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Kidney transplantation is the better choice for patients with end stage kidney disease (ESKD), since it improves the

quality of life of the recipients and reduces the associated cost of dialysis. However, long-term transplant survival

remains a challenge in the renal transplantation community. The main causes of long-term graft loss are acute and

chronic rejection, as well as the complications related to immunosuppression therapy.
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1. HLA Antigens

The main antigens recognised by the recipient’s immune system are the components of the highly polymorphic

HLA system of the donor . There are two classes of HLA molecules, HLA-I and HLA-II, which are involved in

antigen presentation. Moreover, there are three types of HLA class I molecules (HLA-A, -B and -C) and three types

of HLA class II molecules (HLA-DP, -DQ and -DR). To date, more than 6000 class I proteins and more than 2000

class II proteins have been found . HLA-I molecules are expressed on all nucleated cells in the body and present

endogenous antigens to cytotoxic CD8+ T cells. HLA-II molecules are primarily expressed on antigen-presenting

cells (APCs), which are primarily dendritic cells, macrophages and B cells that are involved in the presentation of

exogenous antigens to CD 4+ lymphocytes. However, other cell types such as endothelial cells express HLA class

II in response to stress or inflammation in response to TNF-α. The host immune system recognises these

alloantigens and generates an immune response by generating specific antibodies against the donor HLA system

.

For organ allocation, a correct HLA donor–recipient match is desirable, as the extent of mismatches at these loci is

associated with poorer graft performance. The consequence of an HLA mismatch is the potential generation of

antibodies against the mismatched HLA antigen. There is a strong correlation between HLA mismatches at the

HLA-A, -B and -DR loci and poor graft outcomes. Compatibility at these loci is still considered the gold standard by

the majority of allocation agencies .

Although, in the new era of potent immunosuppressants, HLA mismatches seem to have become less important in

short-term transplant failure, some studies link the increased number of mismatches to episodes of early

subclinical inflammation that would result in poorer long-term transplant outcomes .

2. Non-HLA Antigens
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There is a growing acknowledgment of the role of other non-HLA antigens in the acute and chronic rejection

process. The strongest evidence for the involvement of non-HLA antibodies in graft rejection was provided by

reports of antibody-mediated rejection (AMR) in HLA-identical grafts . These non-HLA antigens can be

polymorphic, such as MICA, or non-polymorphic. The latter are graft-specific antigens that are exposed to the

recipient’s immune system in situations of tissue damage and inflammation, such as those caused by ischaemia

reperfusion and transplant rejection, and can lead to the formation of autoantibodies .

In recent years, an increasing number of non-HLA antigens have been reported to be associated with graft

rejection and transplant loss, including angiotensin II type 1 receptor (AT1R), collagen V, perlecan, K-α-tubulin,

vimentin and endothelial cell antigens .

3. Innate Immunity

Over the past decades, evidence has accumulated, indicating that innate immunity contributes significantly to

amplifying and modulating the antigen-specific adaptive immune response against the graft. This makes innate

immunity a good therapeutic target to limit the effects of adaptive immunity in transplant rejection .

The innate immune system is comprised of cellular components, such as macrophages, neutrophils, dendritic cells

and natural killer cells, and blood proteins such as the complement and blood coagulation systems. These three

components of innate immunity are closely interrelated and can activate each other. In the early post-transplant

period, activation and proinflammatory crosstalk between elements of the innate immune system occur in response

to the release of danger-associated molecular patterns (DAMPs) and tissue factor expression in graft cells because

of tissue damage and hypoxia following brain death and ischaemia reperfusion. As a result, there will be a potent

secretion of proinflammatory cytokines such as IL-6 and IL-21, as well as the activation and recruitment of innate

immune cells into the graft .

The presence of proinflammatory cytokines in the microenvironment in which T cells recognise the antigen will

direct their phenotypic differentiation into tissue-destroying effector T-helper cells (Th1, Th2 and Th17) and limit the

differentiation of naïve T cells into tissue-protective regulatory T cells (Tregs) . The latter are immunosuppressive

cells that play a central role in immune tolerance and homeostasis. The function of Tregs is involved in the

prevention of autoimmune diseases and in the generation of graft tolerance by suppressing the function and

proliferation of other CD4+ T cells, CD8+ T cells, B cells, NK cells, macrophages or dendritic cells. Thus, Tregs

modulate both the adaptive and innate immunity and are key regulators of inflammation. In organ transplantation,

the explosion of proinflammatory cytokines generated by innate immunity leads to an aggressive adaptive

response against the graft due to events such as an imbalance between effector T cells and reg T cells .

4. T-Cell Allorecognition Pathways

Rejection is caused by an activation of T cells that will develop a coordinated immune response between the

adaptive immune response and the innate immune response against the graft. The T cell recognises donor
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antigens via antigen-presenting cells (APCs) through interactions between the T-cell receptor (TCR) and HLA

molecules expressed on APC membranes. In transplantation immunology, both donor and recipient APCs can

present antigens to T cells in what is called the direct and indirect allorecognition pathways, respectively .

