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Abstract: Relevance. The recent increase in inflammatory, allergic and infectious diseases needs to update new ways of 
raising non-specific resistance of the organism. Innate immunity provides the first line of defense against pathogens through 
the activation of receptors that detect microorganisms: TLRs, NLRs and CLRs. Muramyl peptides that form the cell wall 
of all known bacteria are recognized by NLRs and trigger immune responses to eliminate pathogens. The aim of this study 
was to investigate the effect of muramyl peptides on the production of chemokines, growth factors, pro-inflammatory and 
anti-inflammatory cytokines by human mononuclear cells. Materials and Methods. Mononuclear cells were isolated from 
the peripheral blood of healthy volunteers using the Cell Separation Media Lympholyte CL 5015 reagent and cultured for 4 
hours in the presence of glucosaminyl muramyl dipeptides GMDP, GMDP-OH, GMDP-Lys, GMDP-LL; an adequate amount 
of medium was added to the control wells. The levels of chemokines, growth factors, proinflammatory and anti-inflammatory 
cytokines were measured using magnetic beads with antibodies according to the manufacturer’s instructions Luminex 200, 
Merck (Millipore) equipment, and software (Burlington, Massachusetts, USA). Results and Discussion. It was found that 
muramyl peptides GMDP, GMDP-ON and GMDP-Lys enhance the production of cytokines IL-1a, IL-1b, IL-1RA, IL-2, IL-3, 
IL-4, IL-5, IL-6, IL-9, IL-10, IL-12P40, IL-12P70, IL-15, MDC, sCD40L, IFNα2, IFN-γ, TNF-a, TNF-β, GM-CSF. GMDP-LL 
does not affect the production of cytokines. At the same time, muramyl peptides with the L-configuration of alanine and the 
D-configuration of isoglutamine (L-D muramyl peptides) did not change the values of IL-2, IL-3, IL-5, IL-9. Conclusion. The 
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D-configuration of isoglutamine is fundamental for the implementation of the regulatory activity of muramyl peptides. A wide 
range of bacterial bioregulators, the source of which are microorganisms, regulate the host homeostasis and trigger immune 
reactions, which, depending on the context, can have opposite effects. L-D muramyl peptides activate mononuclear cells, 
which begin to produce proinflammatory cytokines and chemokines, as well as growth factors necessary for the destruction 
of pathogens. In addition, anti-inflammatory cytokines are also triggered, which have a regulatory role in the appearance of 
memory cells and the weakening of inflammatory reactions. Thus, normally, muramyl peptides participate in maintaining 
tolerance to microflora and maintaining immune homeostasis.

Keywords: innate immunity, immune homeostasis, tolerance, glucosaminylmuramyldipeptide, muramyl peptide, inflammation 
regulation, bacterial bioregulators, NOD2
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Introduction

Muramyl peptides are key components of 
the cell wall of gram-positive and gram-negative 
bacteria [1]. N-acetylmuramic acid is synthesized 
exclusively in prokaryotic organisms and, together with 
N-acetylglucosamine and peptides that cross-link these 
polymer chains, forms the peptide glycan framework of 
the bacterial cell wall [2, 3]. In gram-positive bacteria, 
the peptide glycan layer is several times thicker than in 
gram-negative bacteria [4]. In gram-negative bacteria, 
an outer membrane with lipopolysaccharides of various 
chemical structures [5, 6] is located on top of the 
peptide glycan layer, determining the species and strain 
specificity of bacteria [7–9]. However, recent studies 

using advanced imaging techniques have revealed that 
lipopolysaccharides are embedded in the bacterial outer 
membrane as discrete regions that form islands in the 
bacterial outer membrane [10]. During growth, bacteria 
remodel the peptide glycan framework using their own 
autolysin enzymes, with a significant portion (up to 50 %) 
of the resulting muramyl peptides being reused by the 
bacterium, and some muramyl peptides ending up in the 
extracellular environment [11–13]. Muramyl peptides and 
lipopolysaccharides are pathogen- associated molecular 
patterns that activate innate immune receptors and ensure 
an adequate response of the macroorganism to pathogenic 
and commensal microflora [14–16].

