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Abstract: Advances over the last decades have made renal transplantation an important therapy for
patients with end-stage renal disease, as the incidences of acute rejection and short-term transplant
loss have been significantly reduced. 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. In spite of
the breakthroughs achieved in recent years, histology is the gold standard technique to confirm the
activation of the immune system against the graft with all the ensuing problems that taking biopsies
brings to immunosuppressed patients. For this reason, several assays have been developed to try to
monitor the immune function, but they show serious constraints owing to the fact that they require
substantial laboratory work, they are not clinically available and they provide controversial results, so
the combination of multiple assays is often needed to obtain a reliable diagnosis. Thus, the aim of this
review is to perform a retrospective study of the immune system in renal transplantation, with special
emphasis on the cutting-edge technological developments for monitoring, classification and early
detection of rejection episodes in order to contribute to a better adjustment of immunosuppressive
therapies and, hence, to a more personalized medicine that improves the quality of life of patients.

Keywords: graft rejection; immune response; cellular response; kidney transplantation; HLA; Im-
munoassay; ELISPOT; Luminex; ELISA; DSA

1. Introduction

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 [1]. Over the last few decades, important advances made in the understanding
of transplantation immunity, surgical techniques and patient immunosuppression have
improved transplant survival, especially in the short term. The incidence of acute rejection
of kidney transplantation is now below 15%, and graft survival during the first year exceeds
90% [1]. This has led to transplantation being considered an acceptable medical treatment.
However, these results have not been transferred to the long term. Indeed, more than
50% of transplants are lost after 10 years, and the annual transplant loss rate after the first
year has remained constant for the last 25 years, being 3–5% for transplants from optimal
deceased donors and 2–3% for living donors [2].

The major limitation facing transplantation medicine is rejection by the recipient’s
immune system, which differentiates between self and non-self, resulting in immune
damage to the graft and loss of the graft. This rejection can be hyperacute, taking place
within minutes after transplantation; acute, within days to months after transplantation or
chronic, occurring years after transplantation.

Hyperacute rejection is a severe immune system reaction resulting in graft loss that
is caused by preformed donor-specific antibodies (DSA), due to prior sensitisation of the

Immuno 2022, 2, 548–570. https://doi.org/10.3390/immuno2040035 https://www.mdpi.com/journal/immuno

https://doi.org/10.3390/immuno2040035
https://doi.org/10.3390/immuno2040035
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/immuno
https://www.mdpi.com
https://orcid.org/0000-0002-7151-1639
https://orcid.org/0000-0002-0338-5554
https://orcid.org/0000-0002-8330-1567
https://doi.org/10.3390/immuno2040035
https://www.mdpi.com/journal/immuno
https://www.mdpi.com/article/10.3390/immuno2040035?type=check_update&version=1


Immuno 2022, 2 549

patient from blood transfusions, pregnancy or a previous transplant. This relationship was
established in the 1960s [3], and the detection of these preformed antibodies in patient
sera prior to transplantation by the complement-dependent cytotoxicity crossmatch assay
(CDC) was a milestone in organ allocation [4]. Hyperacute rejection is now an extremely
rare event due to the universal adoption of pretransplant crossmatching techniques.

Improvements in immunosuppression therapies have led to major advances in trans-
plant survival. The introduction of calcineurin inhibitors, cyclosporine in the late 1980s and
tacrolimus in the 1990s, together with other immunosuppressors such as mycophenolate,
the mammalian target of rapamycin (mTor) inhibitors and interleukin-2 receptor (IL-2R)
antibodies have improved acute rejection rates from 40–50% and transplant survival during
the first year from 80–85% to the current rejection and transplant survival rates [5].

Currently, long-term transplant loss is due to multifactorial causes, including immuno-
logical and nonimmunological causes. On the one hand, immunological causes include
mainly acute rejection and chronic rejection. The current immunosuppressive therapies
have significantly reduced acute rejection, making chronic rejection the main cause of poor
graft outcomes [6]. Chronic rejection is characterised by a persistent allogeneic immune
response to which risk factors such as early ischaemia reperfusion injury, acute rejection
episodes or infectious diseases of the transplant may contribute [7].

On the other hand, nonimmunological causes include nephrotoxicity due to long-term
exposure to calcineurin inhibitors, as well as viral infections or cancer due to overimmuno-
suppression [5]. While a reduction in immunosuppressors would ameliorate nonimmuno-
logical causes of transplant loss, it would increase the likelihood of immune rejection of
the graft, so it is necessary to achieve an ideal therapeutic immunosuppression sufficient
to prevent rejection but below the levels that lead to toxicity, opportunistic infections or
cancer [8]. The adoption of individualised immunosuppressive treatment based on the risk
level of each recipient is recognised as a promising strategy to improve long-term rejection.
This requires the early stratification of high and low immunological risk recipients in order
to establish appropriate immunosuppression guidelines for each case. Ongoing monitoring
of the transplant is necessary as a part of post-transplantation management for the correct
detection of graft failure, leading to the correct treatment to improve transplant survival [9].

Some combinations of donor and recipient characteristics are associated with poorer
transplant outcomes. These characteristics include donor age, cause of death, weight or
race, and classification systems based on the risk of graft failure have been developed using
various combinations of donor and recipient characteristics, such as the kidney donor risk
index (KDRI), to assist clinicians in better transplant allocation [10].

