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Abstract: The Human Leukocyte Antigen (HLA) system forms the central part of the
immune system and is crucial in the recognition and elimination of “non-self” antigens.
While this role of the HLA system is essential in the effective defense of the organism
against pathogens, it is undesirable in organ and tissue transplantation because it enables
the recognition of mismatched HLA molecules of the donor as being foreign and stimulates
the graft rejection reaction. Organ transplantation involves the introduction of antigens
that are more or less mismatched to the recipient; therefore, in order to achieve the best
possible match in the HLA system between the recipient and the donor, a whole series
of immunogenetic tests is performed, including crossmatching (XM). If performed before
kidney transplantation, it represents the final in vitro test to rule out the presence of
donor-specific antibodies, which may cause graft rejection and which may not have been
detected by earlier serum screening. The beginning of XM was marked by the complement-
dependent cytotoxicity (CDC) method developed by Terasaki and colleagues in 1964. Later,
as a result of advances in technology and the need for methods that overcome the limitations
of CDC, flow cytometry and Luminex XM assays were developed. The introduction
of solid-phase technology brought a new dimension to the detection of low-level HLA
antibodies and the determination of their specificities, which enabled the development
and implementation of the virtual XM test (vXM). It is an in silico test that assesses the
immunological match between the recipient and the organ donor based on the analysis of
the specificity of the antibodies present in the recipient’s serum and the HLA typing of the
organ donor. Each method has its own advantages and limitations, which are described
below and need to be taken into account, considering their significant impact on clinical
application in kidney transplantation.

Keywords: complement-dependent cytotoxicity test; crossmatch; histocompatibility
testings; kidney transplantation; single-antigen bead; virtual crossmatch

1. Introduction

The Human Leukocyte Antigen (HLA) system plays a central role in the immune
system. It is crucial in recognizing “self” versus “non-self” antigens, enabling the stimula-
tion and regulation of the immune response directed toward “non-self” molecules while
simultaneously maintaining tolerance to “self” antigens. Although this function of the
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HLA system is necessary for the efficient defense of the organism against pathogens, it is
undesirable in organ and tissue transplantation.

The HLA complex is organized into three regions (class I, Il and III) located on the
short arm of chromosome 6. HLA Class I and II genes encode proteins whose primary
role is to bind peptide antigens and present them to the immune system for recognition
by T lymphocytes [1]. Class III genes are located between the HLA class I and class 1I
regions and do not include HLA genes but contain genes encoding complement compo-
nents and some other factors. HLA genes are closely linked and are inherited as an HLA
haplotype according to classical Mendelian genetics. Class I antigens are expressed on
the surface of almost all nucleated cells. They are responsible for presenting intracellular
antigenic peptides to cytotoxic, CD 8+ T lymphocytes. Class II antigens are present on
antigen-presenting cells and are involved in presenting extracellular molecules to helper,
CD 4+ T lymphocytes.

The HLA system is the most intensively studied genetic region in humans. As more
than 40,000 alleles have been discovered since the identification of the first HLA antigen in
1958, the need to create a uniform nomenclature arose early on. Therefore, in 1968, the World
Health Organization Committee on the Nomenclature of HLA Factors was established,
which is responsible for standardizing, updating, and maintaining the terminology and
nomenclature associated with the HLA system [2].

The clinical role of the HLA system is evident in many areas, such as susceptibility to
autoimmune diseases, defense against infectious diseases, cancer immunotherapy, paternity
testing, drug safety, and has a particularly critical aspect in solid organ and stem cell
transplantation, where it represents the main histocompatibility barrier [1,2].

2. Methods

This systematic review followed PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines. We performed a literature search for relevant
articles in PubMed (MEDLINE) and Web of Science databases up to 1 November 2024
using a combination of Medical Subject Headings (MeSH) terms and text words: “Kidney
Transplantation Crossmatch”, “Renal Transplantation Crossmatch”, “Complement Depen-
dent Cytotoxicity Crossmatch”, “Flow Cytometry Crossmatch”, “Luminex Crossmatch”,
“Virtual Crossmatch”, and “HLA” in various combinations with the Boolean operators
-and, -or. We identified eligible studies using the following inclusion criteria: (1) written
in English; (2) studies comparing at least two crossmatch methods; (3) studies reporting
sensitivity and specificity for XM methods; (4) studies including clinical outcomes (graft
survival, rejection rates); and (5) randomized controlled trials (RCTs), cohort studies, and
case—control studies. The exclusion criteria were: (1) articles written in a language other
than English (2) case reports, editorials, reviews without original data, articles presented as
abstracts in a congress or seminar; (3) studies lacking a clear methodology for crossmatch
testing; (4) results on non-human population. The selection process comprised initially
the evaluation of titles and abstracts of all electronic records. Subsequently, articles were
selected when obtained in full-text form, excluding studies failing to report outcomes of
interest. Two authors (N.K./T.C.M.) individually reviewed the database search results
assessing the article eligibility utilizing a standardized Excel document to extract relevant
data from the included articles. Data extracted included information on study design and
sample size, crossmatch method(s) evaluated, performance metrics (sensitivity, specificity),
clinical outcomes (graft survival, rejection rates), and economic evaluation (cost per test,
resource utilization).
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Search Strategy Results

