives start colonizing a neonate’s 
body and forming unique microbial communities when 
the immune system is still not mature [4]. Metabolites 
and cell components of microbiota representatives en-
ter the bloodstream, change the functional setting of the 
host immune system, and regulate the sensitivity of the 
innate immune receptors, including TLRs [5]. 

Although attempts have been made to explain the 
mechanisms governing the changes in the sensitivity of 
these receptors in the context of receptor, receptor-sig-
naling, and epigenetic theories [6], they have failed to 
offer a concept, which would incorporate all the find-
ings obtained from the studies of TLR tolerance. In-
depth exploration of different types of TLRs, their li-
gands, and activated intracellular signaling pathways as 
well as the analysis of genes and characteristics of the 
epigenetic regulation are essential for understanding 
the mechanisms of TLR tolerance development. 

TLRs are innate immune receptors, which can 
recognize PAMPs (pathogen-associated molecular pat-
terns) and DAMPs (damage-associated molecular pat-
terns). Humans have 10 types of TLRs: TLR1, TLR2, 
TLR4, TLR5, TLR6, TLR10 reside on the cytoplasmic 
membrane, while TLR3, TLR7, TLR8, and TLR9 reside 
on endolysosomal membrane [7, 8]. Following ligand 
binding, TLRs form homodimers or heterodimers and 
recruit signaling components, which include adaptor 
proteins, kinases, and transcription factors. The sche-
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Despite the wide variety of ligands, it is still un-
known why in some cases there is a response to TLR 
stimulation, while such stimulation induces no re-
sponse in other cases, what mechanisms regulate these 
processes, and whether the nature of the ligands, their 
quantities, TLR stimulation frequency, type of cells and 
other factors are important. The answers to these ques-
tions can be received by the in-depth studying of such a 
phenomenon as TLR tolerance.

TLR tolerance
TLR tolerance is unresponsiveness or low respon-

siveness to the TLR stimulation. Earlier studies using in 
vivo models led to the erroneous assumption that fever 
could be an indicator of TLR sensitivity to endotoxins; 
therefore, the mechanism underlying the development 
of TLR tolerance was seen as desensitization of these 
receptors. When it was discovered that specific intra-
cellular signaling mechanisms were activated by TLR 
ligation, it became clear that tolerance developed due 
to the altered response to the stimulation, rather than 
due to the desensitization of the receptors. It was first 
demonstrated using TLR4 and endotoxin as a ligand 

[15]. The phenomenon was defined as LPS-induced 
tolerance, though it is not the only ligand capable of in-
ducing TLR tolerance; therefore, further on, we will use 
the term "induced tolerance". The negative-feedback 
regulation causes a decrease in released proinflamma-
tory cytokines, thus preventing the risk of uncontrolled 
or inadequate inflammatory responses and subsequent 
tissue damage, which can be caused by prolonged or 
repeated exposure to TLR ligands [15, 16]. 

Thus, the receptor theory of TLR tolerance has 
been expanded into the receptor-signaling theory. How-
ever, later studies have discovered gene-specific regu-
latory mechanisms involved in modification of TLR-in-
duced cellular responses. The experiment has shown 
that prolonged exposure to LPS resulted in various 
changes in chromatin; as a result, two classes of genes, 
tolerizeable and non-tolerizeable, have been identified. 
This discovery gave birth to a new epigenetic theory of 
TLR tolerance development [15]. Thus, induced TLR 
tolerance is a fundamental shift of transcription from 
a pro-inflammatory to an anti-inflammatory response, 
while retaining the protective function of innate im-
munity in the context of chronic or ongoing infection; 

LRR domen

Endocytosis
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transformation
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TIR domen

TIR structure

Триффосомы | Triffosome

Myddosome
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Fig. 1. TLR signaling pathways, myddosome and triffosome assembly. 
Red arrows show the possible mechanisms underlying tolerance development at the SMOC level.
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however, this process is not universal and selective due 
to a wide variety of patterns of cytokine expression. 
The schematic diagram of induced TLR tolerance is 
shown in Fig. 2.