Post-transplant monitoring of the graft function is performed with measurements of
the serum creatinine levels and glomerular filtration rate (GFR). However, these markers
are not specific for rejection and represent a late event in the rejection process, so that, by the
time they are detected, the tissue damage may be irreversible. Biopsy remains the gold stan-
dard for the diagnosis of transplant failure, as well as a prognosis indicator [11]. However,
a biopsy is an invasive and costly technique that can lead to surgical complications.

Screening for anti-HLA antibodies has become the standard clinical practice. There is
overwhelming evidence that the presence of antibodies to both donor HLA and non-HLA
antigens both pre-transplant and de novo generated post-transplant has a negative impact
on transplant survival. Furthermore, longitudinal studies revealed that the appearance
of these antibodies in serum occurs long before the rise in blood creatinine in rejection
episodes, making antibodies a good predictor of graft rejection [12].

An integrated diagnostic system is needed, with different techniques and approaches
supporting the current gold standard methodology [11]. In this line, important advances
have been made in the search for new non-invasive markers, as well as the development of
new technologies that allow a correct diagnosis and reduce the need for biopsies. However,
most of these techniques are still awaiting clinical validation.
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2. Immune Response against the Graft
2.1. HLA Antigens

The main antigens recognised by the recipient’s immune system are the components
of the highly polymorphic HLA system of the donor [13]. 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 [14]. 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 [15].

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 [16].

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 [17].

2.2. Non-HLA Antigens

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 [18,19]. 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 [20].

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 [21].

2.3. Innate Immunity

Over the past decades, evidence has accumulated, indicating that innate immunity
contributes significantly to amplifying and modulating the antigen-specific adaptive im-
mune response against the graft. This makes innate immunity a good therapeutic target to
limit the effects of adaptive immunity in transplant rejection [22].

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 com-
plement 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 [23].
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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) [24]. 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 [25].

2.4. 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 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 [26].

Brain death and ischaemia reperfusion processes produce a secretion of cytokines
and DAMPs [27] 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 [28].
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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.
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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 [29]. Indirectly
activated CD4 T cells can activate cytotoxic CD8 lymphocytes and are the only cells that can
activate alloreactive B cells [30]. 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 cell–cell contacts or exosomes, suggesting
that both direct and indirect recognition play a role in chronic rejection [31].

2.5. 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 [32].

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) [33]. MICA is a highly polymorphic protein that has been associated with
rejection and late renal failure [34]. Studies have reported that both pre-existing and de
novo generated anti-MICA antibodies are associated with acute and chronic rejection [35].
However, MICA is not expressed on resting T or B cells, and therefore, the 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 nonpolymor-
phic 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 rejec-
tion 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 [36].

2.6. T-Cells Activation

Three signals between the T cell and the APC are required for successful T-cell ac-
tivation. 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 [37]. Once the T cell has received the activation signal and the 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
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treatments [38]. 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 [39].

The process of T-lymphocyte activation is a common target of the currently used
immunosuppressive agents. Immunosuppressive agents such as anti-IL-2 receptor an-
tibodies and the mammalian target of rapamycin (mTor) act by inhibiting the effects of
IL-2 [40]. 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 [37].

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 [6]. 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 antibodies, preceding
AMR [41]. However, modern immunosuppressive treatments do not sufficiently address
the humoral immune response of the recipient [42]. AMR is responsible for 30–50% of acute
rejection cases and 60% of late graft failure [43].

2.7. 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 [44]. 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 switch-
ing, 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 of antibodies
in serum [45]. 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 [46]. 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
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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 [47]. 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 [48].

Acute AMR occurs from the first weeks to years after transplantation. It is char-
acterised 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 histologi-
cal 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 [49]. The treatment
of AMR is less effective, and unfortunately, there are no standardised treatments against
antibody production.

3. Biological Drugs Therapies Innovations

In recent years, some therapies initially designed for the treatment of cancer or au-
toimmune diseases have been adapted for the treatment of chronic transplant rejection due
to the similarities shared by these fields [7]. Indeed, in transplant rejection, autoimmune
disease and cancer, protein–protein interactions trigger signalling events that ultimately
lead to disease development. These interactions are usually cell–cell contacts or cytokine–
receptor interactions, which result in signal transduction in immune system cells that can
lead to their chronic activation and cause pathology.

Immunotherapies using biological drugs (BD), monoclonal antibodies (mAb) obtained
from living organisms [50], can block these protein–protein interactions that generate
the pathophysiology of the disease. Therefore, the current immunotherapies using BDs
have revolutionised the treatment and improved clinical outcomes for patients with these
pathologies [51]. Indeed, BDs have demonstrated better efficacy and safety profiles than
synthetic drugs [52]. Some of the BDs used for the treatment of transplant rejection are
mAbs designed to block the signalling of specific cytokines.

Infliximab is a chimeric monoclonal antibody that specifically binds to TNF-α and
blocks its interaction with both its soluble and membrane receptors. TNF-α is a cytokine
with a central role in the inflammatory response and is a major pathological component in
autoimmune diseases. Hence, the use of TNF-α inhibitor mAbs (infliximab, golimumab,
adalimumab, etanercept and certolizumab pegol) is a common strategy in the treatment of
these pathologies [53].

TNF-α induces inflammation and activates immune cells, promoting the activation of
the immune response against the transplant and aggravating rejection. Consequently, block-
ing TNF-α or other cytokines such as IL-1β is also helpful in reducing the immune response
in allotransplantation [54]. Infliximab treatment has been shown to reduce cytokine expres-
sion, macrophage recruitment and improve renal function following ischaemia reperfusion
injury [55].

