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Abstract Identifying and monitoring donor-directed anti-hu-
man leukocyte antigen antibodies are a rapidly evolving area
of solid organ transplantation. Donor-specific antibodies dic-
tate pre-transplant donor choice and donor–recipient matching
and underlie much acute and chronic allograft rejection and
loss. The evolution of available technology has driven this
progress. Early, labor-intensive, whole-cell assays based on
complement-dependent cytotoxicity suffered from poor sensi-
tivity and specificity, technical challenges and lack of preci-
sion. Sequential improvement in assay performance included
anti-human immunoglobulin-enhanced, complement-
dependent cytotoxicity techniques followed by cell-based
flow cytometry. However, variable specificity and sensitivity
inherent in cell-based testing continued to limit flow cytome-
try. The introduction of solid-phase assays led to a second
revolution in histocompatibility testing with the use of puri-
fied antigens bound to artificial surfaces rather than whole
cells. These techniques augmented sensitivity and specificity
to detect even low-titer antibodies to previously undetected
antigens. Identification of complement-activating antibodies
is being introduced, but current technology is in the develop-
mental stage. While the detection of alloantibodies has im-
proved dramatically, our comprehension of their importance
remains imperfect. Variability in methodology and a lack of
standardization limits the clinical application of these tests. In
spite of the hurdles that remain, antibody-mediated rejection
has become a key target to improve graft survival.
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Introduction

Patel and Terasaki’s recognition, in 1969, of the association
between hyperacute renal transplant rejection and recipient
alloantibody to donor antigens marked a sea change in our
knowledge of transplant immunology and, in turn, outcomes
of clinical organ transplantation [1]. This landmark study led
to the routine use of the prospective crossmatch in clinical
transplantation. Subsequent studies established that prospec-
tive identification of antibodies of public human leukocyte
antigen (HLA)-shared epitopes could predict crossmatch out-
come [2]. This led to the virtual crossmatch and the ability to
prioritize highly sensitized patients for a crossmatch-
compatible donor, increasing the number of successful trans-
plants for this relatively disenfranchised population. The per-
sistence of negative crossmatches but high rates of graft loss in
sensitized, high-risk patients led to the development of more
sensitive techniques [3, 4]. While there have been significant
advances in detecting and predicting lower levels of donor-
specific anti-HLA antibodies (DSAs), our ability to interpret
their clinical significance has not kept up with the availability
of the data.

Biology

Human leukocyte antigen proteins are critical to the body’s
defense against foreign material by facilitating the recognition
and differentiation of self from foreign proteins. Cell-surface
HLA proteins bind exported intracellular peptides onto an
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outwardly facing grove in the HLA molecule. Immune cells
determine self from foreign peptides based on interactions
between the individual HLA molecule and its bound antigen
with the T-cell receptor (TCR) of an opposing immune cell,
such as a T lymphocyte. The rapid recruitment and binding of
multiple co-receptor proteins expressed on both sides of the
Bimmunological synapse^ amplifies the TCR–HLA molecule
interaction and subsequent intracellular response. The aggre-
gate of dozens of signals passing in both directions leads to a
decision by the effector cell to either initiate an immune re-
sponse or to tolerate or ignore this event. This cellular com-
munication is critical in transplantation medicine. Immuno-
suppressive medications are used in clinical medicine in an
attempt to interfere with this process in order to prevent im-
mune system identification, antibody formation, cellular de-
struction and rejection.

The major histocompatibility complex (MHC), a col-
lection of over 200 genes on chromosome 6p, encodes the
MHC proteins, which in humans are also referred to as
HLA proteins. There are three main groups of MHC
genes: class I, class II and class III. Class I and class II
MHC genes encode the HLA proteins of interest in trans-
plantation (Fig. 1). Relevant class I genes include HLA-A,
HLA-B and HLA-C. Class I MHC molecules have two
polypeptide chains: a long α chain and a short invariant
chain of β2 microglobulin. The variability of class I HLA
proteins is predominantly in the peptide-binding region,
namely, the α1 and α2 domains. The proteins produced
by these genes are expressed on the surface of virtually
every nucleated cell in the human body. Class I HLA
molecules bind endogenous cytosolic peptides and are
recognized by cytotoxic T cells.

