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Human leukocyte antigens (HLAs) are the primary determinants of alloimmunity. A crossmatch test is a

test that determines the immunologic risk of a recipient with a potential donor by ensuring that there are

no transplant-relevant circulating antibodies in the recipient directed against donor antigens. Physical

crossmatch (PXM) tests, such as complement-dependent cytotoxicity crossmatch (CDCXM) and flow

cytometry crossmatch (FCXM), require mixing of patient serum and donor cells, are labor intensive, and

are logistically challenging. Virtual crossmatch (VXM) test assesses immunologic compatibility between

recipient and potential donor by analyzing the results of 2 independently done physical laboratory tests—

patient anti-HLA antibody and donor HLA typing. The goal of VXM is pretransplant risk stratification—

though there is no consensus on whether such risk assessment involves predicting the PXM result or the

posttransplant outcome. Although the concept of VXM is not new, the advent of solid-phase assays for

detecting circulating antibodies in the recipient directed against individual HLA and DNA-based methods

for typing donor HLA specificities at a higher resolution makes the routine use of VXM a reality.

Accordingly, VXM may be applied at different scenarios—both for sensitized and nonsensitized patients.

Implementation of VXM-based approach has resulted in statistically significant reduction in cold ischemia

time without an increase in hyperacute rejection episodes. Though there are considerable challenges,

VXM is expected to be used more often in the future, depending on the transplant center’s tolerance of

immunologic risk.
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T
he American Society for Histocompatibility and
Immunogenetics defines VXM test as an assess-

ment of immunologic compatibility based on patient’s
alloantibody profile compared with donor’s histo-
compatibility antigens.1 Conventional PXM tests, such
as CDCXM and FCXM, require mixing of patient
serum and donor cells, are labor intensive, and
remain logistically challenging. The VXM test uses
the results of 2 independently done physical labora-
tory tests and does not involve mixing of serum and
cells. Instead, immune compatibility is assessed by
analyzing results of donor HLA typing and patient
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antibodies against HLA.2 The purpose of this review
is to describe the principles of the VXM test for
kidney transplantation.
What Is a Crossmatch Test?

A test to determine the immunologic risk of a recip-
ient with a potential donor by ensuring that there are
no transplant-relevant circulating antibodies in the
recipient directed against donor antigens. Crossmatch
test was initially described for blood transfusion—the
first recorded serologic crossmatch was done in 1908.3

The first successful kidney transplantation in 1954
was between identical twins, and hence compatibility
was not an issue. In 1964, Paul Terasaki postulated
that preformed allogeneic antibodies present in a
recipient were responsible for immediate kidney allo-
graft failure and suggested that lymphocyte cytotox-
icity may be used to detect and match transplantation
antigens.4
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How Is the HLA Phenotype of an Individual

Determined?

HLAs are cell surface glycoproteins that are the main
determinants of alloimmunity—the immune response
to nonself antigens from members of the same species.
There are >20,000 HLA class I alleles, expressed on
all nucleated cells, and >8000 HLA class II alleles,
expressed on (i) professional antigen-presenting cells
(B cells, dendritic cells, and macrophages) and (ii)
endothelial cells (http://hla.alleles.org/). There are 3
major HLA class I genes: HLA-A, HLA-B, and HLA-C.
There are also 3 major HLA class II genes—HLA-DP
(a-chain encoded by HLA-DPA1 locus and b-chain by
HLA-DPB1), HLA-DQ (a-chain by HLA-DQA1 and b-
chain by HLA-DQB1), and HLA-DR (a-chain by HLA-
DRA and 4 b-chains by HLA-DRB1, DRB3, DRB4, and
DRB5 loci [only 3 possible for an individual,
maximum 2 of DRB1 can be associated with maximum
2 of DRB3/4/5]). Despite the large number of alleles,
only a third of them have been reported commonly in
unrelated individuals.5 Hence, attempts were made to
catalogue the alleles; the common and well-
documented alleles, established by the American So-
ciety for Histocompatibility and Immunogenetics, are
those HLA alleles for which population frequencies
are well known.6 This catalogue is widely used for
resolving HLA typing ambiguities.