Tocilizumab is an anti–interleukin 6 receptor mAb. Interleukin 6 (IL-6) is a pleiotropic
cytokine involved in the generation of donor-specific antibodies and graft rejection. IL-6
affects the ratio of effector-to-regulatory T cells by promoting the maturation of Th17 cells
while favouring the maturation of B cells to plasma cells [56]. Tocilizumab has been used
for the treatment of rheumatoid arthritis [52] and, in recent years, has been proposed to
treat chronic antibody-mediated rejection, showing an improvement in the graft outcomes
in sensitised patients who do not respond to the standard desensitisation protocol [57].
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Belimumab is a humanized anti-B-lymphocyte stimulator (BLyS) antibody with suc-
cessful therapeutic results in the treatment of Lupus erythematosus. BLyS is a cytokine
that enhances B-cell and plasma cell survival and is overexpressed in lupus erythemato-
sus and other autoimmune diseases, causing B-cell hyperreactivity [58]. Belimumab has
recently been proposed for use in transplantation to treat rejection as a modulator of
B-cell alloreactivity. In a phase II clinical trial, patients with a standard level of immuno-
logical risk are treated by administering belimumab together with the standard of care
immunosuppression for 24 weeks. The results show a reduction of both preformed HLA
antibodies and non-HLA autoantibodies, as well as a reduction of activated memory B
cells, without an increase in infections compared to the control group treated with the
standard of care immunosuppression. This same study showed a rebound in the serum
BLyS concentration after the cessation of belimumab administration, raising the question
of whether belimumab should be administered longer after transplantation, with a gradual
reduction and monitoring of the serum BLyS levels [59].

In terms of cancer treatments that can be translated into therapies that prevent graft
rejection, the first type of drugs is those used for some tumours of haematopoietic and
lymphoid tissues. This is because the recipient’s immune system is activated to attack the
graft during the rejection. Consequently, there is an interest in decreasing the immune
system’s activity, specifically depleting T and B cells [28]. Cell-depleting immunotherapies
used for the treatment of transplant rejection include alemtuzumab and rituximab.

Alemtuzumab is a humanised anti-CD52 monoclonal antibody originally used for
the treatment of lymphocytic leukaemia [60]. This antibody causes cell lysis via the com-
plement system or antibody-dependent cellular cytotoxicity to CD52-expressing cells via
its crystallisable fraction Fc. As CD52 is expressed on all peripheral blood lymphocytes,
alemtuzumab induces potent immunosuppression by depleting both T cells and B cells.
Alemtuzumab has shown good results as an induction agent in solid organ transplantation
compared to other induction agents such as IL2R antibodies in preventing rejection in
the first months after transplantation, without any significant increase in malignancy or
generation of autoimmunity compared to other induction regimens [61].

Rituximab is a chimeric monoclonal antibody with a mechanism of action similar to
alemtuzumab that acts by depleting CD20-expressing B cells. In addition, as B cells are
antigen-presenting cells, they indirectly inhibit T-cell activity. Therefore, this antibody acts
by blocking the production of antibodies. In 80% of patients, it depletes the circulating
antibody levels for a period of six to twelve months [62]. Rituximab has been used to
treat patients with relapsed low-grade or follicular NHL, as well as for the treatment of
autoimmune diseases. More recently, it has been incorporated as a rescue therapy in the
treatment of antibody-mediated rejection. Some studies suggest that rituximab has benefits
in the treatment of acute antibody-mediated rejection; however, the data show less effec-
tiveness in the treatment of chronic AMR [63]. Recently, acute AMR has been treated using
a combination of plasmapheresis, tacrolimus mycophenolate mofetil and/or intravenous
immunoglobulin, together with rituximab, allowing 70–80% of the affected grafts to be
rescued. However, there is no consensus on the optimal protocol for the treatment of
acute AMR [64]. Rituximab is currently part of the standard protocol for the desensitisa-
tion of patients at high immunological risk combined with apheresis, conventional triple
immunosuppression (CNI, mycophenolic acid and steroids) and intravenous polyvalent
immunoglobulin (IVIg).

In general, BDs are potent immunosuppressants that interfere with the normal immune
response, which can lead to adverse side effects. The safety profile of BDs can be dose-
dependent and may be associated with certain combinations with other drugs. Therefore,
the risk–benefit of each BD treatment and its dosage should be assessed on a case-by-case
basis [65].
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4. Antibody Detection Methods

The detection of anti-HLA antibodies both pre-transplant and post-transplant is a
common clinical practice in transplantation. It is included in the Banff classification criteria
for the diagnosis of AMR and is essential for a correct transplant allocation and for correct
transplant management [49].

DSA detection tests (Table 1) have evolved from early cell-based methods (CDC) to
modern solid-phase methods, such as the single antigen bead (SAB), which allows the
detection of individual HLA specificities. The increased sensitivity of anti-DSA antibody
detection methods has allowed the generation of increasingly accurate immune risk level
assignment tools, such as calculated PRA and virtual crossmatching [66], which has led to
a marked improvement in organ allocation [67].

Table 1. Methods to detect anti-HLA antibodies.