The mechanism of action of muramyl peptides 
is based on recognition by innate immune receptors 
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such as Nucleotide- binding Oligomerization Domain- 
containing protein 1 and 2 (NOD1, NOD2) of 
intracellular localization in all cells of the body [17, 
18]. Interaction of muramyl peptides with NOD1 
or NOD2 triggers a cascade of signaling pathways 
leading to activation of nuclear factor kappa B (NF-κB) 
and release of proinflammatory cytokines such as 
interleukin-1 (IL-1), interleukin-6 (IL-6), interferon 
gamma (IFNg) and tumor necrosis factor alpha (TNF-α). 
This process plays an important role in protecting the 
body from bacterial and viral infections. It is known 
that mutations in the NOD2 gene are associated with 
Crohn’s disease, a chronic inflammatory bowel disease, 
which served as an additional incentive for a detailed 
study of the signaling pathways triggered by muramyl 
peptides [19–21]. It was determined that the functioning 
of NOD2 is a necessary condition for maintaining the 
functioning of innate and acquired immunity [18]. 
Maintaining the integrity of the epithelial barrier is 
the main condition for preventing the penetration of 
microorganisms by transepithelial transport and the 
occurrence of inflammation, and as a consequence, the 
occurrence of various diseases affecting all systems 
and organs [22–24]. Understanding the features of 
the interaction of muramyl peptides with epithelial 
cells, as well as with various immunocompetent 
cells, can lead to the development of therapies 
aimed at modulating NOD2 activity and regulating 
the immune response. In particular, enhancing the 
immune response with muramyl peptides can be used 
in primary immunodeficiencies, while activation of 
neutrophilic granulocytes and the macrophage link of 
immunocompetent cells can compensate for insufficient 
production of immunoglobulins [25]. Medicines based 
on muramyl peptides have proven effective in the 
prevention of seasonal respiratory infections and in the 
rehabilitation of patients who have had COVID19 [26, 
27]. Studies show that muramyl peptides can be effective 
adjuvants for vaccines [28–30]. Adjuvants enhance the 
immune response to an antigen, which is especially 
important for vaccines against hard-to-detect pathogens. 
In particular, muramyl peptides stimulate the production 
of antibodies and increase the activity of macrophages, 
neutrophilic granulocytes, and natural killer cells, which 

makes them valuable in the development of vaccines 
against bacterial and viral infections [31, 32]. Medicines 
based on muramyl peptides have proven effective in the 
prevention of acute respiratory diseases [26].

In addition, muramyl peptides are being studied as 
potential therapeutic agents for autoimmune diseases. 
At the same time, muramyl peptides can both aggravate 
the course of an autoimmune disease, for example, in 
ultra-high concentrations in ankylosing spondylitis, and 
alleviate it, for example, when taken during remission 
in psoriasis [33, 34]. Understanding the effect of 
muramyl peptides in these pathologies can lead to the 
development of new strategies for the treatment and 
diagnosis of such diseases.

The triggering of anti-inflammatory reactions along 
with pro-inflammatory reactions may be one of the 
possible explanations for the discovered multidirectional 
effects of muramyl peptides. At the same time, anti-
inflammatory reactions manifest themselves with 
a significant lag in time and intensity compared to 
pro-inflammatory ones [35].

The main interest in muramyl peptides is explained 
by their ability to activate innate immunity, which makes 
them promising agents for the prevention of socially 
significant diseases, as well as the development of new 
therapeutic and diagnostic methods. The prospects for 
the use of muramyl peptides in biomedicine continue 
to expand [32]. New studies are aimed at modifying 
the structure of muramyl peptides to increase their 
effectiveness and specificity [36–39]. The development 
of synthetic analogs of muramyl peptides that may have 
improved properties and reduced toxicity, as well as 
the study of their immunomodulatory properties is an 
important direction in the development of new preventive 
and therapeutic agents to increase non-specific resistance.

