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Modeling of immune tolerance will eliminate the need for taking 

medications to prevent rejection. This review of available literature covers 

the immune mechanisms of allograft rejection and the ways of tolerance 

induction. The role of mesenchymal stem cells and their use for tolerance 

development have been discussed. The authors also draw attention to the 

fact that blood transfusion from an organ donor leads to a decreased 

intensity of the immune response to donor cells in transplantation. 
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Organ transplantation being one of the greatest achievements of the 

twentieth century has taken great strides in medicine as an alternative in the 

organ failure treatment that can save many patients who do not have other 

options to survive. More than 106,000 organ transplants were performed all 
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over the world in 2010 and that could serve an indicator of the medicine 

development in any state. Over the recent three decades, a one-year graft 

survival rate for the transplanted organs (kidneys, liver) has reached 90%, 

but the functional time span of transplanted organs have improved 

insignificantly due to the development of chronic graft rejection. An acute 

rejection, even after liver transplantation, was recorded in 1/3 of patients. 

Generally in most cases, it is coped with by using traditional therapeutics 

only; but with the treatment-resistant rejection or contraindications to such 

treatment, other methods should be used [1]. The prevention and treatment 

of acute rejection are efficient, but involve significant risks, including 

opportunistic infections, recipient intoxication, metabolic disorders, and 

malignant neoplasms. The development of new therapies that would not 

compromise the immune system, but specifically prevent damage to 

allogeneic tissues, is of primary importance for future transplant medicine. 

Induction of immunological tolerance will help to obviate the need for 

administering medications, avoiding a rejection and associated side effects 

[2]. 

In attempts to achieve immunological tolerance, researchers focused 

on studying the regulation of the immune response as the "cornerstone" of 

modern clinical transplantation. Observations of induced hematopoietic 

chimeras [3] in veterinary medicine and pioneer works of M. Hašek and V. 

Demikhov made in the 50s of the XX century contributed to the 

understanding of this issue [4, 5]. 

The purpose of this review was to describe the immune mechanisms 

of allograft rejection and ways of inducing tolerance, basing on the available 

literature data. 
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Transplant rejection reaction 

It is known that an allograft transplanted to a recipient from a 

genetically alien donor is not accepted and is inevitably rejected. Genetic 

differences in donor and recipient tissues play a key role in the development 

of the allogeneic graft rejection. Antigens that provide intraspecific 

differences are designated as the tissue compatibility (histocompatibility) 

antigens and refer to the major histocompatibility gene complex (MHC) [6]. 

In humans, MHC is called HLA (human leukocyte antigen). The biological 

role of MHC is to ensure the interaction between body cells, the recognition 

of native, alien, and native altered cells, the trigger and realization of the 

immune response against the foreign information carriers, the positive and 

negative selection of T cell clones, and the presentation of immune response 

targets. 

The immunological nature of graft rejection was shown by Peter 

Medawar in the experiment on transplanting a genetically alien skin graft in 

rabbits [7]. Generally, both humoral and cellular mechanisms play a role in 

the graft rejection. Cellular mechanisms of rejection include the activation of 

T lymphocytes that become sensitized to donor-derived antigens. These 

lymphocytes cause damage to allogeneic tissue cells either by direct 

cytotoxicity, or by the secretion of lymphokines. The T-cell-mediated 

damage is characterized by necrosis of parenchymal cells, lymphocytic 

infiltration, and fibrosis. Humoral mechanisms are mediated by antibodies 

that can be present in the recipient's serum before transplantation or develop 

after allogeneic tissue transplantation. Humoral factors damage the 

transplanted tissue by the reactions that are equivalent to type II and III 

hypersensitivity reactions. The interaction of antibodies with antigen on the 
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surface of transplanted cells results in cell necrosis; and the accumulation of 

immune complexes in blood vessels activates the complement, which leads 

to the development of acute necrotizing vasculitis or chronic intimal fibrosis 

with vasoconstriction. 

Three types of rejection reactions have been distinguished depending 

on how fast they can develop: a hyperacute rejection, an acute rejection, and 

a chronic graft dysfunction (or chronic graft nephropathy in case of kidney 

transplantation) [8, 9]. 

A hyperacute graft rejection occurs immediately after the blood 

perfusion has been resumed; its occurrence is associated with the presence of 

anti-donor antibodies in the recipient's circulation. The recipient antibodies 

bind to antigens expressed on the surface of the transplanted graft 

endothelium, form an antigen-antibody complex, and, in the presence of the 

complement, initiate the immune inflammation as in type II hypersensitivity. 