 The basic principle is that the stronger the ini-
tial gene activation is, the more effective the induced 
tolerance will be [15–17]. It is assumed that the cell 
response to TLR stimulation follows the "all or noth-
ing" pattern; however, the threshold value of the sig-
nal, which is required to have components of signaling 
pathways involved, is not constant and is regulated by 
SMOCs [7, 11, 18]. For example, the analysis of in-
dividual cells TLR stimulation with different doses of 
PAMPs has demonstrated that the rate of induced trans-
location of NF-κB to the nucleus does not depend on 
ligand levels. Any increase in the dose will only change 
the percentage of cells, which permit NF-κB transloca-
tion [19].

Note that TLR tolerance is reversible. The changed 
response to the repeated stimulation of cells is retained 
due to the modification of chromatin in tolerized genes; 
however, these changes can be reversed after a while or 
in response to competing signals [15, 20]. The revers-
ibility of induced tolerance has been studied in vivo, 
using LPS-tolerized mouse macrophages. After treat-
ment with granulocyte macrophage colony-stimulating 
factor or IFN-γ, followed by the injection of the second 

dose of LPS, the mice demonstrated a partial recovery 
of the tumor necrosis factor-α (TNF-α) and interleukin 
(IL)-10, but the levels of the control group were not 
reached [21]. 

The studies of components of signaling pathways 
associated with different TLRs led to the discovery of 
cross-tolerance when the initial exposure of cells to one 
TLR ligand induces tolerance toward the effect of li-
gands on other types of TLRs. Such tolerance can occur 
only between the receptors, activation of which results 
in the involvement of the same initial components of 
signaling pathways [6, 22–24]. The schematic diagram 
of TLR cross-tolerance is shown in Fig. 2. 

When the TRL ligation causes the involvement 
of different adaptor proteins, but eventually the same 
transcription factors are activated, the priming effect 
or enhancement of the cellular response, which is op-
posite to tolerance, can be observed. This phenomenon 
correlates with the concept suggesting that SMOCs can 
regulate the threshold value of the signal [6, 23, 24]. 

Cross-tolerance may not be as effective as the 
tolerance induced by the repeated stimulation of one 
type of TLRs, i.e. autotolerance. For example, the cells 
initially treated with macrophage-activating lipopep-
tide 2 – TLR2 ligand (MALP-2) do not respond to the 
subsequent stimulation with LPS (TLR4 ligand), while 
the cells initially treated with LPS do not respond to 

Fig. 2. Simplified schematic diagram of induced and cross TLR tolerance. 
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the stimulation with lipoteichoic acid (TLR2 ligand) or 
flagellin (TLR5 ligand). However, the initial treatment 
of cells with lipoteichoic acid, LPS, and CpG (TLR9 li-
gand) resulted in induced autotolerance of each TLR to-
ward these ligands, though cross-tolerance was induced 
by lipoteichoic acid and LPS rather than by CpG. These 
findings demonstrate that TLR cross-tolerance is imple-
mented through different mechanisms [23]. 

Such selectiveness of cross-tolerance helps pre-
serve the adequate immune response to certain patho-
gens, which is especially important in the context of 
the antiviral immune response. For example, the TNF-α 
production is inhibited in the macrophages that are tol-
erant to all tested TLR ligands; however, the produc-
tion of other cytokines such as IL-6 is inhibited in the 
cells that are tolerant due to TLR4 and TLR3 ligation, 
while the production of interferon-β1 is inhibited in the 
cells tolerized by TLR4 and TLR2 ligands. The absent 
repression of the genes responsible for production of 
interferon-β1 in the cells tolerized by TLR3 ligand can 
imply the importance of interferons in the antiviral im-
mune response. Likewise, the production of CXCL9 
and CXCL10 chemokines by macrophages with toler-
ized TLR3 correlates with the role these factors play 
in migration of CD8+ T cells to the sites of viral infec-
tion. The repeated stimulation of TLR9 or TLR2-tol-
erant cells induces IL-10 gene expression at the levels 
comparable with the stimulation of naïve macrophages, 
while the initial treatment of cells with TLR4 and TLR3 
ligands results in decreased production of IL-10 [16]. 