Historically, serologic typing was used to
define the HLA phenotype by individually mixing
a person’s lymphocytes with several sera con-
taining well-defined HLA antibody specificities.
Currently, HLA phenotype is determined by DNA
typing, by either polymerase chain reaction (e.g.,
reverse sequence-specific oligonucleotides,
sequence-specific primers, and sequencing-based
typing) or next-generation sequencing.

In the HLA nomenclature developed in 2010, each
HLA allele name has a unique number corresponding to
up to 4 sets of digits (called fields) separated by colons.7

For example, in HLA-A*02:101:01:02N, field 1 corre-
sponds to serologically defined HLA protein (HLA-A2
by serology corresponds to HLA-A*02 by DNA
typing). Field 2 is the HLA allele that encodes the same
protein sequence within the antigen-binding site
(HLA-A*02:101 and HLA-A*02:102 are different pro-
teins but cannot be differentiated by serologic typing).
Field 3 represents DNA substitutions in the coding
region but a synonymous polymorphism that does not
change the protein (HLA-A*02:101:01 and HLA-
A*02:101:02 have different DNA sequences but same
amino acids in the protein). Field 4 is a polymorphism
in the protein-noncoding region. The alphabet “N” is
an optional suffix added to an allele to indicate its
absence of expression.
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Low-resolution DNA typing corresponds to sero-
logically defined types and is at the level of field 1
resolution. High-resolution DNA typing defines DNA
sequence of antigen-binding site and is at the level of
field 2 resolution. Allelic resolution is up to the level of
field 4 resolution. An allele is a unique nucleotide
sequence for a gene as defined by the use of all of the
digits in a current allele name.8

For deceased donor kidney transplantation, owing to
urgency and cost constraints, most laboratories report
HLA at field 1 resolution only. However, based on the
linkage disequilibrium between HLA alleles of
different loci, untyped HLA data may be estimated by
imputation tools (impute missing untyped genotypes
from neighboring typed single-nucleotide poly-
morphisms using a reference panel) or inference tools
(infer field 2 genotypes from field 1 results based on the
observed HLA allelic frequencies and haplotypes in
different ethnic populations).9

The part of an antigen recognized by the antibody is
called an epitope. Historically, it was appreciated that
antibodies developed after exposure to a single allo-
HLA reacted with certain other allo-HLAs as well.
These “cross-reactive groups” share epitopes. Within
this epitope, a central cluster of 2 to 5 amino acids
(functional epitopes or eplets) determines the binding
specificity of an antibody. If a donor and recipient HLA
share an epitope, then that epitope will not be recog-
nized as foreign and therefore will not provoke an
antibody response.

What Are These Circulating Alloantibodies and

How Are They Detected?

Antibodies of importance in kidney transplantation—
in addition to ABO blood group antibodies—are those
that are directed against HLA. Historically, the micro-
lymphocytotoxicity assay or CDC assay,10 modified for
antibody screening by using a panel of HLA-typed
cells and testing each individual’s serum against this
panel, was used for detecting anti-HLA antibodies.

An assay in which at least 1 molecule under analysis
(an antigen or an antibody) is bound to a solid surface
such as a microsphere and the other reactants are free
in solution is called a solid-phase assay. Such an assay
platform commonly used for detection of anti-HLA
antibodies is the one developed by Luminex Corpora-
tion. This test is a bead-based multiplexed immuno-
assay that combines proprietary microsphere
technology with fluidics, optics, and digital signal
processing to detect several hundred targets simulta-
neously within a single run and works on the princi-
ples of flow cytometry.

In single-antigen bead (SAB) assay, a bead set is used
for each serum sample. Each HLA class I and HLA class
Kidney International Reports (2022) 7, 1179–1188
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II bead set are a mixture of multiple uniquely colored
individual beads—each coated with a single purified
HLA protein at an allelic level (e.g., B*44:02 and
B*44:03 are separate beads) produced by recombinant
technology. Bead sets cover the most prevalent HLA
phenotype in the general—predominantly Caucasian—
population. Test serum and beads are incubated
allowing HLA-specific antibodies present in the serum
bind to the target HLA on the beads. Fluorescent dye-
labeled antihuman IgG is then added. The fluorescent
emission of this dye and the individual bead’s dye
signature are simultaneously detected using 2 lasers.
The SAB output is reported as a unitless mean (or
median) fluorescence intensity (MFI) value—a semi-
quantitative assessment that does not reflect accurately
the concentration or titer of the antibody but gives
bead’s relative fluorescence without reference to a
standard.9

Why Do Some Individuals Develop Anti-HLA

Antibodies?