Detection of Anti-HLA Antibodies

Cell-Based Assays

Method
Samples Requirements Detection Diagnosis

Donor Patient

CDC
Lymphocytes or

panel of HLA
typed lymphocytes

Serum Complement and
fluorescent marker

Complement-binding
antibodies

Hyperacute
rejection

Flow cytometry Lymphocytes Serum
Fluorescently

labelled secondary
antibody

Complement-binding
antibodies and non-
complement-fixing

antibodies

Increased risk of
acute rejection

Solid phase assays

Method Immobilised Solid phase Patient’s sample Detection method Sensitivity

ELISA HLA class I and II
antigens Microtiter plate Serum

Secondary antibody
bound to an enzyme

and chromogenic
substrate

↑

FlowPra HLA antigens Microspheres Serum Flow cytometer ↑↑
Luminex HLA antigens Microspheres Serum Flow analyser ↑↑↑

4.1. Complement Dependent Cytotoxicity (CDC) Assay

CDC (Figure 2) is a cell-based antibody detection method in which antibody detection
is performed by incubating the patient’s serum with donor lymphocytes expressing HLA I
and HLA II molecules [68]. Upon the addition of a complement, the presence of reactive
antibodies results in cell lysis. Then, the lysed cells are stained with a fluorescent marker,
usually a cocktail of ethidium bromide and acrylamide orange, that discriminates posi-
tive from negative results. This method detects complement-binding antibodies present
in high titres in the recipient’s serum that trigger hyperacute rejection and represent a
contraindication for transplantation [69]. To overcome the limitation of donor cells, the
serum is incubated against a randomly selected panel of HLA-typed lymphocytes that
are representative of the donor population. The result is expressed as a percentage of
reactivity against the panel of lymphocytes against which the serum has reacted, known
as the panel reactive antigen (PRA). This percentage reflects the patient’s probability of
detecting antibodies against the donor [70].
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Figure 2. Assays detecting anti-HLA antibodies. (a) CDC: Recipient’s serum is incubated with
donor’s lymphocytes; after this, the incubation complement is added, triggering cell lysis on cells
bound to complement-binding antibodies. Detection is made using a fluorescent marker that stains
lysed cells. (b) Flow cytometry: Recipient’s serum is incubated with donor’s lymphocytes. In this
assay, after this incubation, secondary antibodies fluorescently labelled are added to samples to detect
cells with the patient’s antibodies bound.

This method is simple to perform and reflects the in vivo situation, where the HLA
molecules are in a native conformation, making it a very useful clinical information tool.
Numerous studies have associated the antibodies detected by this technique with hyper-
acute rejection. Currently, a positive CDC result is still considered a contraindication for
transplantation. However, it has a number of limitations. The CDC assay detects any
antibody that binds to cells and fixes the complement; therefore, it does not detect non-
complement-binding antibodies and does not discriminate between HLA and non-HLA
antibodies. The assignment of antibody specificity is performed by comparing the reactiv-
ity of the test with DNA typing of the target cells. However, this assignment is not very
accurate using this technique, especially for HLA-II molecules, because B cells express both
HLA-I and HLA II, and these cells are found in low frequencies in the peripheral blood.
Additionally, as HLA molecules are co-dominantly expressed and some alleles of close
loci show linkage disequilibrium, the assignment of antibody specificity is done on the
basis of probability calculations [71]. Some cytolytic therapies interfere with the assay, and
finally, it is a low-sensitivity assay [72]. To improve the sensitivity of the CDC technique,
flow cytometry was introduced for cell analysis (Figure 2). In this case, the patient serum is
incubated with lymphocytes, and the detection of antibodies is performed by incubation
with a fluorescently labelled secondary antibody. In addition, this technique can distinguish
between complement-fixing and non-complement-fixing antibodies using the secondary
antibodies specific to each IgG subtype.

The higher sensitivity of this technique allows the detection of antibodies that are not
detected by CDC and whose effect on the graft outcome is not entirely clear. However,
transplants with a negative CDC crossmatch and a positive flow cytometry crossmatch
have been shown to have an increased risk of acute rejection and early graft loss [67].
Nevertheless, the main limitation of this technique is the need for viable cells. To overcome
this limitation, solid-phase assays were introduced, which use purified HLA molecules and
have a higher level of sensitivity than cell-based assays.

There are three types of solid-phase assays: enzyme-linked immunosorbent assay
(ELISA), FlowPra and Luminex, each with a higher level of sensitivity than the previous
one [73].
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The identification of anti-HLA antibodies by ELISA (Figure 3) is performed by immo-
bilising HLA antigens, recombinant or purified from human platelets, on the surface of a
microtiter plate with a subsequent incubation with the recipient’s serum. The antibodies
are detected by binding to an enzyme-linked secondary antibody, and then, a chromogenic
substrate is added. The ELISA results are expressed as the optical density.
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Figure 3. Solid-phase assays for detecting anti-HLA antibodies. (a) ELISA assay: HLA antigens are
immobilised on the microtiter plate, and anti-HLA antibodies are detected after incubation with the
recipient’s serum. (b) FlowPra and Luminex assays: anti-HLA antibodies from the recipient’s serum
are detected by incubating the serum with polystyrene microspheres coated with HLA antigens and
secondary antibodies.

The next step in the evolution of antibody detection methods is based on the detection
of antibodies on polystyrene microspheres coated with purified HLA antigens. Their
detection can be performed either with a flow cytometer (FlowPRA) [74] or a flow analyser
(Luminex) (Figure 3). The latter is the gold standard method for the detection of anti-donor
antibodies due to its sensitivity and specificity.