As mentioned previously, receptor-signaling and 
epigenetic theories are the main theories explaining the 
phenomenon of TLR tolerance. However, due to new 
findings about mechanisms underlying TLR tolerance, 
this phenomenon goes beyond the confines of one con-
cept; therefore, some of the currently known specific 
mechanisms will be discussed below. 

Regulatory mechanisms of TLR tolerance  
development during delivery of the ligand  

to the receptor
Interaction of the ligand with some TLRs involves 

additional components. Consequently, the tolerance de-
velopment depends both on the shortage of these com-
ponents and on their excess amount. The mechanisms 
involved in the tolerance development are going to be 
different. In the first case, the components of signal-
ing pathways are not activated due to the disruption in 
the formation of the receptor complex, while induced 
tolerance develops in the second case. As previously 
described, the induced TLR tolerance is directly asso-
ciated with the prior activation of these receptors and 
super-induced status of genes [15–17]. The extracel-
lular LPS-binding protein forms direct contacts with 
bacteria and alters the outer membrane to facilitate 
LPS extraction. LPS-binding protein transfers LPS on-
to the anchored and TLR4-linked CD14 co-receptor. 

MD-2 molecules also participate in the activation of 
TLR4. Thus, the active receptor complex consists of 
LPS, TLR4, CD14, and MD-2, where CD14 enhances 
the TLR4 endocytosis [25–28]. The experiment with 
IL-27, which stimulates expression of TLR4 and pro-
duction of soluble CD14, demonstrated that IL-27 pre-
vented the development of tolerance to LPS. However, 
it was also found that the elevated basal expression of 
membrane-bound CD14 could promote CD14-mediat-
ed endocytosis and be responsible for the preservation 
of the tolerance to LPS in the presence of IL-27. The 
schematic diagram of the experiment is presented in 
Fig. 3 [29]. 

Intestinal epithelial cells provide another example. 
These cells have apical, basal, and lateral surfaces and 
express TLRs. While the basolateral TLR9 stimulation 
mobilizes the inflammatory cascade, the apical TLR9 
stimulation delivers negative signals that curtail in-
flammatory responses induced by the basolateral stim-
ulation by other TLRs (Fig. 4). On the one hand, such 
stimulation supports homeostasis; on the other hand, it 
can be one of the mechanisms of TLR tolerance to rep-
resentatives of the intestinal microbiota [30, 31].

Regulatory mechanisms of TLR tolerance development 
during ligand and receptor interaction

Such mechanisms can include interaction of TLRs 
with antagonists and disruption of the receptor complex 
formation. Here, not only the type of the receptor, but al-
so the nature of the ligand is important. This regulatory 
mechanism is of special significance for TLR4. Firstly, 
this receptor participates both in the MyD88-dependent 
and in the MyD88-independent transduction pathway, 
producing different effects following their activation. 
Secondly, as mentioned above, MD-2 molecules and 
CD14 co-receptor are required for activation of the 
MyD88-independent pathway through TLR4 [32, 33]. 
There are microbial TLR4 antagonists that can selec-
tively block the activation of the surface TLR4 due to 
long-chain aliphatic fatty acids, which are located in the 
MD-2 binding cavity. Such ligands include LPS from 
the photosynthetic bacteria Rhodobacter sphaeroides, 
which have been isolated from deep lakes, as well as 
LPS from cyanobacteria. After administration of these 
TLR4 antagonists or their synthetic analogs, the subse-
quent TLR4 ligation with LPS from E. coli O111:B4 did 
not result in activation of intracellular signaling path-
ways. Thus, such TLR4 antagonists decrease dimeriza-
tion of the TLR4–MD-2–agonist complexes, thus pre-
venting TLR4 activation; they also inhibit downstream 
intracellular signaling pathways [34]. 