The initial search resulted in 3158 studies. After removing 2470 duplicates using the
reference manager (Mendeley), 688 articles were selected for further screening, resulting in
279 studies for additional assessing for the eligibility. Finally, 56 studies were selected for
review after applying the inclusion and exclusion criteria. The study selection flow chart is
shown in Figure 1.
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Figure 1. PRISMA flowchart.

3. Immunogenetic Testing of the Recipient and Donor Before Kidney
Transplantation

Organ transplantation involves the introduction of a large amount of antigens that are,
to a greater or lesser extent, foreign to the recipient. In order to achieve the best possible
HLA compatibility between recipients and donors and to reduce the incentive for the
development of an immune graft rejection reaction, a series of immunogenetic tests are
performed prior to the organ transplantation. These tests include identification of HLA
alleles/antigens polymorphism (tissue typing), serum screening for the presence of HLA
antibodies and determination of their specificity, as well as autologous and allogeneic
crossmatch tests [3].

HLA typing is defined as the identification of HLA class I and II antigens and genes
polymorphism through serological and molecular tests. It is performed for both the
recipient and the organ donor to determine compatibility in the HLA system. Historically,
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the first was serological typing, which was enabled by the discovery of HLA antibodies in
the sera of pregnant women and multitransfused patients [4-6]. With this approach, the
basic technique is complement-mediated microlymphocytotoxicity. Although it is a simple
and inexpensive method, due to its limitations (viable lymphocytes are required, ability to
detect rare or weak antigens is limited, etc.) this method has mostly been abandoned, and
molecular typing techniques based on PCR (Polymerase Chain Reaction) technology such
as sequence-specific oligonucleotide (SSO) probe hybridization, sequence-specific primers
(SSP), real time (RT) PCR or DNA sequencing are now widely used [7].

The development of tissue typing methods has enabled the achievement of a high level
of resolution, that is, the ability to distinguish different alleles within the HLA gene family,
which has consequently led to a better understanding of antibody recognition patterns and
progress in HLA matching from the antigen to the epitope level [8].

Serum screening is a procedure that tests the presence of anti-HLA antibodies and
determines their specificity if they are present in the patient. These antibodies target HLA
molecules expressed on the cell surface that are highly polymorphic and can vary greatly
between individuals, allowing for the development of antibodies with a wide spectrum
of specificities.

In the context of kidney transplantation, anti-HLA antibodies can be pre-existing
(or previously formed) antibodies and de novo antibodies [9]. Pre-existing antibodies
are present in the recipient before transplantation as a result of previous exposure to
mismatched HLA antigens through blood transfusion, pregnancy, or a previous transplant.
These can increase the risk of hyperacute or acute rejection of the transplanted organ. De
novo antibodies develop after transplantation as a result of exposure to mismatched HLA
molecules expressed in the transplanted organ. They contribute to chronic graft rejection.

A comprehensive definition of the anti-HLA antibody profile and its monitoring in the
patient’s serum allows for the identification of antigens that are considered “unacceptable”
for transplantation, since their presence on the donor organ can cause antibody-mediated
graft rejection [10]. Therefore, in patients on the waiting list for kidney transplantation,
serum is periodically screened for the presence of anti-HLA antibodies. Currently, two
screening methods are most commonly used: cell-based tests (CDC method), where results
are expressed as a percentage of panel-reactive antibodies (%PRA), and solid-phase tech-
niques (Luminex method), which have enabled the introduction of calculated PRA (cPRA)
or virtual PRA (vPRA). vPRA is based on the HLA specificities of HLA that are considered
unacceptable for a sensitized transplant recipient and is calculated based on the frequency
of antigens among organ donors in the studied population. Thus, vPRA represents the
percentage of donors expected to have unacceptable HLA antigens to which the potential
kidney recipient is sensitized [11,12].

4. Crossmatch Test (XM)

The presence of antibodies to mismatched HLA antigens of the organ donor triggers
an immune rejection response in the recipient and is considered one of the most significant
obstacles to successful transplantation. Therefore, before kidney transplantation, a final
in vitro crossmatch test is performed to verify whether donor-specific antibodies (DSAs) are
present in the recipient’s serum that may not have been previously detected in screening
and that could cause graft rejection.