Antibodies against HLA typically develop after sensi-
tizing events, such as blood transfusion, pregnancy, or
organ transplantation. Unlike antibodies against blood
group antigens, humans were thought not to have
naturally occurring anti-HLA antibodies. However,
with the advent of SAB assays, the existence of anti-
bodies to HLA in the serum of healthy males not
immunized to HLA has been described.11 Such anti-
bodies are probably due to cross-reactive epitopes
found in microorganisms, ingested proteins, and aller-
gens and may not be directed against an intact HLA.
Because HLA coated in SAB assays are denatured
molecules (beads by 1 of the 2 vendors), these can
expose cryptic neoantigens due to alteration in the
tertiary structure of HLA.12 Acid treatment of beads
may further denature HLA, expose more cryptic anti-
gens, and increase the MFI value of antibodies against
denatured HLA.13 In vivo, such antigens are not nor-
mally accessible to these antibodies. Natural antibodies
have no clinical impact in kidney transplantation.14

Nonetheless, they may be perceived as pathogenic,
influence risk stratification, and interfere with organ
allocation and transplantation decisions. Besides such
natural antibodies, proinflammatory events such as
surgery, trauma, infections, and vaccinations have
been associated with an increase in anti-HLA anti-
bodies, likely owing to nonspecific activation of HLA-
cognizant memory B cells.15,16

What Are Donor-Specific Antibodies?

When the SAB assays detect the presence of antibodies
that are directed against donor HLA, then these are
called donor-specific antibodies (DSAs). A patient
Kidney International Reports (2022) 7, 1179–1188
being evaluated for a kidney transplantation may have
circulating antibodies against HLA-A2. If this patient’s
prospective donor has HLA-A2, then this antibody
against HLA-A2 is called a DSA. Though used generi-
cally, the term DSA—as detected in most labora-
tories—implies anti-HLA IgG antibodies.

What Is a CDCXM Test?

The CDCXM test is a test that detects the functional
potential of complement-fixing antibodies in the re-
cipient’s circulation which can immediately bind to
and react against the donor kidney, providing direct
evidence for the presence of likely pathogenic (i.e.,
cytotoxic) alloantibodies that can result in hyperacute
rejection. It is an in vitro test in which recipient serum
is mixed with donor lymphocytes or donor T or B cells
obtained from either the peripheral blood of living
donors or the lymph nodes, spleen, or peripheral blood
of deceased donors. Complement (usually from rabbit
serum) is added to the mixture. The readout of this test
is the detection of donor cell death. Results are usually
expressed on a semiquantitative scale. Worldwide,
different scoring systems are used.

What Is a FCXM Test?

The FCXM test is a test that identifies the antibodies
directed at cell surface antigens. Whether the detected
antibodies are pathogenic or not cannot be predicted
with high confidence. Introduced in early 1980s, this
in vitro test involves mixing of recipient serum and
donor lymphocytes. Alloantibodies, if present, bind to
the cells. Donor T and B lymphocytes need not be
separated—cell lineage-specific antibodies are added to
distinguish T cells and B cells. Fluorescein-labeled
antihuman IgG polyclonal antibody is then added to
detect the bound alloantibodies of IgG isotype. Fluo-
rescence intensity is assessed as median channel fluo-
rescence or molecules of equivalent soluble
fluorochrome. The readout of this test is the change in
fluorescence intensity. If alloantibodies are bound to
the cells, there will be a higher fluorescence intensity
compared with the negative control serum. A pre-
determined value for this increase in intensity is clas-
sified as a positive crossmatch. Whereas the CDCXM
uses a functional readout of cell lysis, in the FCXM,
only the binding of HLA-specific antibodies is detec-
ted, regardless of their complement fixing or patho-
genic potential.