Materials and methods
Muramyl peptides

Muramyl peptides were synthesized in the 
laboratory of peptide chemistry of M.M. Shemyakin and 
Yu.A. Ovchinnikov Institute of Bioorganic Chemistry 
(Moscow, Russia) [40]. The chemical structure of 
muramyl peptides is presented in the figure 1.
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Fig. Chemical structure of muramyl peptides

Isolation of mononuclear cells
Venous blood was collected in the tubes (Vacuette, 

Greiner Bio- One, Austria) with an anticoagulant (0.1 ml 
of a 2.7 % K2EDTA salt solution; pH 7.2-7.4 per 1 ml 
of blood). Whole blood was diluted 1:3 with phosphate- 
buffered saline PBS (Paneco, Russia), layered on Cell 
Separation Media Lympholyte CL 5015 (Cedarlane 
Laboratories Limited, Ontario, Canada) and centrifuged 
for 40 minutes at 400 G. Mononuclear cells (MNCs) were 
washed twice in complete RPMI 1640 medium (Merk, 
Germany) containing 10 % fetal bovine serum (Merk, 
Germany), 100 U/ml penicillin (Merk, Germany), 100 
μg/ml streptomycin (Merk, Germany) and 10 mM Hepes 
buffer (Merk, Germany). Cell viability was determined 
by trypan blue staining (Paneco, Russia).

Cultivation of human mononuclear cells  
in the presence of muramyl peptides

Mononuclear cells were added to the wells of 
a 96-well plate (Costar, Washington, WA, USA), at 
0.2x105 per well, muramyl dipeptides were added at 
a final concentration of 5 µg/ml and an equal volume 
of medium to control wells. The cells were incubated 
for 4 hours at 37 °C in a 5 % CO2 atmosphere, the 
supernatant was collected, and cytokines were tested.

Multiplex cytokine analysis
Multiplex cytokine analysis was performed using 

magnetic beads with antibodies for the determination of 
human cytokines/chemokines using the Luminex 200, 
Merck (Millipore) equipment, and software (Burlington, 
Massachusetts, USA). Supernatants of mononuclear cells 
were analyzed according to the manufacturer’s instructions.

Statistics
Statistical processing of the data was performed using 

GraphPad Prism 8.0.2 software (GraphPad Software, 
Inc., La Jolla, CA, USA). For determining intergroup 
differences of independent samples and assessing their 
statistical significance with a normal distribution, an 
unpaired Student’s t-test was applied. Significance levels 
of p < 0.05 were considered statistically significant.

Results and discussion
For the first time, the ability of muramyl peptides 

GMDP, GMDP-ON, GMDP-Lys and GMDP-LL to 
influence the production of cytokines IL-1a, IL-1b, 
IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, 
IL-12P40, IL-12P70, IL-15, MDC, sCD40L, IFNα2, IFN-γ, 
TNF-a, TNF-β, GM-CSF was studied on mononuclear 
cells of healthy donors. It was found that GMDP-LL does 
not affect the production of cytokines, which is consistent 
with previously obtained data on the induction of nitric 
oxide expression. At the same time, muramyl peptides with 
the L-configuration of alanine and the D-configuration of 
isoglutamine (L-D muramyl peptides) increased IL-1a, 
IL-1b, IL-1RA, IL-4, IL-6, IL-10, IL-12P40, IL-12P70, 
IL-15, MDC, sCD40L, IFNα2, IFN-γ, TNF-a, TNF-β, 
GM-CSF and did not change the values of IL-2, IL-3, 
IL-5, IL-9 (data not shown).