The first recorded serological crossmatch test was related to blood transfusion and
was performed in 1908 [13]. In organ transplantation, the development of the crossmatch
test is closely linked to research and discoveries about the HLA system. The first successful
kidney transplant was performed between identical twins in 1954, four years before the dis-
covery of the HLA system. At that time, the “crossmatch” was performed by transplanting
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a 2.5 x 2.5 cm skin graft between the twins. A control, autologous graft was placed 1 cm
above the allogeneic one. After a little more than a month, a biopsy of the transplanted skin
was performed. Macroscopic and microscopic differences between autologous and allo-
geneic grafts were negligible, which was considered to be evidence of tissue compatibility
between twins [14]. The discovery of the first HLA antigens marked the beginning of the
era of determining tissue compatibility between organ recipients and donors. The impor-
tance of the humoral immune response in transplantation was highlighted by Terasaki and
Patel in the late 1960s. They found that immediate kidney graft loss occurred in 24 out of
the 30 (80%) transplantations performed across positive XM results demonstrating that the
presence of cytotoxic antibodies in the recipient directed against HLA antigens expressed
on donor kidney cells (DSAs) could lead to the development of antibody-mediated immune
and hyperacute graft rejection [15]. This discovery led to the development of the CDC
crossmatch test and its mandatory use before transplantation to assess the immunological
risk of transplanted organ rejection.

The same authors in their seminal work (1969) also observed that not all kidneys
transplanted with positive XM were rejected, while the graft failed immediately in 8 of
195 (4%) kidneys transplanted with negative XM. Even then, they discussed the reasons
for false positive and false negative results in XM tests, pointing to several factors such as
technical problems, the presence of nonspecific antibodies, immune responses that cannot
be detected at the time of testing, and limitations in the sensitivity of the test methods
themselves [15].

Therefore, in addition to the described allogeneic XM, during the immunogenetic
testing of a potential kidney recipient, an autologous XM must also be performed in which
the serum and cells (HLA antigens) belong to the same person. Autoantibodies are thought
not to be harmful to the graft, but their presence may cause false positive XM results
before transplantation and unnecessary delay of transplantation. Therefore, it is essential to
investigate the presence and characteristics of autoantibodies in patients in a timely manner
and distinguish them from potential HLA alloantibodies, which could have a deleterious
effect on graft function and survival.

The testing protocol for allogeneic XM varies from center to center, mainly depending
on the patient’s HLA sensitization. Several methods are used to perform XM.

4.1. Complement-Dependent Cytotoxicity Method (CDC)

The introduction of the crossmatch (XM) test was marked by the complement-
dependent cytotoxicity (CDC) method, developed by Terasaki and colleagues in 1964 [16].
This test uses the recipient’s serum and donor lymphocytes, which are isolated from the
peripheral blood of a living donor and the lymph nodes and/or spleen of a deceased donor.

As shown in Figure 2, the test is based on a three-step reaction. First, lymphocytes (anti-
gens) are incubated with the recipient’s serum (antibodies), forming an antigen—antibody
complex if the patient’s cells contain an antigen specific to the antibody. In the second
phase of the reaction, rabbit serum is added as a source of complement. On cells where
antigen—-antibody complexes are present on the surface, complement is activated, leading
to the formation of the Membrane Attack Complex (MAC) that damages the cell membrane.
In the third phase of the reaction, vital dyes are added that penetrate the interior of the
damaged cells, which, under an inverted microscope, indicate a positive reaction. The
intensity of the reaction is scored based on the ratio of viable to dead cells, ranging from
1 (negative) to 8 (100% of damaged cells).
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Figure 2. Principle of the CDC test.

A negative XM result means that there is no reaction between the donor lymphocytes
(white blood cells) and the recipient serum. However, it should be taken into account that a
negative result does not completely rule out the possibility of DSAs, which may be present
at low levels or can be undetectable by CDC-based methods. In the case of a positive
XM, DSAs are present in the recipient’s serum. If IgG anti-HLA antibodies are present,
they will cause an immune graft rejection reaction, while IgM anti-HLA antibodies are not
considered clinically significant in kidney transplantation [17]. To differentiate the antibody
class, the XM test is performed with the addition of dithiothreitol (DTT), which breaks
the disulfide bonds of IgM pentamers, creating monomers that are not able to activate
complement. The DTT concentration is adjusted to affect only the disulfide bonds in the
IgM molecule, leaving IgG antibodies intact. A positive crossmatch result without DTT
and a negative result with DTT indicates the presence of IgM antibodies, which is not a
contraindication for transplantation. A positive crossmatch result with and without DTT
indicates the presence of IgG antibodies and requires further evaluation (Table 1).

Table 1. Interpretation of the crossmatch test results without dithiothreitol (CDC-DTT) and with
dithiothreitol (CDC + DTT).