There are six primary MHC class II genes: HLA-DPA1,
HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA and
HLA-DRB1. Class II molecules also consist of two polypep-
tide chains, namely,α andβ, of essentially equal length. Class
II HLA variability is concentrated in the peptide-binding re-
gion composed of the α1 and β1 domains. HLA proteins pro-
duced by these genes are expressed almost exclusively on
antigen-presenting cells (APC) under steady-state conditions.
HLA class II expression is commonly induced on nonprofes-
sional APC under conditions of inflammation or tissue injury.
In contrast to class I, class II HLA molecules usually bind
peptides of exogenous or extracellular origin that have been
endocytosed from the environment of the APC. The nascent
class II molecule is protected from acquiring peptides of in-
ternal origin by a blocking peptide (class II-associated invari-
ant chain peptide) that sits in the binding groove until the
nascent class II HLA molecule enters a phagolysosome. At
that point, the binding peptide is removed, the HLA molecule
is loaded with exogenous peptide and the completed antigen
presentation unit is shuttled to the cell surface where it is
generally recognized by helper T cells (Th) [5].

HLA genes have numerous variations, or alleles, and each
HLA protein has two alleles, leading to extremely diverse
HLA expression. The high degree of HLA genetic polymor-
phisms allows the immune system to recognize an incredibly
diverse spectrum of peptides. This diversity facilitates the spe-
cies’ ability to respond to a broad range of pathogens. How-
ever, these genetic polymorphisms make transplant immunol-
ogy complex. APCs from the transplanted organ may primar-
ily interact with host Th cells to trigger an immune response to
the intact HLA molecule (direct allorecognition). Recipient
APCs may also take up HLA molecules from donor cells,
process them into small amino acid fragments and present
the fragments to recipient Th cells in the antigen-binding
groove of self-HLA molecules (indirect allorecognition). In
this way, HLA molecules may induce immune responses to
natural conformations of the molecule and to post-processing
fragments. High HLA allelic variability makes the detection
and interpretation of DSAs difficult. New technology is be-
ginning to address these polymorphisms and improve our
knowledge of transplant immunology.

Antibody-mediated activation of the complement cascade,
a crucial part of the effector arm of the adaptive immune
response, is the hallmark of antibody-mediated rejection, as
well as the basis for HLA testing. Alloantibodies against HLA
antigens activate the classical complement pathway by bind-
ing C1q, thereby initiating formation of the membrane attack
complex (MAC), leading to target cell lysis and death (Fig. 2).
Activation of the complement pathway also recruits immune
cells, amplifying inflammation and tissue injury. Histocom-
patibility technology has evolved from directly detecting
anti-HLA antibody-mediated cytotoxicity on live cells to iso-
lating the complement-activating effect of these antibodies at a
chemical level without the necessity of actual cells.

Evolution of testing

Direct complement-dependent cytotoxicity

The initial antibody-detection methods were based on
complement-dependent cytotoxicity (CDC), which identifies
preformed complement-fixing antibodies [6]. The CDC cross-
match uses a 96-well plate where tiny volumes of reagents in
the order of 1–6 μl react with each other suspended in a drop
of mineral oil. Reactants including cells, patient serum and
complement are sequentially added to each well. In a positive
reaction, complement-fixing antibodies coat the cell surface,
activating the complement cascade, culminating in the MAC
perforating the cell membrane. The uptake of DNA dye,
which healthy cells normally exclude, signals loss of cell
membrane integrity because it enters dying cells and binds
DNA. A technologist then qualitatively estimates the percent-
age of cell death using a microscope. There are many potential
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sources of error in this multistep process. For example, sub-
stantial background cell death, which frequently occurred
when injured target cells were drawn from a critically ill po-
tential deceased donor, often led to difficulty in detecting the
presence of additional cell death caused by the patient serum
in question.

These initial direct CDC assays, while revolutionary, have
numerous limitations. They are non-specific and are frequent-
ly confounded by cross-reactive epitope groups (CREGs).

CREGs are shared HLA epitopes through which a single an-
tibody can react to several HLA molecules [7]. Direct CDC
only detects class I antibodies on T cells. Purified B cells were
required to detect non-class I (probable class II) antibody. The
small number of B cells, as well as frequent cell damage
caused by the purification process, often led to poor sensitivity
[8].