Brain death and ischaemia reperfusion processes produce a secretion of cytokines and DAMPs  that will lead to

the recruitment and maturation of donor macrophages and dendritic cells in the kidneys, which can then leave to

target the recipient’s secondary lymphoid organs and activate the recipient’s T cells via the direct pathway. This

direct activation (Figure 1) is a process unique to alloimmunity and occurs by the recognition of intact HLA

molecules from donor APCs by recipient’s CD4+ and CD8+ lymphocytes. This pathway is considered to be short-

lived due to the short lifespan of the donor APCs, produces a more potent alloresponse than conventional T-cell

activation and is considered to be the predominant pathway in the acute cellular rejection process .

Figure 1. Direct, indirect and semi-direct allorecognition pathways. (a) T-lymphocyte direct pathway activation by

HLA molecule presentation by donor APCs to the recipient’s T cells. (b) Indirect pathway recognition by T CD4 and

CD8 cells in which the alloantigens presented as peptides processed by recipient APCs through self-HLA

molecules. CD4+ lymphocytes activate B cells to make antibodies. (c) T-cell semi-direct pathway activation: T cells

recognise intact HLA molecules from the donor, but their own APC presents them.

In the indirect pathway (Figure 1), T CD4 cells recognise the alloantigens presented as peptides processed by

recipient APCs trough self-HLA II molecules. The indirect pathway is considered to be long-lasting and

predominant in chronic rejection . Indirectly activated CD4 T cells can activate cytotoxic CD8 lymphocytes and

are the only cells that can activate alloreactive B cells . Moreover, a semi-direct pathway (Figure 1) has also

been described in which T cells recognise intact HLA molecules from the donor, similar to direct recognition, but on

their own APC membranes that have acquired these HLA molecules from the donor via various pathways such as
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cell–cell contacts or exosomes, suggesting that both direct and indirect recognition play a role in chronic rejection

.

5. Endothelial Cells

The endothelial cells (EC) of the graft will play a fundamental role in the rejection process, as they will be directly

exposed to the bloodstream and therefore represent the first barrier between the recipient’s immune system and

the graft. EC-expressed antigens are the main targets of the antibodies generated by the recipient’s immune

system against the graft. In addition, EC are semi-professional presenting cells that can activate both CD4 and

CD8 T-lymphocytes .

Under conditions of stress or inflammation, such as those occurring in a transplanted organ, endothelial cells

increase the expression of both class I and class II HLA molecules and may be recognised by circulating T

lymphocytes. In addition, under these inflammatory conditions, ECs express other minor histocompatibility complex

molecules, such as HLA-E and HLA-G, as well as Major Histocompatibility Complex Class I-Related Chain A

Antigens (MICA) . MICA is a highly polymorphic protein that has been associated with rejection and late renal

failure . Studies have reported that both pre-existing and de novo generated anti-MICA antibodies are

associated with acute and chronic rejection . However, MICA is not expressed on resting T or B cells, and

therefore, the complement-dependent cytotoxicity crossmatch assay (CDC) test is not valid for detecting anti-MICA

antibodies. The MICA polymorphism is in addition to the HLA polymorphism, so it is important to perform donor–

recipient matching on the MICA genes, which is currently not done. In addition, MIC molecules function as ligands

for NKG2D and can stimulate γδ T and CD8+T cells.

Furthermore, in transplantation, the immune system may react against nonpolymorphic graft antigens,

predominantly from endothelial cells, generated as self-antigens in a process involving a loss of B-cell tolerance

associated with chronic rejection. In rejection episodes, there is a release of self-antigens in the noncanonical

tertiary lymphoid tissues formed in the graft. The cytokine microenvironment of these tissues, enriched in IL-17 and

the B-lymphocyte stimulator (BLyS), together with a low concentration of Treg lymphocytes, causes autoreactive B

cells to miss deletion signals and differentiate into autoantibody-producing plasma cells .

6. T-Cells Activation

Three signals between the T cell and the APC are required for successful T-cell activation. The interaction between

the TCR of the lymphocyte and the HLA II molecule with the peptide antigen of the APC results in the first

activation signal. It is activated through the calcineurin pathway, which promotes the expression of several

cytokines and receptors that are important for lymphocyte proliferation. Lymphocyte activation requires a non-

antigen-specific costimulatory signal that, if absent, leads the lymphocyte into a state of anergy and apoptosis. This

costimulatory signal requires the interaction of CD28 expressed on the lymphocyte membrane with its ligands, B7.1

(CD80) and B7.2 (CD86), expressed on APCs . Once the T cell has received the activation signal and the
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costimulatory signal, it will receive further instructions in the form of cytokines, which will induce cell proliferation

through IL-2, and define the T-cell subtype into which it will differentiate.

Once activated, a fraction of T cells will differentiate into long-lived memory T cells, which upon re-encounter with

the antigen produce an immune response faster and with less need for co-stimulation than naive T cells, and are

less susceptible to immunosuppressive treatments . In addition, it is known that memory T cells initially primed

by various infectious agents or environmental antigens can cross-react with foreign HLA molecules without having

had prior contact with them through a mechanism known as heterologous immunity .