The similar mechanism of tolerance develop-
ment is available for TLR2. The staphylococcal su-
perantigen-like protein 3 (SSL3) surrounds the en-
trance to the lipopeptide binding pocket in the TLR2 
ectodomain, preventing the access of agonists to the 
receptor cavity, and disrupts recruitment of the down-
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stream adaptor protein due to limited conformational 
changes, which take place after TLR2 interaction with 
the lipopeptide [35]. 

Another example is based on the findings of the 
studies focusing on mechanisms of tolerance to micro-
biota representatives. Commensal bacterial LPS often 
has a modified structure, which affects its recognition 
by TLRs. Some species of Bacteroides usually contain 
penta-acylated and monophosphoryl lipid A structures 
as a dominant component of LPS. These structures are 
characterized by poor activation of TLR4-dependent in-
flammatory responses. Following the concept that min-
imization of TLR4 signaling is an important aspect of 
commensalism, most of the Bacteroides representatives 
present in the human intestine encode the LpxF enzyme 
that is responsible for production of monophosphoryl 
lipid A [36, 37]. 

The studies of multiple sclerosis have shown that 
the levels of L654 (TLR2 ligand), the source of which 
are microbiota representatives, were significantly low 
in such patients. During the further studies, the assump-

tion was made that products from microbiota, such as 
L654, could enter the blood circulation system and 
cause a state of relative TLR tolerance. Thus, when the 
circulating levels of microbiota components are not suf-
ficient, the normal induction of TLR tolerance can be 
insufficient; as a result, the TLR2 activation threshold is 
decreased, and larger numbers of cells start producing 
proinflammatory cytokines. This can promote devel-
opment of autoinflammatory diseases such as multiple 
sclerosis [38, 39].

Regulatory mechanisms of TLR tolerance  
development during SMOC formation

Apparently, the events that take place in the cell 
after TLR ligation are not as easy to explain as it was 
thought previously. Each signaling pathway is involved 
in the formation of SMOCs. It is assumed that these 
structures play an important role in amplification of the 
signal so that it could reach the threshold value and in 
the specificity of cellular responses. The transduction 
of signals from TLRs involves two types of SMOCs 

Fig. 3. IL-27 enhances the expression of soluble CD14 (sCD14), resulting in the completely recovered TLR4 sensitivity to 
LPS in the cells with a low expression level of membrane CD14 (on the left) and causing the increased production of TNF-α. 
The cells with high levels of membrane CD14 expression (on the right) retain a state of LPS-induced tolerance, despite the 

presence of IL-27, which is manifested in low production levels of TNF-α. 

Induced  
tolerance

↑TNF-α ↓TNF-α

Induced  
tolerance
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– the myddosome (with the MyD88 protein as a core 
component) and the triffosome (with the TRIF protein 
constituting the core) [7, 10, 11, 17, 40]. 

The assembly of myddosomes following the ac-
tivation of TLR2, TLR4, and TLR9 involves the adap-
tor protein MAL, which is responsible for interaction 
with the MyD88 protein, resulting in recruitment of the 
IRAK family kinases and TRAF6 to the myddosome. 
The signal transduction along the MyD88-dependent 
pathway through the other TLRs and the assembly of 
myddosomes follow the same pattern, but without par-
ticipation of the adaptor protein MAL, though the intra-
cellular events that take place after the ligation of some 
receptors have not been studied sufficiently [7, 9, 11]. 

The triffosome is assembled after TLR3 is activat-
ed, recruiting the adaptor protein TRIF, interacting with 
the TRAF3 ubiquitin ligase, and activating the TBK1 
kinase [9, 11, 34]. The TLR4 activation does not always 
result in triffosome formation. Apparently, this path-
way requires TLR4 endocytosis for its implementation. 
This process may involve the active receptor complex 
consisting of TLR4, CD14, and MD-2, where CD14 is 
responsible for TLR4 endocytosis. The adaptor protein 
TRAM interacts with TRIF, and this interaction results 
in TRAF6 recruitment to the triffosome [7, 9, 11, 27–
29, 34].