One issue that plagues certain patients is the finding that
autoantibodies can cause false positive CDC assays. The find-
ing that a patient’s own serum kills the patient’s cells in the
assay demonstrates the presence of autoantibodies. Specificity
improved with this Bautocrossmatch^ that identified the pres-
ence of autoantibodies, but better tests were needed [9]. The
addition of DTT (dithiothreitol) serves to reduce and inacti-
vate immunoglobulinM (IgM) molecules, which are common
autoantibodies [10]. Persistence of a positive CDC crossmatch
after DTT treatment indicates the crossmatch is not due to
autoantibodies of the IgM class.

Antihuman immunoglobulin-enhanced CDC

False-negative crossmatch rates improved with the develop-
men t in 1972 of second-gene ra t ion an t ihuman
immunoglobulin-enhanced CDC (AHG-CDC) assays that de-
tect cytotoxicity-negative and class II antibodies [11–13]. The
test result for antibodies may be negative in cytotoxicity as-
says because they belong to a subclass that poorly activates
complement, such as IgG4, or because the antibody titer or
target antigen density on the cell is below the minimum
threshold required to trigger complement activation. In

Fig. 1 Major histocompatibility
complex (MHC) genes and
human leukocyte antigen (HLA)
proteins

Fig. 2 Complement-activating body. MAC Membrane attack complex,
Ab antibody

Pediatr Nephrol (2016) 31:897–905 899



AHG-CDC, antihuman immunoglobulin directed against
bound—but non-complement—activating antibody is added
to the CDC assay prior to the addition of complement in order
to crosslink larger numbers of molecules, further activating
the complement to induce cytotoxic cell death. DNA dye en-
ters the dying cells, as in the direct CDC method and is qual-
itatively assessed. The more sensitive assays were able to
detect low-titer DSAs otherwise missed by direct CDC testing
[3].

However, the AHG-CDC method is still dependent on cell
death, and consequently interpretation of the results remains
subjective. Additionally, confounding antibodies and antigens
are a concern. Antibody class identification is neither simul-
taneous nor quantitative. AHG-CDC assays do not control for
non-HLA antibody or autoreactive IgM binding so the false-
positive rate remains high [10]. There is significant methodo-
logical variation and added cost, thereby limiting the utility of
the AHG-CDC method [14]. Other local modifications are
variably used by different centers; these include extended in-
cubation, Amos-modification (washing steps) and cross-
matching at 4° and 37°.

Flow cytometry crossmatch

The next generation of assays introduced in 1983 utilizes flow
cytometry to detect antibodies independent of complement
fixation. Three-color Flow cytometry crossmatch (FCXM)
consists of adding fluorescent-labeled reagents directed
against anti-HLA antibodies as well as T- and B-cell-specific
cell surface proteins (CD3 for T-cells and CD19 for B-cells) to
cell samples. A sample is run through a flow cytometer to
detect anti-HLA antibodies bound to T- and B-cells at the
individual cell level. This method can be highly automated
and does not require cytotoxicity and cell death, but it is still
whole-cell based.

FCXM enables semiquantitative identification of anti-class
I and class II antibodies by independently and simultaneously
assessing both Tand B cells. FCXM offers definitive antibody
and class identification at much lower levels than previously
obtained. Adding pronase (a predigestion agent) to the assay
controls for high nonspecific background due to Fc receptor
binding and autoantibodies and improves FCXM sensitivity
and specificity [15]. This is especially true for B-cell assays. In
one study, a new population of patients who tested positive by
FCXM but negative by traditional CDC crossmatch were
identified to be at increased risk of rejection [16]. Positivity
for DSAs by flow cytometry is associated with in vivo com-
plement fixation, C4d deposition and an increased risk of re-
jection and early graft loss despite a lack of in vitro proof of
complement fixing activity [17].

Methodological variation still limits FCXM. Despite its
improved sensitivity over direct CDC, between-center varia-
tion is an important problem for both the indirect CDC and

FCXM assays that limits the sharing of data and clinical stud-
ies between centers [18]. Pretest factors associated with a do-
nor’s medical care can affect test results by changing the num-
ber, viability and levels of HLA antigen expression on sepa-
rated lymphocytes [19]. Even the use of pronase to diminish
the impact of nonspecific antibody binding limits FCXM re-
sults [20]. FCXM has high false positive rates, making it dif-
ficult to determine the clinical relevance and specificity of a
positive crossmatch. Antibodies to class II HLA antigens are
especially difficult to detect and interpret, particularly if high-
titer class I antibodies are detected. Time-consuming and un-
reliable techniques, such as sera absorption, are often required
to confirm that a positive crossmatch was indeed due to a
DSA.