Is Transplantation Contraindicated When a

Crossmatch Test Result Is Positive?

In a crossmatch test, donor lymphocytes are surrogate
for donor kidney cells. Thus, a positive crossmatch
result implies that circulating alloantibodies are present
1181
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in the patient with the potential to kill (CDCXM) or
bind (FCXM) donor kidney cells. T cells express HLA
class I and B cells express both HLA class I and class II.
Positive T cell crossmatch result implies the likely
presence of antibodies against HLA class I, and a pos-
itive B cell crossmatch result implies the likely presence
of antibodies against both class I and class II. When
combined, a negative T cell crossmatch result and a
positive B cell crossmatch result suggest the presence of
class II-reactive antibodies only. Rarely, non-HLA an-
tibodies lead to a positive crossmatch result. In the
seminal article of 1969, Patel and Terasaki17 found that
24 of 30 (80%) kidneys transplanted across a positive
CDCXM result failed immediately, in contrast to 8 of
the 195 (4%) kidneys transplanted across a negative
crossmatch result. Accordingly, a positive T cell
CDCXM result is considered an absolute contraindica-
tion for transplantation because of its association with
hyperacute/accelerated rejection. A positive B cell
CDCXM result or a positive FCXM result increases the
risk to an intermediate level and may need desensiti-
zation therapy prior to transplant but is not considered
an absolute contraindication for transplantation,
although regional differences in policies exist.

What Is Calculated Panel Reactive Antibody?

Panel reactive antibody (PRA) is a test that identifies
sensitized patients and estimate their likelihood of
finding a crossmatch-compatible donor.18 Historically,
patient’s serum was tested against lymphocytes ob-
tained from a panel of about 40 to 100 blood donors
who represent the potential HLA makeup for a donor
from that geographic area. The percentage of positive
reactions gave rise to the percentage PRA.

The calculated PRA (CPRA), mandated in the United
States since 2009 to assess immune sensitization status,
is a value that is based on the unacceptable antigens.
Other organ allocation organizations have incorporated
identical, though differently named values, such as
virtual PRA in the Eurotransplant program (allocates
organs in Austria, Belgium, Croatia, Germany,
Hungary, Luxembourg, the Netherlands, and
Slovenia12) and calculated reaction frequency in the
United Kingdom. When a patient has antibodies against
one or more antigens (HLA-A, B, C, DR, and DQ) that
are present above a threshold MFI (USA) and/or proved
to be cytotoxic by CDC assay (Eurotransplant), then
those antigens are reported as unacceptable for the
patient. During allocation, kidneys expressing those
HLA are not offered to the patient.19

TheCPRAalgorithm (https://optn.transplant.hrsa.gov/
resources/allocation-calculators/cpra-calculator/) uses the
unacceptable antigen list of a patient to derive a 15-digit
decimal between 0 and 1 based on the HLA frequencies
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of kidney donors in the USA. The CPRA value is the
population frequency of organ donors expressing one or
more of those unacceptable antigens. The 15-digit value is
stored, but rounded to nearest hundredth (2-digit deci-
mal),multipliedby100, and expressed as a percentage that
is used for organ allocation. For example, if a patient has a
CPRA of 4%, then that person is expected to be able to
safely accept an organ (and not experience immediate
rejection) from approximately 96% of organ donors from
the population.

Among sensitized patients, the distribution of CPRA
is not uniform but peaks at 100%. However, as CPRA is
a rounded integer, within the 100% designation, the
probability of matching varies according to the
unrounded value.20 When to call an HLA as unac-
ceptable for a given patient (at what MFI value of a
HLA antibody in the SAB assay should that HLA be
considered unacceptable) is left to the discretion of
individual transplant program and is a reflection of
their willingness to assume the risks associated with
anti-HLA antibodies.21