Some pathogenic microbes use protein-based 
viru lence factors to disrupt the activation of intracellu-
lar signaling pathways by affecting the SMOC compo-
nents. The targets described below are shown in Fig. 1.  
For example, an increasing number of bacteria and vi-
ruses encode TIR-domain-containing proteins, which 

interact unproductively with myddosome components. 
Mechanisms underlying these non-productive interac-
tions are still not clearly identified, but mutant strains 
deficient in proteins containing the TIR-domain can 
cause strong inflammatory responses and are non-vir-
ulent [41–43]. 

The additional strategy used by pathogenic mi-
crobes to inhibit TLR signals involves protease encod-
ing. For example, hepatitis C virus and coxsackieviru-
ses encode TRIF-cleaving proteases, causing inhibition 
of signals from TLR3 [7].

Different TLRs engage different combinations of 
adaptor molecules; therefore, the response to specific 
TLR agonists captures the combination of enzymes and 
substrates, which are recruited onto the specific recep-
tor/adaptor complex. Some pathogenic bacteria and vi-
ruses can simultaneously affect several substrates, thus 
making it difficult to identify individual effects and as-
sess their role in development of TLR tolerance [7]. 

Such mechanisms can be thoroughly studied us-
ing models with certain genes being knocked out. As 
for triffosome, TRIF-knockout mice can be taken as an 
illustrative example. Such deficiency affects both TLR3 
and TLR4-mediated expression of IFN-β and activation 
of IRF-3. The example of the myddosome-level in-
duced tolerance are proteins acting as a ubiquitin ligase 
(TRAF6) as well as E3 ubiquitin ligases pellino-1 and 
2, which can overlap the activities of TRAF6. The cells 
lacking all three of these enzymes are defective in terms 
of IL-1 production. The cells lacking TRAF6 alone are 
not defective for these responses. In addition, TRAF6 
mutants that lack enzymatic activity retain the ability 
to mediate rapid myddosome-directed transcription-
al responses, but these responses cannot be sustained 
[44, 45]. 

Thus, the specific mechanisms underlying the 
tolerance development during SMOC formation have 
been insufficiently studied; however, myddosomes and 
triffosomes can be potential targets in development of 
induced tolerance so that pathogenic microbes would 
be able to evade the immune response. 

Regulatory mechanisms of TLR tolerance development 
by regulation of transcription factors and gene  

repression
Multiple studies support the importance of NF-

κB in pro-inflammatory gene induction. TLR tolerance 
depends primarily on NF-κB autoregulation, while 
the type of a ligand is not important. The genes re-
pressed during tolerance are mainly associated with the 
NF-κB-dependent transcription, while IRF and B-ZIP 
motifs are amply represented in gene promoters, which 
are superinduced in tolerant cells. The NF-κB transcrip-
tion factor plays a key role as an activator of pro-in-
flammatory genes of all TLRs and induction of their 
tolerance [15, 17, 46, 47]. For example, hepatitis C vi-
rus proteins can suppress NF-kB nuclear translocation 

Fig. 4. Mechanism of suppression of basolateral TLR9 
stimulation by apical delivery of TLR9 signals. 
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Bacterial DNA



714 715ЖУРНАЛ МИКРОБИОЛОГИИ, ЭПИДЕМИОЛОГИИ И ИММУНОБИОЛОГИИ. 2022; 99(6) 
DOI: https://doi.org/10.36233/0372-9311-323

ОБЗОРЫ

in dendritic cells [48]. Tolerance can also be induced by 
regulation of other transcription factors [7, 49].