The process of T-lymphocyte activation is a common target of the currently used immunosuppressive agents.

Immunosuppressive agents such as anti-IL-2 receptor antibodies and the mammalian target of rapamycin (mTor)

act by inhibiting the effects of IL-2 . Both cyclosporine and tacrolimus inhibit the calcineurin pathway by binding

to their cytoplasmic receptors. Although calcineurin inhibitors (CNIs) have produced an important advance in terms

of transplant survival, they produce important side effects due to their nephrotoxicity, and in the long term, they can

produce interstitial fibrosis .

At the time of transplantation, patients are usually treated with induction therapies directed against T-lymphocytes,

such as a T-lymphocyte-depleting agent (thymoglobulin) or IL-2 inhibitors (basilixumab). This has led to a

significant reduction in cellular rejection, which is more likely to occur in the first weeks to months post-transplant. It

can also occur later, especially in association with reduced immunosuppression . Chronic cellular rejection can

present as tubulointerstitial or vascular and is characterised by an infiltration of T-lymphocytes, monocytes and

plasma cells into the interstitium, causing tubulitis, or into the subendothelium and intima of the graft arteries,

respectively. It is common for cellular and antibody-mediated rejection to coexist in a graft injury. In fact, episodes

of early cellular rejection may result in the production of de novo anti-DSA (donor-specific antibodies) antibodies,

preceding AMR . However, modern immunosuppressive treatments do not sufficiently address the humoral

immune response of the recipient . AMR is responsible for 30–50% of acute rejection cases and 60% of late

graft failure .

7. B Cells and Humoral Response

B cells play a very important role in the immune response against transplantation, as they are the cells that will

produce antibodies against donor-specific antigens that will result in acute or chronic AMR. Once they recognise

the antigen via the BCR receptor, B cells internalise the antigen by receptor-mediated endocytosis and migrate to

the lymphoid organ, where they present the antigen as a processed peptide via their own HLA II to a cognate Tfh

lymphocyte with the involvement of the CD40–CD40L interaction . A fraction of B cells will give rise to short-lived

IgM-producing plasma cells, while another fraction of B cells develops in germinal centres, undergoing

immunoglobulin class switching, somatic hypermutation and affinity maturation. Once activated, B cells leave the

germinal centres as memory B cells or plasma cells. While activated B cells with the highest affinity for antigen

differentiate into antibody-producing plasma cells, B cells with less affinity are selected to differentiate into memory

B cells. This less stringent selection of memory B cells results in a more diverse repertoire of memory B cells than
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of antibodies in serum . Plasma cells migrate and settle in the bone marrow or mucosal tissues. These cells are

differentiated, nondividing cells that are the main source of antibodies in the serum. Memory B cells remain in

quiescent mode and circulate between secondary lymphoid organs and peripheral blood until they encounter the

antigen again. After re-encountering the antigen, the memory B cell generates a rapid, enhanced response and

differentiates into an antibody-producing cell. Importantly, memory B cells can also be activated in a non-antigen-

specific manner through the cytokine environment via bystander activation . In addition, activated B cells are

efficient APCs that can interact with naïve T cells and activate them through the HLA-II they express. This makes B

cells also mediate and regulate cellular rejection.

Anti-donor antibodies produced by mature B cells are responsible for AMR and can cause a graft injury through

several mechanisms. Complement-binding antibodies, the IgG1 and IgG3 subclasses, are capable of activating the

complement system, leading to the C5b–C9 membrane attack complex, causing lysis of the target cell. This

pathway is detected by the presence in biopsies of C4d, a by-product of the classical complement pathway. In

addition, the crystalline fragment (Fc) of both complement-binding and non-complement-binding antibodies acts as

a stimulus for FcγR-expressing cells of innate immunity, such as macrophages, dendritic cells and especially

natural killer cells, leading to antibody-dependent cell-mediated cytotoxicity . Lastly, the binding of antibodies to

HLA molecules on endothelial cells results in a series of endothelial and smooth muscle cell modifications, such as

altered cytoskeleton, cell proliferation and the expression of leucocyte adhesion molecules, which generate the

histological features of chronic rejection .

Acute AMR occurs from the first weeks to years after transplantation. It is characterised by cell death, loss of

vascular integrity and tissue damage. Chronic AMR is characterised by a long and progressive process of loss of

graft function whose histological features include transplant glomerulopathy, the deposition of fibrillar material in the

subendothelium and C4d deposition. For a proper diagnosis of both acute and chronic AMR, according to the

criteria of Banff classification, it is necessary to observe by biopsy the pathophysiology associated with each

rejection and to detect donor-specific antibodies in the serum. Since the 2013 Banff classification meeting, the

presence of C4d in biopsies is not a prerequisite for the diagnosis of AMR but rather an indication of a recent

interaction between the antibody and the microvasculature of the endothelium . The treatment of AMR is less

effective, and unfortunately, there are no standardised treatments against antibody production.
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