A high-percentage PRA implied a high probability
of a positive crossmatch result. However, because
CPRA is based on unacceptable antigens, kidneys with
those antigens are not offered for a patient. Thus, an
actual offer for a patient with high CPRA—taking the
unacceptable antigens into account—implies high
probability of a negative crossmatch result.10 Impor-
tantly, although the broadness of HLA sensitization is
determined by the CPRA and influences organ alloca-
tion, in terms of immunologic risk for the recipient, it is
the donor specificity—not the broadness of sensitiza-
tion—that is associated with allograft outcome.22

About 10% of waitlisted patients at large US trans-
plant centers are highly ($98%) sensitized.23

In December 2014, a new kidney allocation system
was introduced in the United States. Currently, there
are >90,000 patients waiting in the USA to receive a
kidney. The number of match runs required to have a
95% chance of finding an acceptable donor for a pa-
tient with 10% CPRA is 2 but increases to 300 for 99%
CPRA.20 Accordingly, allocation is based on a sliding
scale point system—additional points for sensitization
begin at 20% CPRA and increase exponentially as it
approaches 100%. Patients with CPRA >98% also
receive regional and national priorities for allocation,
expanding the donor pool. After the introduction of
the new kidney allocation system, there has been a
significant increase in the transplantation of patients
with CRPA of $98%.24,25

What Is an Acceptable Mismatch?

Similar to the “unacceptable antigen” concept in the
United States, in the Eurotransplant program, a concept
Kidney International Reports (2022) 7, 1179–1188
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called “acceptable mismatch” is used for transplanting
highly sensitized patients.12 The premise of the
“Acceptable Mismatch program” is that by actively
defining the acceptable antigens for an individual
(antigens against which the individual has never
formed antibodies), a negative PXM can be predicted.
The chance for highly sensitized patients to be trans-
planted is increased by the addition of the acceptable
antigens to their HLA phenotype, thereby creating an
“extended” HLA phenotype, based on which allocation
takes place. This strategy has been found to be cost
effective and has resulted in favorable rejection rates
and graft survival.26,27

How Is the Result of VXM Test Reported?

Unlike CDCXM and FCXM, in VXM, the immunologic
compatibility between a patient and a donor is deter-
mined in silico. Although VXM is a risk assessment tool,
there is currently no consensus on the goal of VXM—
whether the risk assessment involves predicting the
result of a PXM or the posttransplant outcome.28 For
nonsensitized patients who do not have circulating
antibodies, PXM result against any prospective donor
can be assumed to be negative. Such a scenario is
applicable for the majority (>75%) of waitlisted pa-
tients. For those who have antibodies by SAB assay, the
risk stratification varies according to the laboratory’s
goal of doing a VXM and may include multiple MFI
cutoff values to call an antibody as present or unac-
ceptable or to predict FCXM or CDCXM results.
Accordingly, the output of VXM could be reported as a
dichotomous positive or negative or as a probability
value and has not been standardized.

Is VXM More Sensitive Than PXM?

In the SAB test, when to call an antibody as present/
positive or absent/negative depends on one of the
following 3 approaches: (i) statistical (fluorescence level
above background), (ii) practical (correlate with PXM
result), and (iii) clinical (correlate with rejection or graft
failure).29 MFI values are routinely used as an assess-
ment of antibody strength despite the fact that it is a
relative fluorescence and can be affected by many
variables; also, fluorescence intensity has only a weak
relationship with the titer of specific antibody in the
tested serum.30,31 Cutoff values, thus, are different
among laboratories and have not been standardized. A
Clinical Trials in Organ Transplantation study
concluded that MFI value of 1000 to 1500 yielded a
high level of agreement among HLA laboratories to
determine the presence or absence of an antibody.32 A
Dutch multicenter study has proposed a signal-to-
background ratio, rather than an MFI cutoff, for pre-
transplant risk stratification.31 As most laboratories use
Kidney International Reports (2022) 7, 1179–1188
a statistical approach, the SAB test can detect DSA even
when the PXM result is negative. Thus, if laboratories
report VXM as positive whenever DSA is positive, then
VXM is potentially more sensitive than PXM to detect
the presence of DSA. Importantly, the higher sensi-
tivity could result in a group of patients who have a
positive VXM result but a negative PXM result. Such a
scenario could mean a low burden of DSA or non–
complement-fixing DSA (FCXMþ and CDCXM�).