4.2. Luminex

The Luminex technique is based on the detection of anti-DSA antibodies on polystyrene
beads coated with purified HLA molecules. The beads have different ratios of two dif-
ferent fluorophores, allowing each bead to be identified individually. The patient serum
is incubated with the beads, and antibody detection is performed using a fluorescently
labelled secondary antibody [75]. The Luminex fluoroanalyser has two lasers: one laser
excites the fluorophore of the beads, and the other detects the fluorophore of the secondary
antibody, allowing the identification of antibody specificity. The results are reported as
the mean fluorescence intensity (MFI). Solid-phase assays allow three levels of resolution,
depending on the composition of HLA molecules with which the beads are coated. In the
first level of detection, known as the panel pool, the beads are coated with several HLA I or
HLA II molecules for screening [76]. In the next level of detection, called the phenotypic
panel, the beads are coated with HLA I or HLA II molecules obtained from an individual
patient cell line. At the highest resolution level, called a single antigen bead, the different
populations of beads are coated with a single recombinant HLA allele [77]. This assay
allows the precise identification of the specificity of the detected antibodies. The Luminex
assay has a high sensitivity and specificity, allowing the detection of both allele specificity
and epitope specificity of each antibody [72]. In addition, improvements to this technique
have been developed that allow the detection of complement-binding antibodies through
the detection of C1q to potentially identify more injurious antibodies [78].
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These new technologies have made possible the detection of antibodies that were
not detectable with the CDC technique. However, the clinical relevance of these low-
affinity antibodies is not entirely clear, and the presence of these antibodies is not always
a contraindication. The increased sensitivity of solid-phase assays has led to an increase
in the number of highly sensitised patients. This has the potential drawback of refusing
transplants for patients based on the presence of clinically irrelevant antibodies, leading
to an increase in the waiting list time. This makes it vitally important to discriminate
among the antibodies detected; those antibodies that are effectively unacceptable. The
main value used for this purpose is MFI obtained for each antibody, establishing a cut-off
value. However, the MFI value gives a semi-quantitative measure that does not necessarily
determine the pathogenicity of the antibody [79]. The Luminex assay is subject to a number
of limitations that may result in false positives, due to the presence of neoepitopes in
recombinant HLA molecules, or false negatives due to serum-interfering substances or
antibodies with shared epitopes that spread among several antigens, resulting in lower
MFI values [80]. Therefore, MFI should not be taken as an absolute determinant of whether
a patient receives or refuses a transplant but rather as a guide, together with HLA typing,
the patient’s history of alloimmunisation and the specificity of the antibody epitope, which
helps to discriminate between acceptable and unacceptable antigens.

To improve the transplant allocation in these highly immunised patients, the tradi-
tional PRA was replaced by the calculated PRA (cPRA) [81], which is calculated based on
the phenotypic frequency of unacceptable HLA alleles in the donor population. Organ
allocation using the virtual crossmatch, which predicts a negative crossmatch based on
unacceptable antigens, has improved organ allocation to highly immunised patients [82].

For the detection of non-HLA antibodies, EC are used as the target for anti-endothelial cell
antibodies (AECA), as non-HLA antigens are normally expressed on EC in the graft. Different
approaches have been used utilizing endothelial cells for the detection of AECAs, including
CDC, flow cytometry and immunofluorescence [72]. However, the detection of these antibodies
is a limitation of these techniques, as non-HLA antigens are not always constitutively expressed
on the surfaces of endothelial cells, and their identities are usually unknown.

The use of surrogate endothelial cells as a sensor for non-HLA antigens could be useful
for the detection of non-polymorphic antigens but has the disadvantage that they do not
constitutively express MICA.

Currently, the most feasible option for the detection of non-HLA antibodies, such
as anti-MICA antibodies or autoantibodies, is the use of purified peptides in solid-phase
assays and the Luminex platform.

5. Cellular Immunity Detection Methods

Although the detection of donor-specific antibodies has proven to be an effective tool
for an important advancement in transplant allocation and management, it does not give
complete information on the immune system and its responsiveness to the donor.

The search for new non-invasive methods and biomarkers that provide useful in-
formation to clinicians and allow a good diagnosis continues to be an important field in
transplantation research. Some of these methods are focused on measuring the cellular
immune response, which, together with the detection of antibodies, allows for a broader
view of the immune response (Table 2). There are several methods to measure the cellular
immune response; some of them, such as the Immuknow assay, quantify the nonspecific im-
mune response, and others, such as the mixed lymphocyte reaction (MLR) or the ELISPOT
assay, quantify the specific immune response.
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Table 2. Methods to measure the cellular immune response.

Measure of Cellular Immune Response

T Cell

Method
Samples

Process Detection
Patient Donor

Immuknow
Whole blood

with nonspecific
mitogenic stimuli

-
T cell isolation, addition of lytic
agent and ATP synthesis level

detection.

Nonspecific T-cell mediated
immune responsiveness

MLR Lymphocytes
PMBCs with T-cell

proliferation
blocked

Incubation of both samples for
5–7 days with radioactive
thymidine or CFSE and

quantification of thymidine or
CFSE concentration

Frequency of directly
activated recipient T cell

Modified MLR Lymphocytes
PMBCs with T-cell

proliferation
blocked

Incubation of both samples for
5–7 days CFSE, CFSE-low dividing

T cells are sorted by FACS, and
genomic DNA is isolated for

TCR-β CDR3 sequencing.