Interpretation of

CDC-DTT CDC+DTT Abbreviation DSA Presence Conclusion
Negative Negative ((::]g) ((::;[1;?{ ((__)) IgG/IgM negative XM negative
Positive Negative ggg;?;}g(;: ; I;gl\i Es;:tii\;ee XM negative
Positive Positive CC[[)) CC;?)?{, ((:)) IgG positive XM positive

To improve the CDC XM test, especially due to its low sensitivity, several modifica-
tions have been introduced, such as prolonged incubation times, separation of T and B
lymphocytes, different incubation temperatures, and the use of anti-human globulin (AHG)
alongside the DTT treatment of serum [18].
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Advantages of the CDC XM test: High predictive value in identifying clinically
significant anti-HLA antibodies that activate complement.

Disadvantages of the CDC XM test: Poor reproducibility, subjective interpretation of
results, dependence on the proper viability and number of lymphocytes, and the inability
to detect class II anti-HLA antibodies unless T and B lymphocytes are separated, which is a
complex and demanding procedure.

False negative results may occur due to the low sensitivity of the test (unable to detect
low-titer anti-HLA antibodies) or weak expression of HLA molecules on cell surfaces,
which can be affected by medications such as statins or steroids [19].

False positive results can be caused by antibody reactions with non-HLA molecules
expressed on cells, the reactivity of autoantibodies, or immune complexes [20].

4.2. Flow Cytometry Method

According to research by Patel and Terasaki, about 15% of sensitized recipients rejected
the kidney early after transplantation despite a negative CDC XM [15]. As a result, there
was a need for more sensitive XM techniques to detect lower levels of DSAs, leading to
the development of the flow cytometry crossmatch (FXM) test, first performed before
transplantation in 1983 [21].

This is a cell-based test in which a suspension of donor lymphocytes (antigens) and
recipient’s serum (antibodies) are incubated, allowing eventually present antibodies to
bind to the complementary antigen. After washing, a fluorescein-labeled anti-IgG antibody
is added, which binds to the antibody in the antigen—antibody complex (DSAs). The
fluorescence intensity is detected and measured as the cells pass through laser beams,
and the data are processed by computer software. A negative FXM result indicates the
absence of donor-specific antibodies detected by the test (as DSAs may be below the
detection threshold of the test), while a positive result shows the presence of donor-specific
antibodies, regardless of their complement-activating ability. Additionally, using specific
monoclonal antibodies allows for the differentiation of T and B lymphocyte subpopulations,
which is useful for identifying antibodies against class I HLA molecules (expressed on T
and B lymphocytes) or class Il HLA molecules (expressed only on B lymphocytes) [18,22].

Some laboratories have developed modified FXM protocols to detect lytic antibodies,
reduce processing time (the Halifax and Halifaster protocols), and increase the specificity
and sensitivity XM by pronase treatment, donor HLA-specific FXM, etc. [23-30].

Advantages of the FXM test: One of the significant advantages of the flow cytometry
method is its higher sensitivity compared to the CDC XM, allowing the detection of
low-titer DSAs, detection of immunoglobulins of clinical significance regardless of their
complement-activating ability, and objective result interpretation, additionally at lower
costs [31].

Disadvantages of the FXM test: False negative or positive results. False negative
results can occur due to low HLA molecule expression on donor cells and the presence
of non-IgG or non-HLA antibodies that will not be detected; the test does not detect low
avidity /affinity DSAs that can be washed out during the washing steps, high background
signals in the negative serum control reaction, or an unfavorable antigen—antibody ratio
due to an excessive number of cells or small serum volume [32].

False positive results may be caused by insufficient washing after incubating the
lymphocyte suspension with antibodies, a low background signal in the negative control
reaction, autoantibodies (rarely), or the use of therapeutic antibodies such as anti-thymocyte
globulin, rituximab (anti-CD20), alemtuzumab (anti-CD52), basiliximab (anti-CD25), and
daclizumab (anti-CD25) [22,33].



J. Clin. Med. 2025, 14, 1288

8 of 19

4.3. Solid-Phase Method (Luminex)

The introduction of Luminex technology in the early 2000s brought a new dimension
to the detection of anti-HLA antibodies and the determination of their specificities. Solid-
phase techniques enabled the detection of very low-titer anti-HLA antibodies of both class
Iand II, for which clinical significance has not yet been precisely defined. The Luminex XM
(LumXM) test uses color-coded microbeads coated with monoclonal antibodies specific to
HLA class I and II, onto which HLA molecules from donor organ cells, obtained by cell lysis,
bind during incubation. When the recipient’s serum is added, eventually present DSAs will
bind to the donor’s HLA antigens, and this reaction is detected by a secondary anti-human
IgG antibody labeled with phycoerythrin (PE). Collected data are analyzed with a Luminex
analyzer with xPONENT software and the Matchlt Antibody Analysis program. Previous
studies on the clinical role of LumXM test have shown that recipients with positive results
for anti-HLA class II antibodies do not have an increased risk factor for graft survival, while
a positive LumXM result for anti-HLA class I antibodies is predictive of antibody-mediated
graft rejection [34-37]. In conclusion, LumXM represents a combination of cell-based and
solid-phase assays that can only be implemented in pre-transplant risk assessment if used
with other XM methods.