Technical issues related to the assay and a low
threshold for calling an antibody as present (over-
calling) could result in a false-positive DSA result.
Patient’s sensitization history, knowledge about the
cross-reactive groups, epitope analysis, CDC screening,
and refinements to the SAB assay such as serial dilution
of the serum are some of the strategies used by labo-
ratories to determine the specificity of antibodies.33

Thus, depending on the unacceptable antigen listing
strategy, a positive DSA/VXM result need not always
mean the presence of a clinically significant anti-HLA
antibody. The expression of HLA on the allograft
endothelium, the avidity of eplet-antibody interaction
(electrostatic potential of an amino acid polymorphism
within an eplet influences the avidity of the antigen-
antibody complex), complement fixing ability, and
the IgG subclass of the antibody are some of the de-
terminants that are thought to impact the pathogenicity
of DSA.33
How Can VXM Be Applied in Clinical

Transplantation?

Application of VXM is possible both at the time of
organ allocation and after organ allocation. At organ
allocation, the process of listing unacceptable antigens
or acceptable mismatches for a given patient and organ
allocation based on that listing is equivalent to a
negative VXM result—the antibody profile is used for
predicting compatibility with prospective donors.34

After allocation, at the transplant center level, VXM
may be applied both for nonsensitized patients and
sensitized patients (Figure 1). Several transplant centers
have reported their success with proceeding to trans-
plant based on VXM results and eliminating pretrans-
plant PXM.35–42 The need for pretransplant PXM
increases cold ischemia time—the time from clamping
of the donor renal artery to restoration of blood flow
after transplantation. Cold ischemia is associated with
increased risk for delayed graft function, organ dis-
cards, and graft failure.43–45 A recent analysis of US
registry data identified 9632 kidney transplants be-
tween 2011 and 2018 using VXM and 71,839 using
PXM.42 Cold ischemia time was significantly lower in
the VXM group (mean 15.0 hours) compared with the
1183



Figure 1. Potential applications of virtual crossmatch test at the recipient center for kidney transplantation. The application of VXM may be envisioned for different scenarios. Figure depicts 6
potential candidates awaiting kidney transplantation. HLA p, q, r, s, and t, are representative examples reflecting the spectrum of HLA phenotype in the community. Candidate 1 is not sensitized
and has no circulating antibodies against any HLA; VXM result is reported as negative and this candidate’s PXM result is likely to be negative against any donor. Candidate 2 has HLA-specific
antibodies but does not meet the individual center’s criteria for listing those HLA as unacceptable antigens. Once an organ is allocated for this candidate, though this individual has DSA, after
careful analysis of the donor HLA and recipient antibody profiles, the laboratory may report the VXM result as negative and the center may decide to proceed with the transplant. Candidate 3 is
highly sensitized (e.g., CPRA 99%). Based on the candidate’s reported unacceptable antigens, organ allocation is personalized. Accordingly, an offer for this individual—after taking the reported
unacceptable antigens into consideration—should mean a high probability of a negative PXM result, provided there are no other DSA of concern. Candidates 4 and 5 are identical in terms of their
HLA phenotype, antibody profile, and listing of unacceptable antigens. After organ allocation, the local laboratory does a careful analysis of donor HLA and recipient antibody profile and may
report the VXM result as negative for candidate 4 and as positive for candidate 5. Accordingly, the center may procced with the transplant for the former but may request a PXM test and delay the
transplant pending the results of PXM for the latter. In the United States, when to call an HLA as unacceptable for a given patient is left to the discretion of the transplant center. Thus, for an
individual patient, there may be a discrepancy in VXM results during allocation (kidney offer taking into account the unacceptable antigens are equivalent to a negative VXM result) versus after
allocation (VXM result may be positive taking into account other DSA that were not reported as unacceptable). It may not be possible to finalize VXM result under certain circumstances.
Candidate 6 is such an example, where a kidney is offered from a donor who has a HLA phenotype that is not represented in the SAB assay. Because HLA qþ antigens of donor 6 are not present
in the beads in the SAB assay, antibodies directed against HLA qþ in candidate 6—if present—would not be detected in the SAB assay. Accordingly, failure to detect antibodies in candidate 6
directed against HLA qþ is not a proof of absence of that antibody in circulation. Also, when DSA is positive, decision to proceed to transplant based on VXM results depends on the transplant
center’s willingness to assume the long-term risks associated with antibodies against HLA. Nevertheless, option to do a PXM for ambiguous results or for predetermined center or patient-specific
criteria should always be available. Also, decisions based on patient anti-HLA antibody profile assume—currently in most laboratories—that circulating IgG antibodies against HLA are the only
antibodies of relevance in transplantation. CPRA, calculated panel reactive antibody; DSA, donor- specific antibody; HLA, human leukocyte antigen; PXM, physical crossmatch; SAB, single-
antigen bead; VXM, virtual crossmatch.
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PXM group (mean 16.5 hours). Importantly, mortality
and death-censored allograft failure were similar.