Studies have found that L-D muramyl peptides 
(GMDP, GMDP-OH and GMDP-Lys) stimulate the 
production of proinflammatory cytokines IL-1β, IL-6 
and TNF-α, which are involved in acute and systemic 
inflammation [41, 42]. Moreover, the maximum 
effect was observed with the induction of IL-1β (up to 
520 pg/ml), IL-6 (up to 595 pg/ml) and TNF-α (up to 
930 pg/ml). GMDP turned out to be the most active of 
the muramyl peptides studied (Figure 2).
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Fig. 2. Effect of muramyl peptides on the production of chemokines, growth factors, proinflammatory and anti-inflammatory cytokines
Note: * — p < 0.05 — compared to control values.
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Interestingly, L-D muramyl peptides stimulate the 
production of not only pro-inflammatory cytokines IL-1a 
and IL-1b, but also their antagonist, the interleukin-1 
receptor antagonist (IL-1RA). This fact demonstrates 
the ability of L-D muramyl peptides to control both 
pro- and anti-inflammatory processes.

A 3-fold increase in IL-4 under the influence of 
GMDP-OH and GMDP-Lys, and a 4-fold increase 
under the influence of GMDP may be important 
when combined with antigens that have allergenic 
properties, which should also be taken into account 
when prescribing drugs based on muramyl peptides 
during an exacerbation of allergy [43].

The cytokine IL-10, which regulates the balance 
of the immune response, may reduce the expression of 
Th1 cytokines, MHC class II antigens and costimulatory 
molecules on macrophages, it can also suppress the 
activity of macrophages and dendritic cells [44, 45]. 
IL-10 increased under the influence of GMDP to 56 
μg/ml, which indicates the possibility of its use in case 
of loss of the ability of Th17 to produce IL-10 and 
prevention of acquisition of the pathogenic phenotype 
of Th17.

Under the influence of GMDP, GMDP-OH 
and GMDP-Lys the content of IL-12P40 and 
IL-12P70, which are subunits of the cytokine 
IL-12[46], significantly increased. In macrophages, 
IL-12P40 increases the production of both pro- and 
anti-inflammatory molecules [47]. IL-12 promotes 
differentiation of T cells into long-lived Th1-polarized 
memory cells [48]. The obtained data explain the 
previously registered ability of muramyl peptides 
to promote an increase in Th1 cells, observed when 
using a GMDP-based drug in patients with atopic 
bronchial asthma [49]. L-D muramyl peptides more 
than doubled IL-15, which is responsible for the growth 
and differentiation of T, B, lymphocytes, natural killers 
and dendritic cells, and also enhances the cytolytic 
activity of CD8+ T cells [50–52].

Notably, MDC (a chemokine derived from 
macrophages) increased more than threefold under 
the influence of L-D muramyl peptides. MDC is 
involved in the formation and functioning of the 
thymus, attracting monocytes, dendritic cells and 

natural killer cells, and also performs the functions 
of regulating immune responses of the skin [53–55]. 
L-D muramyl peptides (GMDP, GMDP-OH and 
GMDP-Lys) increased the production of type I (IFNα2) 
and type II (IFNγ) interferons by 50 % and 100 %, 
respectively. IFNα2 has antiviral, antiproliferative 
and immunomodulatory activity, and is often used 
in the treatment of certain viral infections and 
cancer; it stimulates natural killer cells and enhances 
the expression of MHC proteins [56–61]. IFNγ is 
a key cytokine of innate and adaptive immunity 
against viral and intracellular bacterial infections; 
it has antiviral, antitumor and immunoregulatory 
functions [62]. sCD40L is a soluble form of CD40 
ligand, predominantly expressed on activated T cells, 
is required for B cell maturation and development of 
humoral immunity, and is also involved in regulating 
dendritic cell function [63, 64]. The observed effect of 
muramyl peptides complements previously obtained 
data on the effect of GMDP on dendritic cells [26, 
65]. A 70 % increase in sCD40L levels under the 
action of L-D muramyl peptides also demonstrates 
the potential of muramyl peptides to influence adaptive 
immunity. Granulocyte- macrophage colony- stimulating 
factor (GM-CSF), which stimulates the production 
of granulocytes and macrophages from bone marrow 
progenitor cells and enhances the functional activity of 
mature leukocytes [66], increased more than twofold to 
6 pg/ml under the action of L-D muramyl peptides. The 
discovered activity of muramyl peptides to stimulate 
GM-CSF production may explain the effectiveness of 
a GMDP-based drug in the treatment and development 
of new therapies for patients with hepatitis [67, 68].

