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Luminex single antigen bead (SAB) testing has increased the sensitivity and

specificity of accurately identifying HLA antibodies, in support of all organ

transplantation. However, as described in manufacturers' recommendation,

the output of the assay, using mean fluorescence intensity (MFI) units, is only

semi-quantitative. Therefore, the ability to use MFI values to compare between

different assays, to accurately guide clinical practice, or be used as an endpoint

measure in clinical trials, is limited. To improve potential quantification, one

must circumvent inherent limitations of SAB assays such as interference and

saturation phenomena. In this review, we discuss how measurement of pre-

transplant serum dilutions can be used to determine unacceptable antigens for

wait-listing, determine the likelihood for successful HLA antibody reduction

with desensitization, and compare degree of HLA (in)compatibility among var-

ious living donors. We also discuss how serum dilutions are optimal for mea-

suring and comparing the efficacy of antibody depletion therapies for

desensitization or antibody mediated rejection treatment post-transplant. His-

torically, one of the main criticisms for the use of serum dilutions and titer has

been the potential labor and cost associated with additional testing. Here, we

show how only one or two dilutions can add major value in most circum-

stances. In summary, the practical use of serum dilutions and titer determina-

tion are important methods that can be used before and after transplantation

of all organs to quantify antibody accurately and reliably in routine practice

and in clinical trials.
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1 | INTRODUCTION

The term high-titer antibody was re-introduced into the
HLA literature about a decade ago. Originally, it was
used based on high reactivity in complement-dependent

Abbreviations: ABMR, antibody mediated rejection; cPRA, calculated
panel reactive antibody; DSA, donor specific antibody; IHC,
immunohistochemistry; KPD, kidney paired donation; MFI, mean
fluorescence intensity; SAB, single antigen bead; UA, unacceptable
antigen.
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serological assays as the only measure to express HLA
antibody strength. The assay was performed using several
dilutions of the patient's serum sample, the higher the
dilution required to eliminate positive results, the higher
the declared titer. Once Luminex-based single antigen
bead (SAB) assays were introduced, the field had shifted
to use mean fluorescence intensity (MFI) units to express
relative antibody strength. Consequently, the transplant
community began using the terms high MFI value and
high titer antibody interchangeably, even though dilu-
tions were rarely performed to substantiate the term
“titer.” Therefore, in most settings, describing HLA anti-
body as high titer may be inappropriate and inaccurate.

When used in appropriate settings, serum dilutions
and titer determination can allow the user to overcome
inherent limitations of the SAB assay and better quantify
HLA antibody. We have previously reported on the use of
serial dilution studies as an aid to appreciate inherent
limitations of the SAB assay and have described how they
can be applied to clinical practice. In this review we aim
to summarize our experience and elaborate on the fol-
lowing topics:

1. Describe inherent limitations of the SAB Luminex
assay that can be rectified using titration studies

2. Discuss specific clinical scenarios demonstrating
when donor specific antibody (DSA) quantification is
advantageous

3. Discuss a fiscally reasonable approach to introduce
dilution studies in mainstream practice

1.1 | Serial dilutions and determination
of antibody titer

Serial dilution of serum samples for the purpose of analyz-
ing specific constituents has been common practice in
immunology for decades. The scientific method is called
titration, and it is designed to evaluate how many dilutions
can occur before the tested substance is no longer detected
in the serum. The result is documented as a titer, the last
dilution in which the substance is still present; for example,
1:256. A common use of such tests includes checking for
antibodies to infectious diseases, whether following expo-
sure to the immunogen or as a response to vaccination.
Examples include MMR, Influenzas, or tetanus.1–3 Antibody
titer is also measured routinely as part of diagnosing and
monitoring patients with autoimmune diseases.4,5 Some
examples include systemic lupus erythematosus and thyroid
autoimmunity. The blood bank is another entity that rou-
tinely performs antibody titer testing as part of routine
transfusion medicine assessment, as well as part of evalua-
tion for organ transplantation.6

1.2 | The “hook effect” and “prozone”