Alloreactive TCR
repertoire

INF-γ ELISPOT Lymphocytes
PMBCs with T-cell

proliferation
blocked

Measurement of secreted INF-γ by
cells incubation during 18–24 h on
a plate coated with INF-γ capture

antibodies

Frequency of memory
alloreactive T cells

Modified
ELISPOT PBMCs - Incubation of recipient’s T cells

with a source of antigens.
Frequency of indirectly

activated recipient T cell

B cell and memory B cell

Method Sample Principle Analyzer Detection

HLA-specific
tetramer
staining

Peripheral blood
B cells

Binding of stained HLA to B cell
receptors Flow cytometry B cell

Luminex Peripheral blood
B cells

Detection of anti-HLA antibodies
derived from memory B cells Luminex fluoroanalyser Memory B cell

HLA-ELISPOT

7 days
pre-cultured CD2

depleted
recipient cells

Binding of anti-HLA antibodies to
immobilised anti-IgG antibodies and
its detection by binding of labelled

HLA to anti-HLA antibodies.

ELISPOT reader Memory B cell

5.1. Immuknow

The Immuknow assay (Figure 4a) is a test approved by the Food and Drug Adminis-
tration (FDA) for monitoring immunosuppression on an individualised basis. Immuknow
provides a measure of the overall cellular immune response. The test measures the level
of ATP synthesis of the patient’s CD4+ T cells after incubation of the patient’s blood with
nonspecific mitogenic stimuli such as phytohetoglutin-L for 15–18 h [83]. The test uses
whole blood to maintain the presence of immunosuppressants during incubation. After
incubation, the T cells are isolated from the blood using a magnetically coated anti-CD4
monoclonal antibody, allowing magnetic separation. A lytic agent is added for cell lysis
and ATP release, which is then labelled with a luciferin luciferase mixture and measured in
a luminometer at a maximum emission of 562 nm.
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Figure 4. Cellular immunity detection method. (a) Immuknow: Recipient’s T cells are incubated
with nonspecific mitogens; then, CD4+ T cells are isolated using a magnetic bead coated with
anti-CD4 antibodies, and finally, these CD4+ cells are lysed to measure the ATP levels. (b) MLR:
Recipient’s T cells are incubated with irradiated donor cells and thymidine or CFSE to quantify the
cell proliferation by measuring the thymidine or CFSE concentration in cells using flowcytometry.
(c) Modified MLR follows the same process as the MLR assay, but the cells are incubated only with
CFSE to quantify CFSE and isolate CFSE-low cells (active T cells) by fluorescence-activated cell sorting
(FACS), and finally, the TCR-β CDR3 receptors are sequenced. (d) INF-γ ELISPOT: Recipient’s T cells
are incubated with irradiated T cells in microtiter wells. In these wells, anti-INF-γ is immobilised,
and after incubation with detection antibodies, INF-γ cells can be detected to quantify memory T
cells. (e) Modified ELISPOT used the recipient’s T cells and processed peptides (antigens) to quantify
the frequency of indirectly activated recipient T cells measuring INF-γ.

The ATP levels obtained in this assay indicate nonspecific T-cell-mediated immune
responsiveness [84]. Early studies linked high levels of ATP production with the risk of
rejection and low levels of ATP with the risk of opportunistic infections due to overim-
munosuppression. However, later studies reported that the technique has little value as an
indicator of rejection. Low ATP levels detected by Immuknow would be useful for predict-
ing infection risks and adjusting the patient’s immunosuppressive dose if a serial follow-up
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is performed, as some studies have shown a single measurement of ATP synthesis with
Immuknow has a poor predictive value for diagnosing rejection or infection.

5.2. Specific Immunity Detection Methods

Other approaches proposed for immunological risk assessments include quantification
of the immune response of donor-specific T cells by MLR, as well as detection of the
frequency and specificity of the repertoire of alloreactive memory B and T cells.

5.3. Mixed Lymphocytes Reaction (MLR)

One of the first in vitro methods to quantify alloreactivity was the mixed lymphocytes
reaction (MLR) (Figure 4b) [85]. This method quantifies the level of cellular alloreactivity by
measuring the cell proliferation of recipient T cells after reacting with donor PBMCs. MLR
consists of incubating lymphocytes from the patient with donor lymphocytes for 5–7 days.
The donor T-cell proliferation is blocked, and it is usually carried out by previously irra-
diating the donor PBMCs or by adding a CD3 T-cell-depleting agent. The resulting cell
proliferation is due to the direct allorecognition pathway activation of recipient CD4 and
CD8 T cells and involves both memory T cells and naive T cells [86]. This approach is
interesting as the direct pathway of recognition is strongly associated with acute rejection
that occurs in the first weeks post-transplantation.

To quantify cell proliferation, the cells are labelled with radioactive thymidine or
carboxyfluorescein succimidyl ester (CFSE), which is diluted with each cell replication so
that the diluted CFSE cell population can be detected by flow cytometry.

Some studies have linked high levels of cell proliferation in this assay with a risk of
acute rejection and low levels of cell proliferation with a good transplant outcome within the
first year of transplantation [87]. However, other studies have shown that this assay has a
low predictive value. This technique has limited clinical use in kidney transplantation [88].

An interesting MLR-based approach (Figure 4c) is to sequence the TCR-beta CDR3
of the patient’s reactive T-cell population to generate a catalogue of the size and diversity
of the reactive T-cell repertoire before and after transplantation. Using CFSE, rather than
radioactive thymidine, the reactive T-cell population can be monitored as CFSE is diluted
during each cell replication. This allows alloreactive cells to be separated by FACS and
their TCR to be sequenced [89].

5.4. INF-γ ELISPOT

The IFN-γ ELISPOT assay (Figure 4d) is an MLR-based assay used to assess the
frequency of memory alloreactive T cells. These cells are formed in the individual through
exposure to environmental antigens. Some of these memory cells may cross-react with
donor alloantigens without having anti-donor antibodies in the serum. Therefore, detection
of the patient’s population of memory immune cells may provide additional information
to that obtained with the current methods of detecting DSA antibodies in the patient’s
serum [90].