Solid-phase assays

The limitations of the three methods described above led
to the development of solid-phase tests using purified
HLA molecules to increase specificity. In solid-phase as-
says, HLA antigens are solubilized, then affixed to a solid
matrix in an enzyme-linked immunosorbent assay
(ELISA) or to microparticle beads that are analyzed via
flow cytometry [21–24]. Bead-based fluorescent assays
such as FlowPRA® (One Lambda, Inc., Thermo Fisher
Scientific Corp., Canoga Park, CA) use purified antigen
affixed to beads to which patient serum is added. Anti-
HLA antibodies bind to the antigens, and a fluorescent
anti-human globulin is added that illuminates when bound
to anti-HLA antibodies. FlowPRA® provides a screening
test with high sensitivity (FlowPRA Screen®) and a sec-
ondary test with high specificity (FlowPRA Single Anti-
gen®). Therefore, a positive screen result may be follow-
ed by single antigen identification to determine the spe-
cific DSA. The Luminex® assay (Life Technologies,
Thermo Fisher Scientific Corp, Carlsbad, CA) provides
a high-throughput analysis of samples and has significant
clinical utility in risk stratification of patients by evaluat-
ing for elevated panel reactive antibody (PRA) and DSA
[25, 26].

Controlling for non-HLA antibodies and other sources of
false-positive results greatly improved specificity [27]. In
2000 Gebel and Bray demonstrated the increasing sensitivity
of antibody detection between AHG-CDC methods, solid-
phase flow cytometry and ELISA [28]. Class II antibody de-
tection greatly improved, and anti-HLA-C antibodies were
commonly identified with new reagents that included these
antigens. These developments enhanced our ability to clini-
cally interpret these antibodies. Solid-phase assays improved
the validity of a clinically relevant positive crossmatch and
enabled the transition by the transplant community to organ
allocation based on an Bin silico^ crossmatch, i.e. the virtual
crossmatch. This increased the availability of kidneys for

900 Pediatr Nephrol (2016) 31:897–905



transplantation in sensitized patients, shortened cold ischemia
time and improved healthcare costs [29].

However, solid-phase assays are also not without their lim-
itations. Sensitivity and specificity are still variable. Some
anti-HLA antibodies detected on lymphocytes may be unde-
tectable on beads, and antibodies reactive to the beads may not
react to lymphocytes. Purifying antigens by removing them
from cell membranes can destabilize them, change their con-
formation, denature them or lead to cryptic (previously hid-
den) antigen expression [30]. A DSA that is specific for a
cryptic antigen may not have any clinical relevance, yet the
positive test may prevent a recipient from receiving a perfectly
acceptable donor kidney. Microparticle beads have variable
antigen density, leading to increased inter- and intra-assay
variability. Beads with cross-reactive epitope groups
(CREGs) or public epitopes or with multiple alleles for the
same antigen lead to dilution of anti-HLA antibodies via
cross-reactivity. False-negative results can occur with high-
titer DSA due to the prozone effect, which occurs when C1
competitively displaces the detection antibody [31].

Solid-phase assays do not fully control for the confounding
effect of IgM antibodies and immune complexes. Latex anti-
bodies, which may be prevalent in children with a history of
urologic surgery, may be very difficult to control for as the
substrate of the beads includes latex. Laboratory methods are
not standardized, limiting between-center comparisons and
clinical studies [32].

These tests have a quantitative component, rather than be-
ing reported as Bpresent^ or Babsent^. However, the means of
quantitation are not standardized, and neither is the result
standardized between assays in the same laboratory. There
can be marked differences in the quantitation of the same
frozen serum sample if performed on different days. Subtle
variation in such things as reagent strength or batch-to-batch
variability in antigen density on the beads may account for
some of the variability in quantification. Laboratories may
report the raw mean fluorescence intensity (MFI) of a specific
DSA or, to account for some of the aforementioned limiting
factors, they may report the MFI divided by (normalized by)
the intensity of a negative control bead, or they may report the
result as a percentage of a positive control bead. Additional
reporting units include standardized fluorescence intensity
(SFI), normalized fluorescence intensity ratio (NFIR) or nor-
malization of the MFI to the affinity of the antibody, as well as
many others. Consequentially, the clinician must be familiar
with the technology and reporting of the local laboratory and
be aware that samples tested at different laboratories are not
easily comparable. If exact quantitation of the strength of a
specific antibody over time is required (e.g. for a clinical trial
of a desensitization protocol), then frozen samples of serum
from all the time points in question may be assayed at the
same time in one Brun^ using common aliquots of reagents
to eliminate inter-assay variability.