Fibrin deposition with thrombus formation occurs in the graft vessels; the 

blood flow derangement results in organ death. 

An acute rejection, in turn, is classified into acute humoral and acute 

cellular rejection. The acute humoral rejection in typical cases occurs in a 

sensitized patient; the process usually begins in the period from several days 

to 4 weeks after transplantation. The acute cellular rejection can occur at 

almost any time, usually at 1 week to 6 months after transplantation. The 

chronic allograft dysfunction can develop in the period from 6 months to 

many years after transplantation. The chronic rejection of the allograft 

remains the main cause of failures in the long-term period after surgery. The 

organ failure occurs due to chronic inflammation, which causes the 

proliferation of the intimal smooth muscle cells and, as a result, vascular 

occlusions and ischemic damage. Pathogenesis involves the chronic 



 5 

secretion of cytokines, the activation of T-lymphocytes, and the production 

of antibodies that are capable of activating the complement system, which, 

by classical type, results in chronic damage. Despite the advances in 

immunosuppressive therapy, this type of rejection persists, and new 

techniques are necessary to be developed to improve the graft survival. 

  

Immunological tolerance 

The tolerance of the immune system is defined as a specific 

immunological non-response to antigens. Meanwhile, there is a 

characteristic non-response to a certain antigen, but keeping the response to 

any other one. According to a vivid expression by R.V. Petrova, "tolerance 

is an immunity with a minus sign". The immune system non-response to its 

native antigens protects the body from autoaggression [10]. When tolerance 

to alloantigens has been established, the transplanted tissue can be accepted. 

The tolerance to exogenous antigens entering the body from the outside can 

be induced both in the neonate period and at the age of puberty. The immune 

system mechanisms that allow blocking the aggression against the native or 

donor cells and tissues have been conditionally classified into central and 

peripheral mechanisms of tolerance induction. The central tolerance is 

induced in the central organs of immunogenesis: in the thymus and bone 

marrow, and limits the T- and B-lymphocyte autoreactivity. 

The thymus is the major site of T-cell maturation and can be 

anatomically and functionally separated into two zones: the thymic cortex 

and medulla. The cortex contains densely packed immature thymocytes and 

represents the location where the positive selection takes place involving the 

selection of T lymphocytes that can bind to their own MHC molecules with 

low avidity. Thymocytes that do not react with their own MHC antigens are 
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subjected to apoptosis. The medulla contains loosely packed mature 

lymphocytes and is the site where the process of negative selection takes 

place. At this stage, the high avidity cells that react with the complex of their 

own MHC antigens are exposed to apoptosis. As a consequence of positive 

and negative selection, T cells that leave the thymus and populate peripheral 

lymphoid tissues are self-MHC restricted and tolerant to many auto-

antigens.  

Despite the central mechanisms of tolerance are highly efficient in deleting 

the auto-reactive lymphocyte clones, some of T cells are able to escape this 

control, to exit the thymus [9, 10] and induce autoimmune responses to 

inflammation, such as those in infection or trauma. So, there is a constant 

threat of potential autoimmune reactions due to the escape of auto-reactive T 

cell clones to the periphery. The control over these potentially dangerous 

cells is exercised by peripheral tolerance. There are four mechanisms of 

peripheral (post-thymic) tolerance: 1. T-cell ignorance of antigens. This 

phenomenon can be observed when the antigens are present in a very low 

amount that is insufficient for recognition, or when there is a shortage of the 

T cells that can develop an immune response. 2. T-cell anergy when T cells 

are made non-responsive to antigens. This may be due to an inadequate 

expression of the T-cell receptor or co-receptor molecules. 3. Clonal deletion 

of T cells is a mechanism similar to the processes occurring in the thymus 

with negative selection of T lymphocytes. 4. Negative activation with the 

development of apoptosis. An activated T lymphocyte expresses Fas-

receptor and Fas-ligand on the membrane. Moreover, Fas-ligand is secreted 

in a soluble form. Apoptosis develops when the ligand and the receptor 

come in contact. This mechanism serves to control autoimmune reactions 

and maintain an optimal pool of lymphoid cells. 
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It is known that tolerance to the antigens entering the body can be 

induced both in the neonate and pubertate periods when the immune system 

unresponsiveness is establishing both at the level of the central organs of 

immunogenesis and at the peripheral organ level, i.е. the mechanisms of 

both central and peripheral tolerance are involved. One of the most popular 

ways of tolerance induction in clinical transplantation is the combined effect 

of antigen and immunosuppressant (the drug-induced tolerance). This 

strategy results in a donor-antigen-specific non-responsiveness and 

demonstrates the clonal nature of immunological tolerance. Currently there 

are no efficient mechanisms of the peripheral tolerance control that would 

have contributed to the deletion of activated effector T cells through the 

anergy induction, clonal depletion, or regulation of the effector T cell 

activation. 