Advantages of the LumXM test: Higher sensitivity compared to CDC XM, clearly
expressed results for specific HLA antibodies, no need for viable donor lymphocyte cells,
and the lysate can be stored for extended periods for valid post-transplant monitoring [37].

Disadvantages of the LumXM test: Compared to Luminex SAB tests, LumXM test
shows lower sensitivity, especially for anti-HLA antibodies targeting HLA-A and HLA-B
loci with low MFI values in SAB (Single-Antigen Bead) testing. DSA specificities for anti-
HLA -Cw, -DQ, and -DP are most often undetectable, as are IgM anti-HLA antibodies. In
addition to false negative results, false positives can occur, especially in recipients who had
a positive autologous XM.

Given that they improve transplant outcomes, LumXM and SAB tests are cost-effective,
and, due to the advantages and disadvantages of both tests, they are often combined [38,39].

4.4. Virtual Test

The virtual crossmatch (vXM) is an in silico test used to assess the immunological
compatibility between the organ recipient and donor based on an analysis of the specificity
of antibodies present in the recipient’s serum and the HLA typing of the donor organ.
This involves comparing the HLA alleles of the donor with unacceptable antigens for
the recipient at the allele level. If the donor’s allele (antigen) is found in the recipient’s
unacceptable antigen profile, the vXM will be positive (Figure 3).

DONOR 1
HLA typing:
. Pl HLA - A*01:01, A*02:01;
_‘\QL < B*08:01, B*57:01;
00“,‘?“’// DRB1*04:01, DRB1*03:01
=
9«‘0//
R
o
.
4 7’8\\
o™
~ DONOR 2
A HLA typing:
RECIPIENT HLA - A*01:01, A*02:04;

B*07:01, B*13:01;

anti-HLA antibody specificity: e T Bl

A*02:01, A*23:01, A*24:03,
B*57:01

Figure 3. Principle of the vXM.
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The widespread application of the vXM was enabled by the development of highly
sensitive solid-phase methods used for detecting and determining the specificity of anti-
HLA antibodies, as well as the development of molecular HLA typing techniques that allow
for high-resolution identification of HLA allele polymorphisms. SAB tests represent the
most sensitive method for detecting and determining the specificity of anti-HLA antibodies.
On each set of microbeads, purified recombinant HLA glycoproteins (antigens) of only
one specificity are conjugated. Since each set of polystyrene microbeads has a unique
spectral signature, up to 100 different bead sets can be detected, meaning that the presence
of anti-HLA antibodies can be tested for 100 different antigens in a single test. The basic
principle of this method is that, after incubating the microbeads with the patient’s serum,
any present IgG anti-HLA antibodies specifically bind to antigens conjugated to the beads
while unbound antibodies are washed away. Bound anti-HLA antibodies are then labeled
with anti-human IgG labeled with a fluorescent dye, phycoerythrin (PE), which is excited
by a laser. The Luminex system uses two lasers—a green laser (532 nm) and a red laser
(635 nm). The green laser excites the PE dye, emitting a unique signal that identifies bound
anti-HLA antibodies. The red laser excites fluorochrome dyes within the beads, allowing
for the differentiation of different bead sets within a single test. The test result is expressed
as the mean fluorescence intensity (MFI) of the beads [40].

One of the most significant advantages of the vXM is the possibility of rapid assessment
of immunological compatibility between the organ recipient and the donor. A negative
result allows for immediate transplantation without waiting for physical crossmatch test
results. This significantly reduces cold ischemia time, which is critical for the success of
cadaveric transplants, increases the number of potential recipients, and decreases waiting
time for transplantation. This is particularly important in heart and lung transplantation,
where additional time required for performing a physical XM increases the likelihood
of organ damage [41,42]. Studies show that patients transplanted using the vXM have
similar long-term outcomes compared to those transplanted using prospective physical
XM. Additionally, the average number of days on the waiting list for transplantation has
significantly decreased since the introduction of the vXM [43].

The results of the vXM have shown high concordance with physical XM results in many
studies [44]. One significant study was conducted by Taylor and colleagues, who described
their 10-year experience with selectively omitting physical XMs in cadaveric transplants
in 2010 [45]. The authors found no difference between patients who had a physical XM
before transplantation and those who had only a virtual XM regarding graft function,
acute rejection, or graft and recipient survival. Croatia is a member of Eurotransplant,
an organ exchange organization in which the vXM is currently used to decide on organ
allocation, while many laboratories, including the one in Rijeka, still perform physical
XM with and without DTT prior to transplantation [46]. In the Tissue Typing Laboratory
Rijeka, a comparison was made between CDC and virtual XM test results performed before
kidney transplants from 2018 to 2023. Discrepancy was observed in 2% of crossmatch test
results, in which the CDC XMs were positive while the vXM results were negative. Further
investigations showed that CDC positivity was mainly caused by non-HLA antibodies and,
in a smaller number of cases, by complement-binding IgG autoantibodies that were present
due to autoimmune disease [47].