Complement-fixing solid-phase assays

The newest approach to testing is distinguished by its
capacity to directly determine the ability of a particular
DSA to bind complement. This development promises to
be quite important in the clinical setting given that DSA-
mediated complement fixation via the classical comple-
ment pathway is the hallmark of in vivo graft injury. His-
toric methods of complement fixation detection, the CDC
and AHG-CDC assays, are quite limited in terms of both
sensitivity and specificity. Flow cytometry-based, whole-
cell techniques cannot distinguish complement-fixing re-
activity among positive antibodies [23].

First-generation complement-activating assays were flow
cytometry-based and cell-independent. These assess
fluorescent-labeled anti-C4d on the [C4d]FlowPRA® plat-
form, whereby alloantibodies trigger C4 split product deposi-
tion to HLA-coated FlowPRA® beads [33]. Further develop-
ment utilized direct immunofluorescence with an anti-C4d
antibody, resulting in an improvement of assay methodology
[34]. Adaptation of C4d-fixing ability to the Luminex®
single-antigen bead platform enabled identification of DSA
versus non-DSA and complement-fixing ability at the single
HLA antigen level [35–37]. Complement-fixing assays were
shown to be clinically applicable, as C4d-fixing DSA nega-
tively affected graft and patient survival [37]. However the
assay has low sensitivity and the exact clinical significance
of the Luminex® C4d SAB is unknown [35]. C4d deposition
can occur as the result of non-antibody mediated mechanisms
[38]. Ultimately the first-generation complement-fixing assay
was found to be not reliable enough for clinical use.

A new complement-fixing assay based on the Luminex®
SAB platform utilizes C1q binding. HLA-coated single-anti-
gen Luminex® beads are combined with patient serum and an
exogenous source of C1q. Complement-fixing antibody binds
the bead-antigen, which then binds C1q. Fluorescent anti-C1q
antibody is added, which binds to C1q and illuminates
complement-fixing antibodies (Fig. 3). C1q is the first com-
ponent of—and therefore is specific for—the classical com-
plement pathway and thus indicates the potential for an anti-
body to activate complement. C1q assays directly test the
complement-binding ability of a particular DSA and are inde-
pendent of the strength of IgG MFI. The C1q assay has high
sensitivity and specificity and has been validated [39]. C1q-
binding DSAs are highly correlated to rejection and graft fail-
ure in heart and kidney transplant recipients [40–43]. Earlier
versions of the commercially available C1q assays had vari-
able performance. More recent (circa 2012) versions from
One Lambda include sources of exogenous complement and
demonstrate improved reliability.

However, the C1q Luminex® assay has important limita-
tions. It requires high antigen density and high complement/
IgG levels to avoid false negative results. Denatured antigen
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can lead to decreased bead density and negative C1q binding.
Low complement/IgG levels can also lead to negative C1q
binding. Each bead does not have all available alleles for a
given antigen. For each method of antibody detection,
established techniques, such as adding DTT and/or EDTA
and diluting samples, can improve test performance and assess
for such factors as IgM autoantibodies and the prozone effect
[10, 44]. While the development of complement-fixing anti-
HLA testing is exciting and likely of significant clinical im-
portance, small numbers and retrospective study design limit
existing studies, and further study is thus warranted.

Clinical implications

Pre-transplant antibody screening and prospective antibody
monitoring identifies the majority of high-risk patients who
lose their allograft [1–3, 16, 26]. Patients who develop de
novo DSA have decreased graft survival [45]. Complement-
binding DSAs are highly associated with decreased graft sur-
vival [40–43]. Clinical outcomes have improved dramatically
with the advent of antibody detection technology, but the ex-
act clinical relevance of DSA for an individual patient remains
uncertain.