Clinically, tolerance is manifested by the existing well-functioning 

transplanted organ without histological signs of rejection in the absence of a 

destructive immune response in the recipient without immunosuppression 

with a fully preserved immune system [11]. The prevention of graft rejection 

may be achieved by the continuous use of immunosuppressive drugs that 

most likely have an effect on the entire immune system. Meanwhile, the 

target for immunosuppressants in their tolerance induction can be various 

chains of the immune system responsible for the presentation of the antigen, 

the development and regulation of the immune response to a foreign antigen. 

The cellular therapy as a new therapeutic modality involves potential 

advantages, such as mastering the natural ability of cells to perform complex 

biological functions. But since these are living cells, there are certain 

difficulties in determining their identity, dosage, pharmacokinetics and 

interactions with other drugs. The knowledge of the cell functional 
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properties provides the basis for stem cell immune therapies, and adoptive 

transfusion of donor-specific regulatory T cells cultivated ex vivo, and the 

use of modified alloantigens [11]. 

  

Antigen presentation 

To induce the reactions of both cellular and humoral immunity, the 

presentation of MHC antigens to T lymphocytes by antigen presenting cells 

(APCs) is required. To date, there are three key mechanisms [12] that 

explain how alloantigens activate T cells. 

The first mechanism is termed a direct presentation and denotes the 

recognition of whole unprocessed HLA molecules. This type of presentation 

is mediated by donor AICs, mostly the dendritic cells (DCs), being present 

in the allograft as "the passengers" that migrate to the draining lymph nodes 

and present the alloantigens to the recipient T cells. The activation of 

recipients cytotoxic T lymphocytes and T helpers by HLA class I and II 

molecules, respectively, is associated with the development of 

predominantly cellular rejection. But this mechanism is not permanent, and 

donor DCs leave the blood flow because of their natural death.  

An indirect presentation (indirect pathway) implies the recognition of 

the processed MHC antigens and is carried out through the recipient AICs. 

This type of presentation induces the humoral and cellular immune 

responses determined by Th2 or Th1 T-helpers. 

The third mechanism involved in the allograft recognition is termed a 

partial presentation when the fragments of donor membranes with HLA 

class I molecules are transferred, among others, to the AIC of the recipient. 

Partial presentation includes both the molecules of intercellular interactions, 

and the absorption of MHC small fragments by vesicles. 
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Antigen presenting cells, their role in the rejection development 

and tolerance induction 

Dendritic cells. Myeloid DCs are bone-marrow-derived cells and, 

along with macrophages and B lymphocytes, considered professional 

antigen-presenting cells playing an important role in generating the 

peripheral tolerance. DCs are located in the epithelium of the respiratory 

tract, bowel, and reproductive tract, near blood vessels and nerve endings, in 

the interstitium of almost all organs. In infection or tissue damage, immature 

DCs are activated by various pathogen-associated molecular receptors that 

bring about their maturation [11]. They migrate to the draining lymph nodes 

where they acquire the ability to activate intact T cells. Under normal 

physiological conditions of the body, peripheral DCs absorb apoptotic cells 

and corpuscles, cell fragments carrying their own antigens, and induce the 

state of tolerance that inhibits inflammatory or immune responses and 

thereby protects cells and body tissues from possible damage caused by 

pathogenic autoimmune reactions, and the immune reactions induced by 

viral or bacterial infection [13, 14]. 

At solid organ transplantation, DCs can act either as tolerogenic ones 

involved in the transplant acceptance, or as immunogenic ones playing a key 

role in the rejection reaction development [15]. This potential is directly 

related to the DC maturation. The mature DCs expressing high levels of 

APCs and costimulatory molecules contribute to generating the cell-

mediated immunity, while the immature DCs expressing low levels of 

surface MHC class II and costimulatory molecules induce the development 

of T-cell tolerance. But, despite the fact that tolerance is mainly induced by 

immature DCs, even mature DCs can induce antigen-specific 

unresponsiveness, as well. Tolerogenic DCs have been characterized by low 
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levels of expression of CD86, CD40, PD-L2, and high levels of expression 

of PD-L1 and CD80 [16, 17]. Based on these data, a variety of 

pharmacological agents such as cytokines and growth factors (IL-10, TGF-β, 

GM-CSF, immunosuppressants (cyclosporine, mycophenolate mofetil, 

corticosteroids), as well as vitamin D3 and aspirin can be used in vitro to 

produce tolerogenic DCs [11]. So, in the presence of high doses of IL-10, 

DCs induce antigen-specific T-lymphocyte anergy, while low doses of GM-

CSF lead to the development of immature DCs that induce alloantigen-

specific T cell unresponsiveness in vitro and in vivo. 