Memory T cells react faster than naïve T cells to alloantigens, allowing their frequency
to be measured after 18–24 h of MLR by detecting the IFN-γ they secrete upon activation.
The ELISPOT assay involves the detection of INF-γ in a plate with wells coated with
INF-γ capture antibodies, where patient PBMCs are incubated with donor PBMCs in
MLR. Detection is performed with a biotinylated anti-INF-γ detection antibody and HRP
streptavidin [91]. The resulting spots are measured with an ELISPOT image analyser, and
the result is expressed as INF-γ spots per 300,000 PBMCs.

This approach has been used as a screening tool to try to predict and diagnose acute
rejection. To overcome the limitation of having donor cells, the panel of reactive T cells
(PRT) was introduced, consisting of a representative sample of the donor population in a
manner analogous to the PRA. However, the results obtained against the TRP have shown
a lower predictive value for acute rejection than those obtained against the donor.
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Regarding the predictive value of this test, the results obtained are contradictory.
The assay is able to predict the immunological risk but is influenced by T-cell suppressor
therapies [92].

Although some studies have linked high frequencies of pre-transplant reactive T cells
obtained by the ELISPOT assay to an increased risk of acute rejection in the first weeks
post-transplant, others have found this relationship only with those patients who have not
received induction therapy [93].

Another ELISPOT assay (Figure 4e) modality exists to measure the alloreactivity of
indirectly activated recipient T cells, although there is no consensus for an assay to monitor
indirect T-cell activation [94]. This approach is interesting, as indirectly activated T cells
play a predominant role in chronic rejection and are the only ones that can activate B cells.
The ELISPOT assay for the indirect pathway is performed by stimulating recipient T cells
with processed peptides presented by self APCs via their HLA II molecules. This implies
that the recipient PBMCs have to be incubated with a source of antigens that are processed
and presented to the T cells by the recipient APCs. Different approaches have been tested
as a source of antigens to measure the alloreactivity of activated T cells, including processed
membranes, synthetic peptides and HLA monomers [31]. However, the use of these antigen
sources presents certain difficulties and limitations that prevent the establishment of a
protocol for monitoring the frequency of indirectly activated T cells. The use of fragmented
membranes has the advantage of providing the full antigenic profile of the donor but has
the disadvantage of not providing the specificity of the alloreactive T cell. Furthermore, the
use of this antigen source does not ensure the absence of intact HLA molecules, leading
to direct or semi-direct presentation and interfering with the measurements and therefore
requires appropriate controls. This is a problem that can be solved by using synthetic
peptides; however, the use of synthetic peptides has been shown to generate neoepitopes
that interfere with the specificity of the assay. These problems, coupled with the low
frequency of indirectly activated T cells, make this assay currently unfeasible for clinical
use [94].

5.5. Memory B Cells Detection Methods

A number of techniques for the detection of memory B cells have emerged in recent
years. The current antibody detection methods are based on the detection of antibodies
in serum, so having information on the specificity and frequency of the memory B-cell
repertoire gives a broader view of the humoral response. Due to the low frequency of B
cells in peripheral blood, highly sensitive assays are needed to detect them.

Early approaches to detect memory B cells were based on the ability of B cells to bind
to fluorescently labelled HLA tetramers. This allows flow cytometric detection and the
separation of HLA tetramer-binding B cells. However, this method requires a subsequent
B-cell culture step to confirm the production of antibodies from the tetramer-positive
cells. One of the limitations of this method is that, due to the significant loss of cell
viability inherent in the cytometer, the detection of the memory alloantibody repertoire is
incomplete [95].

An analysis of the specificity and frequency of memory B cells requires their ex
vivo stimulation by polyclonal activation to produce antibodies. This is performed via
CD40 activation by incubating B cells with a fibroblast line expressing CD40L, along
with a cocktail of B-cell cytokines and growth factors. It is important that memory B-
cell activation is carried out without inducing an isotype switching in naïve B cells. The
presence of memory antibodies against the donor in the culture supernatant can be tested
by the Luminex technique [96]. This method allows the identification of the repertoire of
alloreactive memory antibodies, providing qualitative information but does not indicate
the frequency of HLA-specific memory B cells [97]. The memory B-cell frequency can be
estimated by the detection of anti-HLA antibodies in ELISPOT plates modified for the
detection of anti-HLA antibodies. The high sensitivity of the ELISPOT assay makes this
technique particularly useful for measuring the low frequency of HLA-specific B cells.
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Polyclonally activated B cells from a 6 to 7-day preculture are transferred to an
ELISPOT plate coated with anti-IgG antibodies to capture all antibodies of this isotype
produced. Visualisation is performed by the addition of biotinylated synthetic HLA class I
or II molecules and a subsequent incubation with alkaline phosphatase-conjugated strepta-
vidin. Detection is carried out by a chromogenic substrate, each spot representative of a
single HLA-specific antibody-producing cell [98].