Antibody titer and dilutions are also significant when
performing immunohistochemistry (IHC) and Western
blot assays. An appropriate dilution of the antibody used
as reagent is critical to maintain high quality of the stain-
ing, with minimal background/non-specific reactions.
This is especially apparent in sandwich immunoassays
where one (primary) antibody recognizes the specific tar-
get/antigen and a secondary antibody, recognizing the
primary antibody, provides a measurable signal when it
binds to complexes of primary-antibody/antigen. If the
primary-antibody concentration is very high, it will
not only bind to the specific antigen, but it can also satu-
rate the free secondary antibody such that there is no
sufficient secondary antibody to bind and report on
primary-antibody/antigen complexes (Figure 1). This
phenomenon, termed “Hook effect,” is known to lead to
falsely reporting low levels of the immune complexes.
The Hook effect has been reported for multiple assays,
especially with very high levels of the tested analyte,
including prolactin, cancer markers, and so on.7 The best
way to eliminate the Hook effect is by performing serial
dilutions. The term Hook effect has been conflated with
the term “Prozone” which is relevant for agglutination or
precipitation reactions. Specifically, “prozone” is meant
to describe a “zone” in which reactions do not happen.
Most always it reflects the presence of high concentration
of the antibody (excess), but it may represent situations
in which blocking antibodies or non-specific inhibitors
are present in the serum and preventing detection of the
antibody/antigen binding.

1.3 | Hook effect and Prozone
phenomena in HLA antibody testing

The phenomena of “missing” (falsely low) antibody reactiv-
ity when using the luminex SAB assays for HLA antibodies
evaluation was demonstrated by multiple investigators. Sev-
eral theories were put forth to explain these observations.
Kosmoliaptsis et al8 showed that the presence of IgM anti-
bodies in the tested sera can compromise the ability to
detect IgG antibodies. The investigators demonstrated that
for some patients, serum dilution of 1:50 or treatment with
dethiothreitol (DTT) revealed increased strength of some of
the HLA antibodies. They further concluded that to avoid
masking of clinically relevant antibody responses, serum
samples should be treated with (DTT) prior to testing
on the luminex platform. Alternatively, Weinstock and
colleagues9,10 proposed that complement component
1 (C1) is responsible for this phenomenon by competitively
displacing the detection (secondary) antibodies. These
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investigators tested a handful of samples using multiple
approaches ranging from serum dilution of 1:10 through
pretreatment with EDTA, DTT, heat inactivation and the
complement inhibitor C1INH. They concluded that addi-
tion of EDTA to serum of highly sensitized patients prior to
testing is the easiest way to avoid false-negative results in
SAB analysis.

Our laboratory has been performing serial serum dilu-
tions (as opposed to a single dilution that is sometimes
performed in other centers) for almost 20 years now. The
original purpose was to have a reliable method to com-
pare antibody strength for patients post transplantation,
especially those undergoing desensitization protocols.
Since our program used Alemtuzumab as induction agent,
using cell-based crossmatch assays post transplantation
(as was customary at the time) was not a viable option.
Our serial dilution studies at the time were performed
using the FlowPRA Single Antigen Class I and Class II
antibody testing, a platform that remained underappreci-
ated/underutilized because of the requirement of having
access and expertise in operating a flow cytometer. The
luminex SAB assays were introduced a few years later.
They offered multiple advantages. A luminex instrument
was significantly cheaper than a flow cytometer. It is easy
to operate and does not require much experience as the
run-parameters are locked. It also comes with automated
analysis software expediting computerized resulting of the
tests. Lastly, the testing reagents were multiplexed, having
about 100 different analytes in one single assay, thus
requiring very low volumes of the patients' sera (5–40 μl
depending on the vendor) and lowering the cost of the

test. As we transferred our serial dilution practices from
the FlowPRA Single Antigen testing to the luminex plat-
form we made several important observations.

1.4 | SAB testing using serial dilution

1.4.1 | Inhibition

Regardless of the cause of inhibition, it may have a differen-
tial effect on different antibody-specificities within a single
test-tube.11 It is not a trivial observation. An illustration is
provided in Figure 2, showing serial dilution of a serum
sample from a highly sensitized patient awaiting heart
transplantation. Note that some antibodies (black arrow,
Figure 2), are not affected by inhibition at all, namely the
MFI values decease as the dilution increases, as expected.
Other antibodies start with high MFI values that increase to
higher values with dilution, and then decrease as the serum
is diluted (green arrow, Figure 2). Lastly, some antibodies
experience strong inhibition, starting from low MFI values
in the neat sample that increases with dilutions up to a titer
of 1:64 (brown arrow, Figure 2) or even 1:256 (purple
arrow, Figure 2). Only after that relatively high dilution
does the MFI value being to decrease. Note that this patient
exhibits very strong levels of antibodies as some still main-
tain high MFI values, over 2000 units, even at a titer of
1:65,356. Importantly, laboratories that perform a 1:10 dilu-
tion (which is the single most common dilution performed)
or even a 1:100 dilution will be missing the strength of
many of these antibodies that are several folds higher. It is