Thus, the researchers can consider DCs as the most attractive option 

for a targeted therapy aimed at inducing tolerance in organ transplantation. 

 

Macrophages 

Macrophages are the essential cells of the innate immune system that 

are the first to encounter the antigens and damaged native cells of the body, 

and also act as 'professional' antigen-presenting cells. Macrophages originate 

from the monocytes circulating in blood and, accordingly, they may be 

considered as cells having the bone-marrow origin. Thanks to having 

membrane receptors (such as TLR) and intracellular or cytosolic receptors 

(NOD), the macrophages are able to recognize extracellular and intracellular 

pathogens, and become activated. This results in the production of 

proinflammatory cytokines IL-12, TNF-α, IL-8, and chemokines by 

macrophages. Chemokines promote the migration of natural killers, 

neutrophils, and naive T lymphocytes (Th0) to the inflammation focus. 

Then, depending on the macrophage-produced cytokines, the adaptive 

immune response type (cellular, associated with lymphocytes Th1, or 

humoral, associated with Th2) is determined [18]. The classical pathway of 
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macrophage (M1) activation is associated with the production of 

proinflammatory cytokines IL-12, TNF-α, and IFN-γ, which facilitates the 

conversion of Th0 lymphocytes to Th1. Resulting from the effect of anti-

inflammatory cytokines (IL-10, IL-4, TGF-beta), M2 macrophages 

potentiate the development of Th0 cells into Th2-cells (an alternative 

pathway of the activation). The function of macrophages, as a rule, is 

associated with the development of an inflammatory response and a rejection 

reaction. Meanwhile, a number of studies have shown the ability of 

macrophages to exhibit regulatory functions under certain culturing 

conditions and induce the immunological tolerance. So, B.G. Brem-Exner et 

al. demonstrated the ability of IFN-γ-activated macrophages cultured 

together with T cells CD4+ expressing CD40L ligand to enrich the T-

lymphocyte population with the regulatory cells of CD4+, CD25+, FoxP3+ 

phenotypes and to lead to the caspase-dependent depletion of activated T 

cells. [19]. It means that macrophages in the state of such new activation 

produce a T-cell suppression effect. All these studies suggest that 

macrophages may be used as a therapy or immune conditioning for use in 

organ transplantation in the future. 

  

Activation of T- and B-lymphocytes 

The model of T-lymphocyte activation proposed by Lafferty and 

Cunningham remains relevant in the modern understanding of the immune 

response [20]. It was adapted by Bretscher and Cohn and presented as a two-

signal model of the lymphocyte activation. The first signal leads to the T-cell 

recognition of the antigen on the APC surface: if the T cell is simultaneously 

receiving a second or "costimulatory" signal from the same APC, then the 

activation is switched on [21]. According to Lafferty/Cunningham model, 
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the immune system cells differ in their ability to stimulate T cells. DCs and 

B-cells are constitutively MHC class II-positive cells that are capable of 

presenting antigens to CD4+ T cells. At the same time, resting B cells are 

not capable to initiate a T-cell-mediated immune response [22]. However, 

when lightly irradiated, the resting B cells that present antigen can activate 

the CD4+ T-cell clone and even induce costimulatory signals [23]. If B-cells 

can present antigens to naïve T cells, but can not initiate the development of 

a cellular immune response, then, according to the two-signal model, they 

must induce tolerance. Fuchs and Matzinger [24] tested this hypothesis on 

the female intact mouse model by using a specific male minor antigen of 

histocompatibility HY, and suggested that the T-cell's choice between the 

activation and tolerance upon antigen encounter depended on two 

parameters: the differentiation state of the T cell (naive versus experienced) 

and the type of he APC. For example, if the antigen was first presented to 

intact T-cells by a B lymphocyte, then the tolerance to this antigen is 

induced, i.e. the immune system does not discriminate between self and non-

self. The T-cell response in this case would be initiated only in case of tissue 

damage or pathological cell death.  