Advantages of the test: This test has the highest sensitivity and specificity compared
to other methods, with no interference from antibodies against antigens outside the HLA
system. It does not require viable cells but relies on comprehensive HLA typing of the donor
and the assessment of the recipient’s antibody profile. It can be completed in a few minutes
(less than an hour), which allows for faster decision-making regarding transplantation
and increases the likelihood that organs can be transported over long distances without
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significantly affecting the outcome of the transplant. Additionally, it reduces the use of
preliminary XMs with accompanying cost savings [48-50].

Disadvantages of the test: Since the vXM is based on the results of SAB tests, all
the characteristics of Luminex SAB testing apply to the interpretation of the vXM. Vari-
ations in the expression of HLA molecules on actual, native cells are different from the
conformational structure and expression level of HLA molecules on microbeads in the SAB
test. Therefore, the limitations of the vXM are thoroughly outlined to ensure the correct
interpretation of results in clinical applications.

False negative results can be caused by:

e “Peanut butter” effect: This refers to the ability to detect a small amount of antibody
targeted to an antigen on one bead; when spread across many beads, the signal can fall
below the set threshold, analogous to spreading peanut butter on one slice of bread
versus distributing it across all slices of a loaf. Recent studies have not confirmed this
effect [51].

e Prozone effect: This occurs when serum components interfere with the detection of
anti-HLA antibodies, such as high levels of antibodies that may activate complement,
leading to C1 deposition on the beads, the presence of IgM antibodies, immune
complexes, intravenous immunoglobulin, thymoglobulin, or other factors that can
interfere with secondary antibody binding. Complement-mediated interference in
SAB tests can be reduced by treating sera with ethylenediaminetetraacetic acid (EDTA),
heat, or DTT before testing [52].

e Antibodies to rare alleles that are not represented on the microbeads of the SAB test.

e  Undetected HLA antibodies due to concentrations below the test’s sensitivity thresh-
old, which is determined by the minimum MFI value. In such cases, the clinical
significance of the antibody specificity must be considered based on the sensitizing
event and previous test results.

e  Unreported sensitizing events after the last serum screening.

o Complement-activating antibodies, which are associated with a higher incidence
of acute graft rejection reactions, cannot be distinguished from non-complement-
activating antibodies using SAB tests or the vXM. For this purpose, adding C1q or
C3d components to the SAB test is recommended [53,54].

e  False positive results may be caused by:

e  Detecting antibodies that are clinically insignificant. Since MFI values are not standard-
ized, the detection of antibodies that are not clinically significant may occur due to test
hypersensitivity, leading to misinterpretation. As a result, transplantation may be un-
necessarily delayed due to a false positive result or inappropriate immunosuppressive
therapy may be applied after the procedure.

e  The presence of potentially interfering autoantibodies resulting from autoimmune
disease [55]. One of the procedures performed in this case is the autologous XM test,
which can distinguish between auto- and alloantibodies.

e  The production process during reagent preparation and the binding of HLA molecules
to microbeads, which may lead to conformational changes, denaturation, and the
exposure of a new epitope (which does not exist on the native molecule) or cryptic
antigens (which are otherwise unavailable to antibodies) with which antibodies will
react [30,56-60].

e The presence of therapeutic antibodies such as rituximab and anti-thymocyte
globulin [61].

e “Natural” HLA antibodies, i.e., HLA antibodies detected in individuals without any
known sensitization events, which are currently considered nonspecific. It is believed
that they may arise due to cross-reactivity following bacterial or viral infections,
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such as influenza and hepatitis C, or after vaccination. Environmental factors such as
microorganisms, food proteins, and allergens are considered as possible causes. Pro-
inflammatory events, such as surgical procedures or trauma, are also associated with an
increase in titers and the broadening of the specificity of anti-HLA antibodies [62-66].

e Non-HLA antibodies. Non-HLA antigens are molecules outside the HLA system ex-
pressed on lymphocytes. They arise as a product of nonsynonymous single nucleotide
polymorphisms (SNPs) that result in a change in the codon, inserting a different amino
acid into the polypeptide, creating polymorphic peptides recognized as “non-self” by
the immune system. Non-HLA molecule mismatches between the donor and recipient
will trigger an immune response and the formation of specific antibodies. Research is
underway to investigate the association between the development of graft rejection
in kidney and other organ transplants and antibodies targeting non-HLA molecules,
such as antibodies against vimentin, endothelin receptors, angiotensin II receptors,
and other antigens [67,68].

A comparison of the basic characteristics of crossmatch test methods is shown in

Figure 4.
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Figure 4. Comparison of the basic features of crossmatch test methods.