FIGURE 1 Single antigen bead assay: (A) A luminex bead, coated with multiple copies of a single HLA antigen, is represented by the

circle, HLA antibodies (purple) bind to their cognate antigen, and the secondary antibody (yellow) binds to the HLA antigen, emitting

fluorescence (not shown) and translated into mean fluorescence intensity—mean fluorescence intensity (MFI)—units. (B) A serum with

high levels of HLA antibodies leads to saturation of the cognate antigen, with additional antibodies not having a target to bind to. The

secondary antibody can bind only to antibodies attached to the beads (and hence, antigen) and thus the “floating” antibodies go undetected.

(C) The Fc portion of the HLA antibody is bound to an “inhibitor” and therefore the secondary antibody does not find its target and no/low

MFI values are recorded. (D) The secondary antibody binds to the “inhibitor” and therefore is not available to bind to the HLA antibodies

leading to no/low MFI values.
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of interest to highlight that the dilution patterns are shared
by groups of antibodies that as we have previously pro-
posed, likely demonstrate recognition of similar epitope
targets.12

A salient observation is that EDTA treatment does
not always eliminate the full impact of the inhibition
when antibody titers are high, as demonstrated in
Figure 3. This means that MFI values, even when EDTA
treatment have been applied, are not always an indica-
tion to antibody strength (this is usually true when MFI
values are higher than a certain threshold; >10–12,000
MFI units in our hands). In the example shown—two
groups of beads have similar neat MFI values. In the one
group (brown box, Figure 3), antibodies titer out at about
1:1024. In the other group (purple box, Figure 3), anti-
bodies responses become negative only at a titer of
1:16,384. These differences can have clinical ramifica-
tions, for example in the treatment of ABMR, as will be
illustrated below.

1.4.2 | Saturation

The quantity/titer of HLA antibodies that an individual
may develop can be greatly underappreciated. Two

components of the SAB assay may affect the ability to
determine the level of antibodies in the tested sera.
(i) The detection (secondary) antibody, which can be
modified by the end user, and is often added in excess
amounts; and (ii) the HLA target antigens coating the
beads, which have finite amount, cannot be modified by
the end user, and thus can be a limiting factor. Once the
HLA antigen targets are saturated, additional HLA anti-
bodies, in the tested sera, will remain masked because
the signal from the detection antibody is captured only
once a sandwich (HLA antigen—tested antibody—
detection antibody) is formed.13

An example of saturation is present in Figure 4. This
is one representation of HLA class II antibody-signature
from a patient awaiting kidney re-transplantation; first
graft loss was because of antibody mediate rejection
(ABMR). Note that many of the antibodies remain with
MFI values >5000 even at dilutions of 214 (1:16,384) and
some show reactivity even at a titer of 1:65,356. It is
important to observe that the MFI values on the undi-
luted sample do not provide any indication of the differ-
ential strength of the antibodies (there is not a big
difference between the neat MFI of antibodies with titers
of <1:1024 and those that reach >1:65,356). While
observing such high levels of antibodies is not common,

FIGURE 2 Inhibition of SAB assays: Serial dilution of a serum sample from a highly sensitized patient awaiting heart transplantation.

Dilution is shown on the X axis. MFI units are shown on the Y axis. Note that some antibodies (black arrow), are not affected by inhibition

at all and the MFI values decease as the dilution increases, as expected. Other antibodies start with high MFI values that increase to higher

values with dilution, and then decrease as the serum is diluted (green arrow). Lastly, some antibodies experience strong inhibition, starting

from low MFI values in the neat sample that increases with dilutions up to a titer of 1:64 (brown arrow) or even 1:256 (purple arrow).

MFI, mean fluorescence intensity; SAB, single antigen bead.
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it is also not a rare event. Performing only a 1:10 dilution,
or even a 1:100 dilution, will not provide sufficient infor-
mation on the strength of such antibodies.