Although discussion of individual studies is beyond
the scope of this review, it is useful to summarize the
following 2 recent studies: (i) In a single-center study
of 254 kidneys that were imported to that center be-
tween 2014 and 2017, among the 137 patients with
CPRA >98%, 118 (86%) were transplanted without a
pretransplant PXM. There were no hyperacute re-
jections, only 5 acute rejections, and no differences in
graft function at 1 year between those transplanted
based on a VXM and those who needed a PXM,39 (ii) In
a single-center study of 825 patients who received a
kidney between 2014 and 2018, 227 transplants were
done after the implementation of VXM. Although
nearly a third of all patients had CPRA >80%, none
had hyperacute rejection, and the results of PXM tests
done after the completion of transplant were not
discordant with the VXM.40

In March 2021, allocation policy in the United States
was changed such that kidneys will be offered first to
candidates listed at transplant hospitals within 250
nautical miles (288 miles/463 km) of the donor hospital
and then to candidates beyond that distance. This
change is likely to increase travel distance and accrued
cold ischemia—using more VXM could help overcome
some of the logistical challenges.42

VXM Appears to Be Intuitive. Why Is It Not

Being Used Routinely?

The concept of using unacceptable antigens based on
the identification of HLA-specific antibodies to elimi-
nate potential donors from allocation lists is not new.46

However, until solid-phase assays became widely
available, the CDC assay that was used to determine the
antibodies was largely based on HLA class I antigens
and could not define all antibody specificities, espe-
cially in patients who were broadly sensitized. With
the advent of DNA-based methods for typing HLA
specificities at a higher resolution and the solid-phase
assays for detecting antibodies against individual
HLA, VXM has come to the limelight. After the
implementation of kidney allocation system in the
United States, there has been a steady increase in the
use of VXM—in 2018, 18% of kidney transplants were
done relying on a VXM.42 However, there are several
prerequisites that need to be met for the routine suc-
cessful implementation of VXM.

What Are the Challenges in the Routine

Implementation of VXM Testing?

For patients who do not have HLA antibodies by SAB
assay, pretransplant PXM may be unnecessary, irre-
spective of the HLA type of the potential donor,
Kidney International Reports (2022) 7, 1179–1188
provided there were not any recent sensitizing events
in the recipient. Although this statement is intuitive
and straightforward, there are multiple challenges—
owing to limitations of the SAB assay—in defining the
absence or presence of circulating antibodies against
HLA.28 For example, (i) the SAB assay may not contain
beads for a particular specificity; (ii) SAB
manufacturing issues result in lot-to-lot variability47;
(iii) HLA structure present on the SAB assays differs
between the 2 vendors that are currently available; (iv)
shared epitopes—antibody targets that are shared by
multiple antigens on the panel tested—may result in
dilution of the antibodies that bind to each antigen29;
and (v) inhibitory factors present in the patient
serum—such as complement C1q—may interfere with
antibody detection (prozone effect) and require pre-
treatment of serum with heat, dithiothreitol, or ethyl-
enediamine tetra-acetic acid, or dilution of the serum.48

All these could result in false-negative result (DSA
present but reported as negative in the SAB assay).
Thus, the failure to detect an antibody on a SAB assay is
not a proof of absence of that antibody in circulation.