4.5. Clinical Application of Virtual Crossmatch Testing in Kidney Transplantation

A crossmatch test is part of the immunogenetic assessment of patients to determine

immune compatibility between the organ recipient and donor in order to estimate immuno-

logical risk for the organ recipient. Before transplantation, this procedure determines the

presence of DSAs in the patient’s serum, which can adversely affect graft function and

survival as well as the patient’s clinical condition.

As early as 1969, Patel and Terasaki demonstrated that, in kidney transplantation,

80% of grafts were rejected after a positive CDC XM [15]. Due to its high predictive value,
the CDC-based XM method was considered the gold standard in kidney transplantation
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for decades. Initially, every positive result (whether from a “fresh” or “historical” serum
sample) was considered a contraindication for transplantation. However, research aided
by the development of immunosuppressive drugs demonstrated that a positive XM with
“historical” serum samples did not significantly affect transplantation outcomes if the XM
with a “fresh” serum sample was negative. To overcome the limitations of the CDC XM test
(despite modifications), more sensitive tests such as XM methods based on flow cytometry
and solid-phase assays were developed [21].

Today, molecular methods allow for HLA allele sequencing, and solid-phase assays
enable the detection of low-titer antibodies and precise determination of specificity, driving
the advancement of XM methods to the level of virtual testing. In virtual XM, the specificity
of anti-HLA antibodies detected in the recipient is compared to the HLA antigen profile
of the potential organ donor, making comprehensive and accurate HLA typing of the
donor a key requirement for an accurate vXM. However, there is ongoing discussion about
actual HLA typing of the second field, which may result in the rejection of some otherwise
acceptable offers [69-71].

One of the greatest challenges of the vXM is determining clinically significant donor-
specific antibodies. The test is based on the results of SAB tests expressed as MFI values.
The threshold value is not standardized, differing from laboratory to laboratory, and due
to the characteristics of Luminex technology, there is a fine line between sensitivity and
hypersensitivity. Depending on the test manufacturer, antibodies with an MFI lower than
1000-2000 are generally considered to be of low immunological risk and clinically insignif-
icant. Antibodies with higher MFI values must be taken into account when interpreting
the results, keeping in mind several specificities of the test. First, the fact that MFI is a
semi-quantitative value should be considered. The assumption that antibodies with higher
MFI values are more clinical significant compared to antibodies with lower MFI is not
always correct for several reasons. Not all HLA antigens are equally immunogenic. For
instance, HLA-A2, -B35, and -B44 antigens are highly immunogenic, so there is a high
likelihood of graft rejection if the DSAs of these specificities are present, even at lower
MEFI values. Additionally, antigens from the HLA-C, -DQ, and -DP loci are more repre-
sented on the beads in SAB tests than on native cells. Therefore, the threshold MFI value
indicating clinically significant antibodies for these loci should be higher than for others.
Furthermore, in patients with previous transplants, some centers exclude their donor’s
mismatched antigens, regardless of their presence in the SAB test, due to a memory immune
response [72,73].

Understanding the limitations of each test is crucial for accurately interpreting labora-
tory results. The above XM methods have their own advantages and disadvantages, which
must be considered when selecting the most appropriate method for the center’s needs.
Factors such as technical characteristics, performance difficulty and result interpretation,
financial aspects, and the possibility of clinical and pharmacotherapeutic management
of the transplant recipient must also be considered. Additionally, one method does not
exclude another, and applicability can be defined based on specific patient groups (e.g.,
non-sensitized, sensitized, and/or highly sensitized patients). The CDC and flow cytom-
etry methods use viable, native cells, and the reactions in these tests are the closest to
those that actually occur in the body. Furthermore, the experience in interpreting and
understanding the test results in clinical application makes these methods, particularly
CDC, still the method of choice in many transplant centers. On the other hand, solid-phase
tests use recombinant molecules, and reactions will not fully reflect biological mechanisms.
However, compared to cellular tests, they have high sensitivity and specificity, enabling the
detection of DSAs in a low titer; additionally, they have become the basis of the vXM, which
enters into increasingly widespread applications. For comparison with other methods, the
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vXM detects anti-HLA antibodies that have an MFI < 1000-2000 in the SAB test (depending
on the test manufacturer). The flow cytometry-based XM test is positive when MFI > 2500;
for LXM, the MFI cut-off value is 1000 and the CDC XM is positive for MFI values higher
than 5000-10,000 [32,74-78]. These data are useful for correlating results from different
methods and interpreting them in a clinical context [78]

Above all, it is important to highlight that the results of anti-HLA antibody serum
screening and XM tests are interdependent, meaning that, with an accurate determination
of the specificity of anti-HLA antibodies in the patient’s serum, it is possible to predict
the result of the XM with high certainty. In addition to XM results, analyzing the results
of screening is equally important to gain a better understanding of the patient’s immune
status and assess the risks associated with the potential donor.