It is noteworthy that L-D muramyl peptides 
(GMDP, GMDP-OH and GMDP-Lys) increased 
the production of both proinflammatory and anti-
inflammatory cytokines, indicating the possibility of 
regulating multidirectional processes depending on 
the context and microenvironment, which is consistent 
with the previously discovered ability of GMDP to 
influence the production of proinflammatory cytokines 
and modulate the transcription of genes responsible 
for the manifestation of regulatory functions of 
immunocompetent cells [65].
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It should be taken into account that the cell walls of 
commensal bacteria include not only muramyl peptides, 
but also lipopolysaccharides, lipid II, which are also 
bioregulators of intracellular processes. Commensal 
microorganisms are not the only source of muramyl peptides. 
During respiration, bacteria enter the upper respiratory tract 
along with dust and plant pollen [69–71]. In this case, not 
only muramyl peptides but also lipopolysaccharides of 
various structures, which are part of the structure of gram-
negative bacteria, lipid II, bacteriocins, as well as pollen 
antigens and pollutants, have an effect.

On the other hand, endogenous regulators of 
the macroorganism, such as antimicrobial peptides, 
hormones, lysozyme, etc., can change the activity of 
muramyl peptides by enhancing or weakening their 
effect [72, 73].

Thus, when analyzing the effects of muramyl 
peptides, it is necessary to take into account their 
potentiating effect of numerous external factors, as 
well as factors of the internal environment of the body, 
for example, the activity of enzymes involved in the 
phosphorylation of muramyl peptides, without which 
NOD2 activation is impossible [74]. For a comprehensive 
analysis and visualization of activation pathways, 
numerous databases are created using systems biology 
approaches that reveal the activation of numerous 
signaling pathways in health and disease [75–78].

Conclusion
The D-configuration of isoglutamine is fundamental 

for the implementation of the regulatory activity 
of muramyl peptides: in human mononuclear cells, 
glucosaminyl muramyl dipeptide with the L-configuration 
of isoglutamine does not affect the production of 
cytokines IL-1a, IL-1b, IL-1RA, IL-2, IL-3, IL-4, IL-5, 
IL-6, IL-9, IL-10, IL-12P40, IL-12P70, IL-15, MDC, 
sCD40L, IFNα2, IFN-γ, TNF-a, TNF-β, GM-CSF.

Systemic relationships between microorganisms 
and the macroorganism at the level of mucous 
membranes, organs and tissues, formed in the process 
of evolution, are of great importance for maintaining 
immune homeostasis and underlie the development 
of methods for the prevention and therapy of socially 

significant immune- dependent diseases. At the same 
time, a comprehensive study of the microbiome, 
genome, transcriptome, and metabolome in normal 
and pathological conditions remains relevant, among 
which the determination of the mechanisms of the 
influence of bacterial bioregulators, which are fragments 
of the cell walls of Gram (+) and Gram (–) bacteria, on 
immune homeostasis is especially important. Further 
study of compounds of bacterial origin is of interest 
due to their ability to pass through the epidermis and 
mucous membranes and thus exert a local and systemic 
effect on the macroorganism, helping in the fight against 
pathogens.