In addition, the density of antigen on the beads, the
fluorochrome detection antibody used, and the setup of
the instrument used for SAB assay may affect the MFI
value. Accepting all antibody reactivity in the SAB
assay as positive and clinically relevant carries the risk
of false assignment of unacceptable antigens and
diminishing a patient’s chance of receiving an organ
offer. Importantly, SAB assay uses synthetic HLA on
beads as the target and may not reflect the cellular
profile—for example, cell surface expression of HLA-C
is lower than HLA-A and -B,49 but this is not reflected
on the beads. Also, beads are coated with finite number
of antigens and hence are saturable. Therefore, for
example, in Eurotransplant, the CDC assay is used in
conjunction with SAB assays. In addition, a patient’s
recent infection and immunization history must be
considered when determining whether an antibody
reactivity should lead to listing that antigen as
unacceptable.

To accomplish the goal of assessing immunologic
compatibility between a patient and a donor, VXM
relies on the precise and complete donor HLA typing.28

There are ambiguities associated with HLA typing.
Ideally, prospective donors must be HLA typed at the
resolution, at least, of field 2. Unambiguous second
field typing in the time frame of a deceased donor
procedure is not yet routine but feasible.50 Currently,
although laboratories in the United States are required
to determine HLA phenotype by DNA typing, they are
not mandated to report it at field 2 resolution. For
example, donor HLA phenotype may be reported at
field 1 resolution as B44. If a patient has antibody
1185
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against B*44:02 and not B*44:03 by SAB assay, then
without knowing the donor HLA at the level of field 2
resolution (is the donor HLA-B*44:02 or B*44:03), it is
not possible to determine whether the antibody
against B*44:02 is donor specific or not.28 Thus,
although sensitive SAB assays are able to identify
antibodies in the prospective recipient against HLA at
field 2 resolution (when listing a patient’s unaccept-
able antigen, UNet [organ transplant web platform in
the United States] allows reporting of HLA at field 2
rather than field 1), because prospective donor geno-
typing is mostly reported at field 1 resolution, this
creates a challenge in the interpretation of HLA
compatibility and in decisions on organ allocation.9

Eurotransplant, accordingly, will implement report-
ing of ambiguous field 2 typing for VXM that will be
filtered against common and well-documented alleles
and used for VXM, until unambiguous field 2 typing
techniques for deceased donor transplants are
routinely available.

There are regulatory and cost considerations that
impede the quick adaption of VXM. Each laboratory
is required to perform a crossmatch according to the
terms specified in the written agreement between
the laboratory and the organ procurement organi-
zation or the transplant program. Also, how often
should patients waitlisted for a transplant be
screened for the presence of circulating antibodies is
program specific (most laboratories do not use serum
samples dated no longer than 1–3 months prior to
the expected transplant date) and is a balance be-
tween cost of screening and the need for updated
antibody information.

So, What Is the Future?

Interesting debates on this topic are ongoing among
experts. Some have suggested routine implementation
of VXM, at least in the short term for donors of
Caucasoid origin—provided a quick assay for high-
resolution HLA typing is readily available for
deceased donors—and have proposed that PXM
should only be considered for highly sensitized pa-
tients when there is ambiguity in donor typing or if
the donor allele is not present on the single antigen
bead.51 Others have urged caution given the limita-
tions of our current assays and provide compelling
argument to develop algorithms to assign strength to
antibodies, at the minimum, to distinguish unac-
ceptable antigens from antigens against which anti-
body is present but the program is willing to
consider offers from donors with these antigens.28

Thus, continuous education of all stakeholders and
standardization of HLA laboratory practices are
needed.2 With a switch to distance-based kidney
1186
allocation in the United States in 2021, it is likely
that VXM will be used more often in the future—
especially for the first-time kidney transplant male
recipient with no IgG anti-HLA antibodies and no
recent sensitizing events. However, PXM will still be
needed and used, albeit judiciously, depending on
the individual center’s tolerance of immunologic
risk.52
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