1.5 | Advantages of HLA antibody
dilutions in clinical practice

HLA antibody testing using the Luminex SAB platform
provides essential information that is critical for clinical
management of transplant patients. However, the SAB
test has important limitations as discussed above. The rel-
evance of these limitations and the need for additional
testing depends on the clinical situation. Here we
describe how the use of serum dilutions can be used in
various common clinical scenarios (Table 1).

1.5.1 | Determining unacceptable antigens
for highly sensitized patients awaiting
transplantation

Pretransplant HLA-SAB antibody testing is performed to
determine the baseline sensitization status of transplant

candidates. If the patient is placed on the deceased donor
transplant waiting list, this information is used to assign
donor HLA antigens that are deemed unacceptable anti-
gens (UAs) by the listing transplant center. This informa-
tion is then translated into a unified sensitization metric,
calculated panel reactive antibody (cPRA), which is the
percent of donors toward which your candidate is likely
to have antibodies. Importantly, determination of UAs is
center, organ, and often patient specific depending on the
acceptable immune-risk threshold. For example, if your
candidate is highly sensitized toward HLA targets, the
MFI threshold used to determine an UA may be higher
to increase the access to organs. The risk threshold may
also be higher for heart and lung candidates because of
the lack of living donor options and the fact that heart
and lung transplants are lifesaving.

Completely avoiding DSA is preferable in most cases,
if possible. For these patients, the MFI threshold used to
determine which HLA antigens to avoid is typically low
(MFI values of 500–3000). Performing one serum dilution
and testing for HLA antibodies may provide value even
when these low MFI thresholds are used to prevent the
under-detection of a high level of HLA antibody masked
because of inhibition.14,15 When the goal is to completely

FIGURE 3 EDTA treatment does not always reduce inhibitory factors: Serial dilution of a serum sample from a kidney transplant

recipient at times of ABMR diagnosis. Dilution is shown on the X axis. MFI units are shown on the Y axis. Many antibodies show similar,

very high, MFI values—with MFIs ranging between 19,000 and 24,500 units (blue box). One group of antibodies are not as strong (brown

box), demonstrating complete elimination at a titer of 1:1024. The other group of antibodies (purple box) are much stronger, becoming

negative only at a titer of 1:16,384. ABMR, antibody mediated rejection; MFI, mean fluorescence intensity
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avoid HLA antibody, multiple dilutions are rarely
needed.

When the goal of pretransplant testing is to risk strat-
ify the HLA antigens toward which the patient has
preformed antibodies, serial serum dilution provides
further value. Depending on the candidate's baseline sen-
sitization and/or urgency for transplant, the unacceptable
antigens can be adjusted with more confidence when
serial dilutions are performed. For example in a sensi-
tized heart transplant candidate with a cPRA of 90%

stable on the waiting list, you might initially avoid all
HLA antigens to which there are antibodies with a titer
>1:8. If no suitable donor is found quickly, you may
choose to increase the threshold and only avoid antigens
to which HLA antibodies are present at a titer >1:32 to
increase the candidates access to organs based on your
experience with managing alloantibody pre and/or post-
transplant with desensitization.

1.5.2 | Determining candidacy for
desensitization protocols when potential living
kidney donor is available

While the need for desensitization has decreased in kid-
ney transplantation with the advent of kidney paired
donation (KPD) programs and allocation systems priori-
tizing sensitized candidates, there remains a need for
desensitization particularly for kidney transplant candi-
dates with a high cPRA (99.9%).16 These candidates are
unlikely to find an HLA compatible living donor even
with KPD. If desensitization is considered, serum dilution
and titration studies can be a tool to determine whether

FIGURE 4 Saturation in SAB assays: example of significant saturation in a serum sample from a patient awaiting a third kidney

transplantation. Dilution is shown on the X axis. MFI units are shown on the Y axis. More than half of the antibodies saturate their cognate

antigens—with MFI values reaching near 25,000 units of MFI and remaining in this range despite multiple dilutions (circled in blue). Those

antibodies are not likely to respond to any of the currently available therapies. Note that there is some inhibition (MFI values at 1:4 dilution

is higher than neat sample despite EDTA treatment). MFI, mean fluorescence intensity; SAB, single antigen bead

TABLE 1 Advantages of HLA antibody dilutions in clinical

practice

• Determining unacceptable antigens for transplant wait-
listing

• Determining the likelihood for successful HLA antibody
reduction with PP/IVIg

• Comparing the HLA incompatibility of various living donors

• Comparing the efficacy of desensitization for clinical trials

• Measuring the efficacy of antibody depletion therapy post-
transplant
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desensitization is likely to be successful in removing
enough HLA antibody to avoid hyperacute rejection and
plan the desensitization strategy.