6. Ongoing and Future Challenges

One of the great challenges in the renal transplantation field is the search for new
approaches and the generation of techniques that allow for early diagnosis, individualised
immune monitoring and follow-up of the efficacy and dosage of each patient’s therapy [7],
replacing renal biopsy as the gold standard technique, which, in addition to its invasiveness,
presents certain drawbacks, such as low sensitivity and specificity [99]. Recent advances
in high-throughput cellular and molecular methods are enabling major breakthroughs
in each of these fields, as well as expanding our understanding of the immunological
mechanisms underlying the rejection process (Figure 5). These advances are in the direction
of personalised medicine as the best strategy to improve the long-term outcomes of trans-
plantation and enhance patients’ quality of life by providing clinicians with the potential to
adjust the current standards of immunosuppression for each patient, reducing the adverse
effects [5]. As Tregs are key regulators of immune homeostasis, there are several strategies
to reduce immunosuppression based on Treg cell therapy. Tregs therapies involve the
culture and isolation of autologous polyclonal Tregs from the patient’s PBMCs extracted
prior to transplantation and their subsequent administration to the patient to restore the
immune balance and modulate the patient’s immune response against the graft, allowing
the reduction or withdrawal of immunosuppression [25]. Another Tregs-based strategy
is the development of genetically engineered antigen-specific Tregs by the transduction
of chimeric antigen receptors (CARs). By this technique, CAR-Tregs against graft-specific
antigens can be achieved, with a more potent in vitro suppressive capacity than polyclonal
Tregs when stimulated by that antigen [100].

Despite the lack of clinical trials of CAR Treg therapies, phase I and phase I/IIa
clinical trials with polyclonal Tregs therapy have shown the potential of these therapies.
Patients receiving therapy 7 days after transplantation were monitored for 3 years, with a
subsequent reduction of triple immunosuppression at low doses of tacrolimus. The results
indicated a high degree of efficacy in reducing immunosuppression, as well as safety and
feasibility, supporting that Tregs therapies could become a good strategy in transplantation
and autoimmune diseases [101].

A hot line of research is the search for non-invasive or minimally invasive markers
that relate to graft rejection and allow therapeutic evaluation for patient care. Scientific
effort has focused on identifying such markers primarily in serum and urine involving
mRNA markers and protein markers such as CXCL9 and CXCL10, but further research is
required [102].

Donor-derived cell-free DNA (dd-cfDNA) has become one of the most widely used
rejection markers in recent years [103]. Donor cfDNA are fragments of donor DNA that
circulate in the recipient’s bloodstream, indicating tissue graft injury. The measurement and
quantification of dd-cfDNA is based on the detection of differences between the recipient
and donor in highly homozygous single-nucleotide polymorphisms (SNPs). Using this
method, donor and recipient DNA can be discriminated without prior knowledge of their
genotypes. The result of this method is expressed as a percentage of dd-cfDNA with respect
to the total circulating cell-free DNA in the recipient’s plasma. The DART multicentre study
comparing rejection diagnoses made by biopsy with the percentage of dd-cfDNA reported
that the percentage of dd-cell-free DNA discriminates between rejection and non-rejection
with a cut-off of 1% [104].
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Figure 5. Schematic representation of different allograft rejection mechanisms. Renal allograft
cells’ antigens are processed by APC cells that present the antigens to T and B cells. Activated B
cells produce antibodies, which activate the complement system, leading to an antibody-mediated
rejection via opsonization, inflammation and lysis processes. Activated CD4+ T cells start their
proliferation and differentiation to memory and effector CD4+ T cells. These effector CD4+ T cells
activate macrophages and leukocyte recruitment and stimulate inflammation. Moreover, CD4+ cells
activate B and CD8+ T cells. CD8+ T cells can also be triggered by APC cells; once CD8+ T cells are
activated, they proliferate and differentiate, leading to allograft T-cell-mediated rejection. Treg cells
participate in this mechanism by inhibiting B cells and APC cell activity and releasing granzymes
and perforins that destroy T cells.

Another approach to monitor the immune system in transplant patients is the study
of specific protein–protein interactions between cells involved in immune system response
and graft rejection, such as HLA-I/CD8+ T cells and HLA-II/CD4+ T cells for immune
activation, cytotoxic T lymphocyte antigen-4 (CTLA-4) and CD80/86 for therapy dose
regulation and PD-1/PD-L1 for immune inhibition. Programmed death receptor 1 (PD-1)
and its complimentary ligand, programmed death ligand 1 (PD-L1), are crucial players
in developing the adaptive immune resistance, as this interaction leads to repressing the
activity of several intracellular molecules involved in propagating signals downstream
of the T-cell receptor (TCR), reducing the cytokine release, cytotoxic activity and halted
T-cell proliferation [105,106]. To quantify these interactions between functional states of
biomarkers, the two-site amplified time-resolved Förster Resonance Energy has been suc-
cessfully used using pairs of complementary antibodies against PD-1/PD-L1 interactions
not only in living cells but also in cell membranes [51]. In this sense, an iFRET platform
(commercially known as QF-Pro®) was used to perform a quantitative readout of PD-1/PD-
L1 ligand–receptor interactions using model membrane systems derived from cell lines
and tumour samples [107]. The study of specific interactions between membrane proteins
of PBMCs and membrane proteins of the membrane microarray gives relevant information
on the state of the immune system [51] as a promising approach that can be useful in the
field of transplantation for immune system monitoring or for therapy dose surveillance.
Membrane microarray technology uses cell membrane homogenates printed onto glass
slides, which overcomes the limitation of having viable cells and maintains the function-
ality of receptors, enzymes and other membrane proteins. Due to its characteristics as a
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high-throughput, miniaturised and parallelisable analysis tool, cell membrane microarray
technology has been used as a powerful tool for drug and antibody screening [108,109]
and is a promising approach to implement in the field of transplantation [51] not only
for PD-1/PD-L1 interactions but also for other ligand–receptor interactions involved in
immune activation and therapy dose regulation.
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