As mentioned previously, during the develop-
ment of induced tolerance, the levels of cytokines and 
chemokines decreased nonuniformly, even though the 
expression levels of these genes were regulated by 
the same intracellular mechanisms. Therefore, it was 
assumed that only some of the genes were able to be 
repressed following the induced TLR tolerance. This 
concept is supported by the results of the transcriptome 
analysis, which were obtained after the interaction of 
TLR4 with the classic ligand – LPS. Two classes of 
genes have been identified: tolerizeable genes, which 
were repressed during ligation, and non-tolerizeable 
genes, which were not repressed [15, 50, 51]. The func-
tional classification of LPS-inducible genes has shown 
that proinflammatory factors mainly belong to the class 
of tolerizeable genes, while genes encoding antimicro-
bial factors, including antimicrobial peptides and scav-
enger receptors, fall into the class of non-tolerizeable 
genes [15].

Regulatory mechanisms of TLR tolerance development 
through non-coding RNA and histone modification

The recent studies have found that non-coding 
RNAs (ncRNAs), such as small non-coding RNA mol-
ecules or microRNAs (miRs) and long non-coding 
RNAs (lncRNAs), can modulate an immune response. 
Most miRs are activated or inhibited after TLRs inter-
act with some ligands. Such miRs participate in reg-
ulation of signaling pathways, having an effect on 
MyD88, TRIF, IRAKs, and TRAF6 as well as IRF3, 
NF-kB, and AP-1 [52]. In addition, secreted miRs can 
penetrate microbial cells, thus causing changes in the 
microbiota composition and immunological tolerance 
[53]. It is known that the lncRNA expression increases 
or decreases following the interaction of ligands with 
TLRs. Genes encoding lncRNAs often rank among the 
most dynamically regulated genes in TLR-activated 
cells and act as positive or negative regulators of this 
activation [54].

The regulatory mechanisms of TLR tolerance 
development through histone modification also cause 
changes in the gene expression during tolerance to LPS 
[55, 56]. Studies of some LPS-sensitive genes imply 
that gene promoters are also dynamically regulated, 
leading to tolerance. For example, transcription-as-
sociated histone H3K4 trimethylation is induced at 
promoters in response to LPS stimulation. However, 
during tolerance, H3K4 trimethylation is no longer 

activated at the promoters of tolerized genes such as 
genes responsible for production of IL-6; rather, it is 
induced only at the promoters of non-tolerized genes. 
Treatment with pargyline, an inhibitor of H3K4-de-
methylase, can result in H3K4 methylation at the IL-6 
gene promoter and decrease the suppression of IL-6 
during tolerance [55].

"Trained" innate immunity and induced TLR tolerance
As noted above, induced tolerance can be revers-

ible; however, some cells can hold a memory, thus sug-
gesting that the processes of induced tolerance deve-
lopment can have similarities with the phenomenon of 
"trained" innate immunity. The indirect proof of this is 
offered by the data obtained during studies of transcrip-
tomic profiles of macrophages that recovered from their 
tolerant state. The recovery from tolerance led to the 
activation of their hybrid form, in which they retained 
characteristics of M1 and M2 [7, 57–59].

Mechanisms of tolerance and trained innate im-
munity are similar in that they are apparently regulat-
ed at the level of cytokine genes, which is indirectly 
confirmed by noticeable modifications of histones. 
However, the connection between these two phe-
nomena, which are responsible for opposite effects, 
remains unclear. Another question is what specific 
intracellular events are associated with trained in-
nate immunity and what events are associated with 
induced tolerance. Further research is required to 
explore the causes, conditions, metabolic changes in 
the cell, and regulatory mechanisms involved in these 
processes [15]. 

Conclusion
Recent studies have significantly broadened the 

knowledge of molecular mechanisms associated with 
TLR signaling pathways, though these receptors are 
still a new area of research offering big promises for 
clinical use. At present, quite a large number of prod-
ucts targeting TLRs or downstream components of sig-
naling pathways are being evaluated through clinical 
trials [38, 60–63].

However, the mechanisms of induced tolerance 
and cross-tolerance as well as the phenomenon of 
trained innate immunity have been studied insuffi-
ciently. There is a high risk of adverse effects, which 
can develop over time or under certain conditions. The 
present-day studies of TLR tolerance cover only some 
aspects of its regulation. Further research is required to 
gain a deeper insight into the above process.
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