Most likely, there is no period of "unique immune tolerance" either 

before or shortly after birth, in contrast to the claims of M.Burnet, 

P.Medawar, and J.Lederberg [25]. Probably, the tolerance-inducing ability 

arising in newborn mice after the injection of allogeneic spleen cells may be 

explained by the presence of mainly naive T lymphocytes in the 

bloodstream; the cells that, when first encounter the alloantigen on 

presenting naïve B cells, can not receive a full-blown signal 1 and are not 

provided with a costimulatory signal. And the DCs, capable of delivering 

both signals, are either absent during this period, or are critically few. Thus, 
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even a small number of naive T cells, when first encountering an alloantigen 

on a presenting but immature B cell, are able to induce tolerance to injected 

allogeneic spleen cells in newly born mice. This awareness became the first 

step towards understanding tolerance [26]. In this case, the T-cell response is 

initiated only if there is a damaged tissue or pathological death of self-cells.  

  

T-regulatory cells 

One of the main participants in the development of peripheral 

tolerance to antigens are the so-called T-regular (Treg) cells. The first 

mention of Treg cells dates back to late 90s of the last century, when a 

specific population of CD4+ T lymphocytes was described that, in contrast 

to T helpers, displayed a suppressive activity and inhibited the immunity 

reactions. In contrast to Th1 and Th2 cells, the Treg lymphocytes secrete IL-

4, IL-10, and TGF-beta, but do not produce other cytokines, such as IL-2, 

IL-5, IL-13, and IFN-gamma. Treg cells are typically characterized by a high 

expression density on the surface of the CD25 molecule, CTLA-4 cytotoxic 

lymphocyte antigen, and GITR antigen. The most reliable marker of Тreg 

cells is the transcription factor FoxP3 (the product of the FoxP3 gene). The 

expression density of this factor is crucial for the realization of the 

regulatory activity of CD4+ and CD25+ phenotype cells. Competitively 

binding to DNA, the FoxP3 gene products inhibit the production of pro-

inflammatory cytokines and mediate the development of tolerance, thereby 

protecting the body from autoimmune diseases and chronic infection [27]. 

Thus, the most important functions of Treg cells are the suppression of 

autoaggression and the participation in the processes of establishing 

tolerance. The deficiency or dysfunction of these cells can cause 
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autoimmune diseases, impede the establishment of transplant tolerance; their 

excessive function has been noted in tumor diseases. 

There are two types of Treg cells: natural and adaptive. Natural CD4+, 

CD25+, FохP3+ Treg cells develop in thymus. Their suppressive activity 

results from a direct contact with the target-cells and is not mediated by 

cytokines, while the signals from the T-cell receptor play a decisive role in 

the formation of Treg cells [27]. An important factor for the formation of 

natural Treg cells includes also the costimulatory molecules CD28 

interacting with CD80/CD86. The amount of a Treg cell pool depends on the 

costimulatory signal. Defects of CD28 and B7 are accompanied by a Treg 

cell deficiency and, as a result, contribute to the development of autoimmune 

diseases. 

Adaptive Treg cells can develop during the immune response under 

the effect of antigen stimulus. They originate from the precursors common 

with T effector cells in conditions of the suboptimal presentation of the 

antigen and/or inadequate costimulation. Examples of the Treg cell 

development stimulation include the presentation of antigen by immature 

DCs, the blockade of CD40/CD40L costimulatory signal, and the 

presentation of CD4+ antigen to T lymphocytes in the presence of IL-10. 

The suppressive effect of this cell type is mediated through the cytokines 

these cells produce [27, 28]. 

Thus, the most promising current strategies to achieve a long-term 

graft acceptance in organ transplantation are those aimed at a tolerance 

induction. There may be distinguished several pathways of therapeutic 

effect. First of all, this is the preparation of such conditions for the antigen 

presentation to the T helpers, which would provide a tolerogenic rather than 

an immunogenic effect. These include, for example, blocking the 
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costimulatory signal delivery. Another important pathway is the 

enhancement of the Treg cell generation, or their transplantation. 

  

Tolerance induction by blocking the costimulatory signal 

As mentioned above, in addition to recognizing a specific antigen by a 

T cell receptor, the T lymphocyte activation requires a second nonspecific 

costimulatory signal generated by binding the CD80 and CD86 molecules 

expressed on APC to the CD28 receptor present on the T lymphocyte 

membrane. For a selective blockade of this costimulation pathway, a 

semisynthetic protein (belatacept) was developed [29]. As a result of the 

CTLA-4 fragment modification, belatacept actively binds to CD80 and 

CD86 molecules, which allows achieving the level of immunosuppression 

adequate to inhibit the graft rejection reaction and prevent the graft 

dysfunction. In vitro studies demonstrated that belatacept inhibits the T 

lymphocyte proliferation, and also contributes to the decrease in cytokine 

production. In pre-clinical studies on experimental animal models, the 

combination of belatacept with mycophenolate mofetil and steroids 

increased the graft life span compared to placebo, reducing the production of 

antibodies against the organ donor antigens. The use of this drug as a 

monotherapy made it possible to achieve a long-term graft function. 