Future steps

Anti-HLA antibody detection and analysis is a rapidly grow-
ing aspect of histocompatibility and transplant immunology.
Rapid technologic growth has increased our understanding of

how DSAs affect pre-transplant immunologic risk and the
development of antibody-mediated rejection and graft loss
post-transplant. Technologic innovation will continue to im-
prove our ability to define the clinical relevance of anti-HLA
antibodies. Molecular analysis of HLA polymorphisms is in-
creasing our understanding of HLA antibodies and their clin-
ical relevance by comparing allele-specific antigen differences
[46]. Molecular HLA typing offers intriguing information at
the individual patient level into why some DSAs are clinically
relevant and others are not. HLA epitope matching may pro-
vide a more robust and specific evaluation of immunogenicity
[47]. Special consideration must also be given to the costs of
existing and future technology, as this may be a limiting factor
in the clinical application of the technology [48]. Ultimately
these may be problems amenable to the analysis of large
datasets, especially if protocols are standardized and reproduc-
ible between laboratories.

DSA must be interpreted in the context of the individ-
ual patient. A given antibody of moderate titer may have
markedly different implications depending on the clinical
situation. In a patient who has undergone many sensitiz-
ing events and has a history of developing high levels of
broad-specificity antibodies, who is known to be noncom-
pliant with medications and who is receiving an extended
criteria decreased donor kidney, a moderate level DSA
may be ominous. Alternatively, in another patient who
has had many sensitizing events without generating sig-
nificant antibodies, who is highly compliant and who is
receiving a living donor kidney, that same antibody may
have no clinical importance.

It is vitally important that existing methodologies and
protocols be optimized and standardized across laborato-
ries, Organ Sharing Networks and countries. Recent evi-
dence demonstrates the feasibility of standardized proto-
cols, with variability decreased to 20 % [49]. This will
lead to greatly reduced inter- and intra-assay variability.
Future studies need to optimize study design and can
hopefully utilize larger sample sizes with multicenter tri-
als in a prospective manner. Although we have significant
experience assessing antibodies pre-transplant, the assess-
ment of antibody status in the post-transplant period is in
its infancy. The timing of testing, differentiation of path-
ogenic and nonpathogenic DSA and optimal responses to
changes in antibody titer or development of de novo an-
tibody have yet to be systematically explored. In current
clinical practice, it is critically important that the trans-
plant clinician has a collaborative working relationship
with the histocompatibility laboratory, with a continuous
two-way dialogue to determine how the HLA laboratory
can help the clinician and to determine the implications of
the laboratory findings. Frequent contact and continual
reassessment of methods and policies will improve perfor-
mance and patient care.

Fig. 3 C1 assay
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Key summary points

1. Donor-specific antibody screening is a critical component of
pre- and post-renal transplant management.

2. Direct complement activation underlies the mechanism
behind antibody-mediated rejection.

3. Solid-phase assays, independent of whole cells, have
improved sensitivity and specificity and enabled evaluation
of previously undetectable antibodies.

4. Assays utilizing complement-activating antibodies have
improved specificity for clinically relevant antibodies.

5. Methodological variation, lack of standardization and
the unknown clinical relevance of a given DSA for an indi-
vidual patient limit current technology and clinical utility.

Conflict of interest The authors declare that they have no conflict of
interest.

Multiple choice questions (answers are provided
following the reference list)

1. HLA class II proteins are expressed almost exclusively
on:

a. All nucleated cells
b. Antigen-presenting cells
c. Red blood cells
d. The vascular endothelium

2. Antibody-antigen binding primarily causes cell injury and
death by:

a. Activation of the classical complement pathway by
binding C1q and formation of the membrane attack
complex (MAC)

b. Activation of the alternative complement pathway
c. Recruitment of natural killer (NK) cells
d. Phagocytosis by neutrophils

3. Limitations of the CDC crossmatch include:

a. Oversaturation of antibodies
b. Background cell death from a critically ill donor
c. DNA dye passively entering healthy cells
d. Neutralizing donor antibodies against complement

4. Strengths of solid-phase assays include all of the follow-
ing EXCEPT:

a. High-throughput analysis
b. Improved class II antibody detection
c. Controls for non-HLA antibodies
d. Decreased risk of the prozone effect

5. C1q-based solid-phase assays:

a. Directly bind C1q to whole donor cells
b. Rely on recipient sera to provide C1q
c. Are independent of IgG MFI strength
d. Detect C4d deposition on HLA-coated beads
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