Pinelli et al showed that transplant candidates with
DSAs of titer ≥1:1024 at baseline were unlikely to achieve
sufficient DSA reduction with PP/IVIg alone. Among
transplant candidates with lower baseline HLA antibody
levels, the dilution studies provided additional valuable
information guiding the number of PP/IVIg treatment
cycles required to achieve the desired HLA antibody
level.17 The investigators found that reduction in HLA
antibody was linear during the first few cycles of PP/IVIg,
but additional treatment cycles had low yield. The ability
to estimate the number of PP/IVIg treatments needed to
decrease HLA antibody to a certain level can be particu-
larly useful for pretransplant planning (e.g., determining
date of surgery).

1.5.3 | Comparing the HLA incompatibility
of various living donors

Serial dilution and titration studies can also be used to
compare the HLA incompatibility of various donors by
accurately comparing the quantity of DSA the recipient
has to each potential donor. This can be a particularly
useful approach among candidates in KPD programs
when there are multiple potential living donors. In the
example illustrated in Table 2, the transplant candidate
has two potential living donors toward which the candi-
date has DSA, with a similar MFI and presumed similar
risk at first glance. However, there are clear differences
in the DSA titers. The ability to sufficiently remove DSA
with PP/IVIG to prevent hyperacute rejection would
likely be best for donor B.

1.5.4 | Comparing the efficacy
of desensitization for clinical trials

Patients with cPRA >99.5% are inflicted by very long
waiting time for deceased donor offers. While desensitiza-
tion of these patients carries high cost because of the

required resources and high risk of morbidity, the alter-
native is the increased risk of remaining on dialysis and
the mortality associated with it.18 For patients awaiting
heart transplantation, the risks are even higher. New
therapeutic modalities that will enable effective desensiti-
zation on the waitlist are currently pursued by several
pharmaceutical companies for multi-center trials. The
identification of appropriate endpoints to compare the
efficacy of various therapeutic regimens has historically
been a problem for desensitization clinical trials, particu-
larly when candidates without a living donor are
included.19 Endpoints such as time to transplant are
biased, and it is challenging to evaluate complex data
when antibodies toward multiple HLA antigen specific-
ities need to be analyzed. The inherent limitations of
using MFI only worsen this problem.

To address this gap, we aimed to evaluate the utility
and reliability of using cPRA combined with titers as an
endpoint for desensitization trials. The overall goal was
to find an uncomplicated reliable endpoint that was
directly related to a patient's likelihood of receiving a
transplant that could be conveniently applied to all organ
groups. To do this, we studied serum samples from
20 highly sensitized transplant candidates (cPRA >99.9)
and determined the corresponding cPRA at multiple
serum dilutions.20 This approach allowed us to visualize
the decreasing cPRA per every dilution (simulating the
cPRA that will be achieved by successful desensitization).
One of the striking observations was that 30% (6/20) of
patients reached complete reduction of the cPRA by
diluting the serum 1:1024, but 25% (5/20) patients still
had cPRA >60% even when diluting the serum 1:16,384.
While this data is particularly informative for the design
of clinical trials, it could be applied to clinical practice.
For example, P20 and P2 are likely to respond very differ-
ently to PP/IVIg (Figure 5).

These results highlight a dimension of HLA sensitiza-
tion that was not previously assessed. We have shown
that despite having the same cPRA (99.9% at baseline) on
undiluted serum sample, our cohort exhibited significant
heterogeneity with regards to HLA antibody strength.
Thus, the major advantage of combining cPRA calcula-
tion with serum dilution is the ability to incorporate two
different metrics of sensitization (1) the breadth of sensi-
tization and (2) the quantity of antibodies.21 This key
information can be used to identify patients presumed to
be most likely to respond to desensitization at baseline
(e.g., identify patients to include in desensitization trials)
and the reduction in cPRA per dilution could be used as
an endpoint to compare the efficacy of various therapies.
An additional advantage of this measure is that it is sensi-
tive enough to identify therapeutic efficacy that may not
have been apparent with other endpoints. Therapeutic

TABLE 2 Example for utility of dilution in comparing HLA

incompatibility of various potential living donors

DSA specificity MFI DSA titer

Donor A DRB1*11:04 16,817 1:256

Donor B DRB1*13:03 16,111 1:32

Abbreviations: DSA, donor specific antibody; MFI, mean fluorescence
intensity.
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strategies with even a small effect show promise and
could be added to additional therapy for future trials.