However, the belatacept discontinuation was associated with the 

development of an acute renal allograft rejection. Thus, a long-term 

tolerance induction expected with using a costimulatory signaling blocker 

was not achieved. 

The clinical efficacy and safety of belatacept as part of a combined 

immunosuppressive therapy compared to calcineurin inhibitors was assessed 

and summarized in 5 randomized trials [30-32]. P. Masson et al. [33] in their 
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study found no difference between the compared groups in the incidence of 

the acute renal allograft rejection and loss in the post-transplant period. At 

the same time, the patients receiving belatacept had a significantly better 

renal graft function as assessed by the glomerular filtration rate. Moreover, 

the recipients who received belatacept were 28% less likely to develop 

nephrosclerosis than the patients treated with calcineurin inhibitors. Donor-

specific antibodies de novo were significantly less frequently formed with 

belatacept [32]. Other beneficial effects of belatacept included a 39% 

decrease in the diabetes incidence compared to calcineurin inhibitor therapy, 

a lower blood pressure in recipients and a better lipid profile, which reduced 

the risk of cardiovascular diseases in the post-transplant period. No 

significant differences between the recipients treated with belatacept vs. the 

calcineurin inhibitors were found in the rates of such a severe adverse drug 

reaction as post-transplant lymphoproliferative diseases. 

  

T-regulatory cells and tolerance induction 

A new approach to the tolerance induction in autoimmune diseases 

and organ transplantation has been the development of protocols for cell 

therapy using Treg cells of CD4+, CD25+, FoxP3+ phenotypes that suppress 

alloreactive CD4+ and CD8+ lymphocytes and prolong the allograft 

survival. The efficacy of using Treg cells was demonstrated in the 

experiment in the treatment of the "graft versus host" reaction, however, the 

low blood content of these cells limited the use of the method [11]. Further 

studies demonstrated that alloantigene-specific Treg cells can be obtained 

from naive T cells by specific culturing, e.g., by adding B lymphocytes to 

the mixture of immature DCs, or by the exposure to retinoic acid, IL-2, or 

transforming growth factor beta (TGF-β). The cells obtained in this way 
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induced by Treg cells, retain the same immunosuppressive properties as the 

cells of natural origin, and can be used to induce tolerance to bone marrow 

allografts and solid organs. 

The experimental studies on the kidney, liver and bone marrow 

transplantation models demonstrated the tolerance induction by using the 

Treg cell transfusion [34-43]. The study by M.Hu et al. [34] demonstrated 

that in transplantation of the kidney from DBA mice to C57Black mice if a 

spontaneous tolerance induction occurred, the Treg cell expansion was seen 

in allograft tissues, and in draining lymph nodes, as well. Elevated levels of 

TGF-β, IL-10 and IFN-γ were recorded in kidney tissues. The depletion of 

the Treg cell population resulted in a loss of tolerance. 

Despite a rather large number of published reports on the Treg cell 

efficacy for creating tolerance, the mechanism of suppressing the effector T 

lymphocytes is not entirely clear. Different mechanisms for suppressing the 

antigen-specific response have been described; they can include a direct cell-

to-cell contact, the secretion of anti-inflammatory cytokines that affect a 

wide range of cellular activities, the inhibition of T-memory-cell generation. 

However, it is not clear whether it is enough for Treg cells to migrate to a 

transplant and stay there in order to suppress the inflammatory process, or 

they are directly related to more complex mechanisms of an immunological 

tolerance induction [35-38]. 

In clinical transplantation, the following approaches to Treg cell 

therapy can be used: a pharmacologically stimulated generation of 

regulatory T cells in vivo, the therapy based on using their effector 

molecules (belatacept), the expansion of the isolated Treg cells ex vivo, and 

the infusion of the expanded Treg cells to the recipient [35]. In clinical 

practice, anti-thymocyte globulin has been actively used both for the 
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immunosuppression induction, and for the treatment of an acute cellular 

graft rejection. Its effect is based on the destruction of normal T 

lymphocytes, which leads to an increased proportion of Treg cells. A similar 

effect is produced by monoclonal antibodies against CD3, CD52 

(Alemtuzumab), and rapamycin, which also promote the depletion of normal 

T cells and the decrease of their content in the bloodstream, which provides 

a higher "Treg/T effector" cell ratio [36]. Interestingly, the rapamycin 

therapy prevents the loss of CD25 and FoxP3, while tacrolimus keeps only 

the CD25 expression, but contributes to the loss of FoxP3 [36, 37]. 