A wide range of bacterial bioregulators, the 
source of which are microorganisms, regulate the host 
homeostasis and trigger immune reactions, which, 
depending on the context, can have opposite effects. 
L-D muramyl peptides activate mononuclear cells, 
which begin to produce proinflammatory cytokines and 
chemokines, as well as growth factors necessary for the 
destruction of pathogens. In addition, anti-inflammatory 
cytokines are also triggered, which have a regulatory 
role in the appearance of memory cells and the 
weakening of inflammatory reactions. Thus, normally, 
muramyl peptides participate in maintaining tolerance 
to microflora and maintaining immune homeostasis.
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Влияние мурамилпептидов на продукцию хемокинов, факторов 
роста, провоспалительных и противовоспалительных цитокинов

C.В. Гурьянова1, 2  
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Аннотация. Актуальность. Рост воспалительных, аллергических и инфекционных заболеваний, наблюдающийся 
в последнее время, актуализирует задачу поиска новых способов повышения неспецифической резистентности 
организма. Врожденный иммунитет обеспечивают первую линию защиты от патогенов через активацию рецепторов, 
определяющих микроорганизмы посредством рецепторов TLRs, NLRs и CLRs. Мурамилпептиды, образующие 
клеточную стенку всех известных бактерий, распознаются NLRs и запускают реакции иммунной системы по эли-
минации патогенов. Целью настоящего исследования являлось изучение влияния мурамилпептидов на продукцию 
хемокинов, факторов роста, провоспалительных и противовоспалительных цитокинов мононуклеарными клетками. 
Материалы и методы. Мононуклеарные клетки получали из периферической крови здоровых добровольцев с по-
мощью реагента Cell Separation Media Lympholyte CL 5015 и культивировали 4 часа в присутствии глюкозаминил 
мурамил дипептидов ГМДП, ГМДП-ОН, ГМДП-Lys, ГМДП-LL; в контрольные лунки добавляли адекватное 
количество среды. Уровни хемокинов, факторов роста, провоспалительных и противовоспалительных цитокинов 
измеряли с помощью магнитных шариков с антителами согласно инструкции производителя Luminex 200, Merck 
(Millipore) equipment, and software (Burlington, Massachusetts, USA). Результаты и обсуждение. Установлено, что 
мурамилпептиды GMDP, GMDP-ON, GMDP-Lys и усиливают продукцию цитокинов IL-1a, IL-1b, IL-1RA, IL-4, 
IL-6, IL-10, IL-12P40, IL-12P70, IL-15, MDC, sCD40L, IFNα2, IFN-γ, TNF-a, TNF-β, GM-CSF. GMDP-LL не вли-
яет на продукцию цитокинов. В то же время мурамилпептиды с L-конфигурацией аланина и D-конфигурацией 
изоглутамина (L-D-мурамилпептиды) не изменили значения IL-2, IL-3, IL-5, IL-9. Выводы. D-конфигурация 
изоглутамина является необходимой для реализации регуляторной активности мурамилпептидов. Широкий спектр 
бактериальных биорегуляторов, источником которых являются микроорганизмы, регулируют гомеостаз хозяина 
и запускают иммунные реакции, которые в зависимости от контекста могут иметь противоположные эффекты. 
L-D-мурамилпептиды активируют мононуклеарные клетки, которые начинают продуцировать провоспалительные 
цитокины и хемокины, а также факторы роста, необходимые для уничтожения патогенов. Кроме того, запускаются 
и противовоспалительные цитокины и хемокины, которые играют регуляторную роль в появлении клеток памяти 
и ослаблении воспалительных реакций. Таким образом, в норме мурамилпептиды участвуют в поддержании 
толерантности к микрофлоре и поддержании иммунного гомеостаза.

Ключевые слова: врожденный иммунитет, иммунный гомеостаз, толерантность, глюкозаминилмурамилдипептид, 
мурамилпептид, регуляция воспаления, бактериальные биорегуляторы, NOD2
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