1.5.5 | Measuring HLA antibody post-
transplant

The presence of HLA antibody is one of the three key
conditions used to fulfill the criteria for both active and
chronic active ABMR, and many treatments for ABMR
are focused on antibody depletion. Therefore, an accurate
measure of antibody quantity has a fundamental role in
post-transplant monitoring in both practice and clinical
trial design. In the pretransplant setting, all HLA anti-
bodies have relevance because they have an impact on

organ allocation and access. In contrast, the major focus
post-transplant is HLA antibody directed toward the
donor DSA, which can simplify antibody measurement.

Reliably knowing whether a DSA is present or absent
has major relevance for post-transplant monitoring
because the presence of DSA, whether preexisting or de
novo, is associated with reduced allograft survival.22

Among transplant recipients with known preexisting
antibody with or without a positive crossmatch, frequent
DSA monitoring is essential to promptly identify
increases in DSA (approximately postoperative days 3–7,
when immunologic memory responses begin to occur).
Serum dilutions are an essential part of this early moni-
toring as it can detect trends in antibody presence more
reliably than changes in MFI.

FIGURE 5 Calculating cPRA per serial dilutions: Dilution is shown on the X axis. Different patients are presented on the Y axis.

Numbers represent calculated cPRA per specific dilution. Patient P20 shows rapid deceased in cPRA as the serum is diluted, demonstrating

relatively low amounts of antibodies despite wide breath of sensitization. Patient P2 remains cPRA of 100% even in a 1:4096 dilution

demonstrating not only wide breadth of sensitization but also high amounts of each of these antibodies—not likely to respond efficiently to

desensitization attempts.
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Serum dilution can also have value for de novo DSA
detection. If a biopsy shows histologic features suggestive
of ABMR with microvascular inflammation but it appears
that DSA may not be present because of an MFI below
the usual positive threshold, performing at least 1 serum
dilution is recommended to ensure that the MFI is not
falsely low.

While the performance of one serum dilution may pro-
vide value if there is a question whether DSA is present,
testing multiple serum dilutions or knowing the antibody
titer provides value when planning ABMR treatment in
clinical practice. In fact, we believe that it should be
required in therapeutic clinical trials to quantify HLA
antibodies accurately and reliably, considering the semi-
quantitative nature of the MFI. Before treatment, the anti-
body titer provides information about the antibody burden
at baseline. If treatment is initiated, prospective DSA titer
information reveals the changes in antibody quantity that is
not apparent when examining the MFI alone.

The value of performing serum dilutions is demon-
strated in the following case. A 28-year-old female received
a living related donor kidney transplant without complica-
tions but developed allograft dysfunction at 18 months post-
transplant. At that time, de novo DSA toward HLA
DQA1*01:03/DQB1*06:03 was detected, and her allograft
biopsy showed a mixed T cell and ABMR with peritubular
capillaritis, glomerulitis, and C4d positivity. Treatment was
initiated with anti-thymocyte globulin, solumedrol, and
PP/IVIG. After a total of four cycles of PP/IVIG, she
received rituximab. DSA levels were reexamined at 3 weeks
and 3 months after treatment. As shown in Figure 6, the
DSA MFI appeared to be unchanged from baseline,
3 weeks, and 3 months after treatment. Based on that infor-
mation, one could conclude that the antibody depletion
therapies used were futile and failed to reduce antibody
quantity. However, the performance of serial dilutions
revealed a clear reduction in DSA quantity, which may
have had a meaningful clinical impact. Based on this

FIGURE 6 Added value of dilution studies in evaluating ABMR treatment efficacy: A 28-year-old female received a living related donor

kidney transplant without complications but developed allograft dysfunction at 18 months post-transplant. At that time, de novo DSA

toward HLA DQA1*01:03/DQB1*06:03 was detected, and her allograft biopsy showed a mixed T cell and ABMR with peritubular capillaritis,

glomerulitis, and C4d positivity (blue line—baseline). Treatment was initiated with anti-thymocyte globulin, solumedrol, and PP/IVIG. After

a total of four cycles of PP/IVIG, she received rituximab. DSA levels were reexamined at 3 weeks (orange line) and 3 months (gray line) after

treatment. All three serum samples show similar MFI in their neat/undiluted test. However, baseline DSA titer is 1:4096, reducing to