There are two main trends to be distinguished in the development of 

therapeutic methods using isolated and expanded ex vivo Treg cells [35]: 1) 

the infusion of natural Treg cells; and 2) the infusion of Treg cells with in 

vitro-induced specificity for donor antigens [35, 40]. One of the most 

important factors of the efficacy and safety of using Treg cells is their 

survival, which is very difficult to be tracked in humans. The studies have 

confirmed that most infused Treg cells die quickly, and their effective 

directional migration and retention in the spleen or target organs such as the 

lungs, skin, and bowel have yet to be determined [44]. Besides the 

quantitative reduction of Treg cells, an additional negative consequence 

includes the loss of their identity. The infused Treg cells gradually lose their 

CD25 and FoxP3 markers. Rapamycin helps to retain their identity, but can 

not change the kinetics of the first phase disappearance of the cells. Perhaps, 

the Treg cell disappearance mechanisms and the instability of Treg cells 

represent different phenomena. Until now, not all the factors affecting the 

stability of Treg cells are known. 

An important factor is the Treg cell syngeneic preference to the graft, 

rather than to the recipient. The use of cellular preparations from a living 
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donor is limited, but deceased donors can become the main source of graft-

identical Treg cells. The sources of Treg cells can be the spleen, bone 

marrow, and peripheral blood. In an experimental study on rats Yute Abe et 

al. [41] showed that the donor blood transfusion at 1, 2, and 4 weeks before 

liver transplantation induces the tolerance development and contributes to 

the long-term allograft survival. And it was noted that tolerance to allografts 

develops only when the transfused blood is antigen-specific to the organ 

donor. Investigating the mechanism of long-term tolerance induction, the 

authors suggested that the donor blood transfusion before liver 

transplantation was associated with the increase in the level of FoxP3-

expressing Treg cells in the recipient. 

Thus, alloantigen-specific Treg cells exhibit an immunosuppressive 

activity and can be used as a specific cell therapy in combination with a 

reduced immunosuppression regimen. They are able to generate 

immunological tolerance to bone marrow allografts and solid organ 

transplants. Donor-derived Treg cells can be used to generate mixed 

chimerism with an unchanged peripheral recipient's T cell repertoire, which 

is crucial for an active suppression [45]. The development of new protocols 

will make it possible to use the Treg cell potential by increasing their 

number and regulatory functions aimed at the induction of transplantation 

tolerance. 

  

Mesenchymal stem cells and their application for the development 

of tolerance 

Mesenchymal stem cells (MSCs) have a high potential for 

immunomodulatory therapy, which was recently presented as an 

encouraging way of tolerance induction. MSCs are multipotent progenitor 
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cells that can rapidly proliferate and differentiate in various different 

directions, and also serve as tolerance inducers. Currently, they are 

considered as a potential "homeostatic niche" for Treg cells and their 

replenishment. MSCs in combination with hematopoietic stem cell 

transfusion can be used to reduce the immune response to donor antigens in 

related kidney transplantation [46]. MSCs compete with other cell 

populations and suppress T cell proliferation. 

Fibroblasts also have immunoregulatory properties, and this property 

is common to all stromal cells. MSCs, being bone marrow derivatives, can 

migrate to inflammation sites and regulate the function of most immune cells 

through a direct contact and/or through the cytokine secretion. MSCs of 

mice suppress a cardiac transplant rejection through the induction of FoxP3+ 

T cells, decrease the production of alloantibodies in vitro and on the models 

of diseases; and therefore they can be useful for patients suffering from 

autoimmune diseases [47, 48]. Most studies have shown that MSCs have a 

powerful immunomodulatory function, suppressing the proliferation and 

activation of T-cells and natural killers, modulate the maturation and 

function of APCs [47]. 

The therapeutic use of MSCs was studied in the treatment of "graft 

versus host" reaction and autoimmune diseases, as well as in improving the 

survival of transplanted hematopoietic stem cells [49-56]. M.J. Crop et al. 

found that donor MSCs in mixed cultures can significantly suppress the 

proliferation of recipients' T lymphocytes [49]. The pilot study demonstrated 

that the infusion of donor bone marrow MSCs in kidney transplantation can 

provide better graft acceptance results, and also allow a significant 

immunosuppressant dose reduction [50, 52]. In their study, J. Tan et al. used 

autologous MSCs in conjunction with a normal or reduced dose of 
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calcineurin inhibitors. The infusion of autologous MSCs resulted in a 

significant decrease in the incidence of acute rejection and contributed to a 

significant reduction in the incidence of opportunistic infections within 1 

year in the patients who underwent kidney transplantation compared to the 

patients receiving a standard immunosuppressive therapy [51]. The 

mechanism of modulating the immune response by MSCs probably involves 

the expression of local factors, such as indoleamine 2,3-dioxygenase, 

inducing the nitric oxide synthesis, and the interaction with APCs or DCs. 