A challenge and a special approach are required by sensitized, especially highly
sensitized, transplant candidates (vPRA > 85% in Eurotransplant).

These groups of patients require a comprehensive approach based on the results of
SAB tests, information related to the immune status of the recipient, previous sensitizing
events, and the complete HLA typing of the donor. It is necessary to have extensive
knowledge of the specificity and characteristics of the antibodies that will be included
in the analysis when performing a vXM. The STAR (Sensitization in Transplantation:
Assessment of Risk) working group published recommendations in 2022 on the assessment
of anti-HLA antibodies and the evaluation of therapies aimed at reducing antibody titers.
The report emphasizes the importance of using solid-phase immunoassays (SPIs) and
suggests that performing serum dilutions can increase the accuracy of HLA antibody
detection, especially in patients with high antibody levels. These tests are recommended
because of their sensitivity and specificity in identifying DSAs, which are crucial for
assessing immunological risk in transplantation [79]. However, while SAB detection of
potential DSAs is very accurate in patients with low sensitization, when the specificity of
the antibody is well defined, this may not be true for highly sensitized patients. Therefore,
many laboratories continue to rely on the results of the physical XM test in such patients as
a valuable contribution to the determination of clinically significant DSAs [80].

Due to the various aspects that need to be taken into account, efforts are ongoing to
create guidelines/consensus on the management of sensitized patients awaiting kidney
transplant that include immune risk stratification [81,82]. Recently, the ENGAGE I working
group classified sensitized candidates into five categories based on SAB and CDC and/or
FXM results. They recommend that patients with DSAs and positive CDC XM should not be
transplanted since they carry the highest immune risk for alograft rejection, as is generally
mostly accepted [83]. In cases where the procedure is considered, desensitization before
transplantation must be performed to provide a negative CDC XM. These protocols, alone
or in combination, include plasma exchange, intravenous immunoglobulin, immunoad-
sorption, anti-CD20 monoclonal antibodies, proteasome inhibitors, imlifidase, and other
therapeutics, along with other strategies, such as kidney paired donation, prioritization in
allocation schemes, etc. The intensive discussion regarding the clinical risk for candidates
with pretransplant DSAs with negative physical XM is still ongoing. The conclusion of
most studies is that transplantation is not contraindicated in such patients. However, while
some authors consider that this group of patients has minimal immunological risk and that
desensitization therapy is not necessary, others argue that they carry an increased risk and
recommend implementing desensitization strategies before transplantation [84-93].

Transplant medicine, particularly immunogenetics, is one of the fastest-growing fields
in medicine and science. New technologies and methods of molecular typing, the discovery
of the 3D structure of HLA molecules, and the development of sensitive techniques to test
for the presence of anti-HLA antibodies have led to a better understanding of the complex
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patterns of humoral immunity. The terms epitope, eplet, and triplet have been known
for years, and progress in this area has enabled the development of algorithms for tissue
matching at the epitope level (HLA epitope matching) using computer programs such as
HLAMatchmaker and Predicted Indirectly ReCognizable HLA Epitopes (PIRCHE) [94-96].
One of the necessary prerequisites for the wider clinical application of these algorithms
is the adoption of a unified stand on the definition of clinically significant epitopes and
matching strategy. It is known that the properties of epitopes are influenced not only by
their conformational structure but also by the electrostatic charge, the types and properties
of the amino acids surrounding the eplet, etc. Reactivity to a specific eplet does not
necessarily mean that all alleles carrying that eplet are considered unacceptable. It is also
important to differentiate between the immunogenicity and antigenicity of epitopes at
this level. Immunogenicity refers to the ability to induce a humoral and/or cell-mediated
immune response, while antigenicity refers to the ability of a molecule to specifically bind to
antibodies and/or surface receptors on T lymphocytes [97]. Immunogenic molecules have
antigenic properties, but the reverse is not necessarily true. Assessing the immunogenicity
of individual epitopes is crucial in preventing graft rejection [98].

It is also necessary to emphasize the growing potential of using artificial intelligence
(AI) in all areas of everyday life as well as in medicine. Al is currently in the research phase,
but there is a prospect for its implementation, with the vXM becoming the basis for using
Al to determine immunological risk for the recipient before transplantation. In any case, it
is expected that the future will open new avenues for further research and discoveries in
the field of transplant immunogenetics.

Finally, one of the key elements, regardless of the advancement of science and technol-
ogy, which forms the foundation of a successful transplantation outcome is good, open,
and continuous communication between HLA laboratory staff and transplant clinicians.
Every transplant center should assess the risk for each patient individually based on the
results of all methods and tests used (screening, XM), all sensitizing events, and all clinical
data relevant to assessing the patient’s immune status. Only a personalized approach can
ensure appropriate patient care and secure a long-term successful outcome.
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