1:256 at the end of treatment cycles, in sample tested at 3 weeks. DSA rebounded to 1:1024 titer at the 3 months sample. ABMR, antibody

mediated rejection; DSA, donor specific antibody
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information, we conclude that the routine performance of
serial dilutions to quantify DSA must be an integral part of
evaluating ABMR treatment for clinical trials in addition to
following allograft function and evaluating changes in his-
tologic features. Not only will this practice aid in our under-
standing of the effect of antibody reduction on the
progression of ABMR, but it will also allow us to compare
the relative efficacy of various antibody depleting strategies.

1.6 | A practical approach to performing
serum dilutions

We have previously shown that HLA antibodies with
titers of 1:32–1:64 strongly correlate with C1q positivity
in SAB assays.11,13 In other words, >95% of antibodies
with these titers were also bound by C1q reagent in in-
vitro assays. This makes a lot of sense as each C1q mole-
cule must be bound by IgG portion of 5–6 antibodies to
be activated, thus, complement activation requires high

concentration of antibodies.23 Consequently, antibodies
with titers ≥1:32 or 1:64 show positivity in CDC cross-
match assays. Flow cytometry crossmatch assays show
positivity with antibody titers that are often 2–3 logs
lower. Beyond that point, MFI values for the routine
(IgG) SAB assay increase linearly, up to saturation while
that of the C1q assay increase logarithmically, again dem-
onstrating the different ratio of antibodies that is required
for test positivity (Figure 7).

For listing of UA, as addressed above, and especially
if other measures are used to minimize inhibition, com-
plete dilution studies (determination of titer) do not con-
tribute much significant information. For the purpose of
desensitization using PP/IVIg, for a living donor kidney
transplantation—in our experience the likelihood of suc-
cessfully desensitizing a patient awaiting living kidney
transplantation with DSA >1:1024 (using PP/IVIg) is dis-
mal. We therefore recommend doubling dilutions up to a
titer of 1:256 (or 1:1024 is increased risk is acceptable).
No practical information will be gained beyond that

FIGURE 7 Comparison between IgG-MFI, C1q-MFI and dilution studies: SAB assay results for 1147 positive antibodies are compared,

demonstrating that he relationships between IgG-MFI (orange) and final dilution (titer) is, for the most part, linear. On the other hand, the

relationships between C1q-MFI (blue) and final dilution (titer) is mostly logarithmic, with a slow rise in MFI values for the C1q assay at the

lower dilutions, increasing logarithmically as the dilution increases above a titer of 27/8 (1:128–1:256). MFI, mean fluorescence intensity;

SAB, single antigen bead
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point. Knowing the exact titer up to this level can provide
guidance as to the number of PP/IVIg cycles needed for suc-
cessful desensitization. For desensitization of patients on
the deceased donor waiting list, sufficient information may
be gathered by testing SAB assays on neat serum, one dilu-
tion around the C1q/CDC positivity (i.e., 1:32/64) and one
dilution near bead saturation (1:256/1:512). For the purpose
of measuring efficacy of ABMR treatment—similar
approach may be taken, with the potential addition of one
higher dilution (1:1024/1:2048) as many of the patients are
diagnosed with high level antibodies. Knowing the strength
of antibody at baseline may encourage continuation of
treatment as it will enable better documentation of efficacy.

2 | CONCLUSION

In summary, the performance of serum dilutions has
many practical applications pre- and post-transplant for
all organ groups. The approach to using serum dilutions
should be personalized to meet the needs of the patient
and the situation. SAB testing on as little as 1–2 dilutions
can provide adequate information in clinical practice for
desensitization, waitlist management, and ABMR treat-
ment. However, we strongly advocate that serial dilutions
and/or actual determination of antibody titer should be
standard protocol in clinical trials for desensitization or
ABMR treatment to quantify HLA antibodies accurately
and reliably. These practices in combination with accu-
rate HLA typing to correctly identify DSA specificity are
key aspects to further advance our understanding of the
relevance of DSA quantity on ABMR outcomes and
refine ABMR treatment approaches.
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