MSCs can be obtained from bone marrow, adipose tissue and 

umbilical cord. MSCs can easily be isolated through their ability to adhere to 

plastics and then can be expanded in vitro without the loss of their potential 

for differentiation. In addition, MSCs are the actively secreting cells, 

produce cytokines and growth factors, thereby regulating hematopoiesis, 

favoring the survival of transplanted hematopoietic stem cells, and 

influencing the regeneration [53, 55]. Besides participating in hematopoiesis, 

MSCs can also exhibit bimodal immune functions, i.e. can have 

immunosuppressive and immunostimulating effects. The main 

antiproliferative effect has been found in culturing MSCs with lymphocytes 

in a mixed culture, even when third-party MSCs were added. The 

immunomodulatory effect of MSCs can be used to develop new treatment 

modalities for autoimmune diseases, such as ulcerative colitis, graft versus 

host disease, and for protecting the graft from rejection.  

 

Hemotransfusion to prevent rejection 

Besides the use of the antibodies blocking the costimulatory signal 

delivery or directed against T-lymphocytes, a promising trend to the 

tolerance induction in solid organ transplantation includes, a cellular therapy 
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with MSCs or regulatory FoxP3-positive T-lymphocytes, which results in 

shifting their subpopulation balance towards the increase of the Treg cell 

content. The bone marrow and peripheral blood are the most accessible 

sources of such cells. The efficacy of blood transfusion for the tolerance 

induction in liver transplantation in rats is described above. The mechanisms 

of the immunomodulatory function in donor-specific blood transfusion 

include the clonal deletion/anergy, the regulatory cell generation, cytokine 

production, and the microchimerism promotion. The donor blood transfusion 

induces a decreased intensity of the immune response to donor cells during 

transplantation, provides the synergy with a costimulatory blockade of 

B7/CD154 signals and induces tolerance, can help to prevent a chronic 

allograft rejection and ensure a long-term allograft survival [57]. Stem cell 

transplantation and the donor-specific blood transfusion are useful for 

minimizing immunosuppression in transplantation. Stem cells have 

additional advantages in regulating the immune response to the allogeneic 

graft compared to donor blood, and provide a more stable generation of Treg 

cells [58]. The tolerance induction in donor blood transfusion develops 

through the above described mechanisms, and also through a mediated 

antigen presentation through phagocytosis of apoptotic donor cells [58]. 

Our experience of using the cellular blood components obtained while 

harvesting solid organs from a donor has been successfully applied in liver 

transplantation. The donor cellular blood component (CBC) was obtained at 

organ retrieval from heart-beating organ donors. That technique excluded 

negative impurities typical for the cadaveric blood proposed for use by 

Academician S.S. Yudin [59]. The obtained preparation contained 

erythrocytes, platelets, and various populations of T-lymphocytes, 

hematopoietic stem cells, and a small number of MSCs [60, 61] (Patent for 
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Invention No. 2452519). Our studies have shown that organ donor CBC 

infusion has an immunosuppressive effect and is accompanied by a 14.5% 

decrease in the CD3+ lymphocyte count and a 1.5-time decrease in CD8+ 

lymphocyte count compared to the control group. The most pronounced 

differences were revealed in studying the expression of activation markers. 

Among the recipients receiving the organ donor CBC (n=157), no cases of 

acute rejection crisis were recorded in the early postoperative period, while 

in the comparison group its incidence was 3%. Thus, the inclusion of organ 

donor CDC in the complex and transfusion therapy of liver transplant 

recipients reduced sensitization, produced an immunomodulatory effect, and 

reduced the risk of acute cellular rejection in the early postoperative period. 

  

Conclusion 

The investigations of the immunological tolerance development, and 

the creation of efficient techniques to control the immune response, can 

completely prevent the graft rejection reaction. Today, the mechanisms of 

tolerance induction realized via blocking the costimulatory signal, or by 

using the effects of Treg cells and MSCs have been sufficiently studied. 

Research in this area is a hopeful trend in the transplantation development. 

The proposed method of the tolerance induction in solid organ 

transplantation using the transfusion of blood cellular components obtained 

from a postmortem heart-beating donor is a promising approach that requires 

further study. 
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