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Abstract

Donor-specific antibodies (DSA) directed against human leukocyte antigens (HLA) are
regarded as the principal cause of graft failure, including allograft loss. Especially cytotoxic,
i.e., complement-fixing, antibodies have long been classified as clinically highly deleterious in
the context of graft failure. The complement-dependent cytotoxicity assay (CDC), performed
in cell-tray analyses, has been used to define these antibodies for more than 40 years, but
generally lacks sensitivity. Due to its limited resolution, which does not exceed the single-
donor level, it also cannot specify distinct antigens, especially in highly immunized patients.
About fifteen years ago, this problem was overcome by broadly established Luminex-based
single-antigen specification assays (SAB), which identify antibodies directed against
recombinant single HLA antigens. To specify complement-fixing antibodies of postulated
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higher clinical relevance, these assays were supplemented by two commercial kits, initially by
the Clq assay and later by the C3d assay. Here, we used the C3d assay to investigate serum
from 74 selected patients on kidney waiting lists, which represent three groups, each with
increasing levels of immunization/panel-reactive antibodies (%PRA): (i) with only anti-HLA
class | antibodies (n = 24); (ii) with only anti-HLA class Il antibodies (n = 21); and (iii) with
combined anti-HLA class | and class Il antibodies (n = 29). Our data show that C3d assay-
defined cytotoxicity, especially for anti-HLA class | antibodies, strongly correlates with the
mean fluorescence intensity (MFI). Anti-HLA class | antibodies appear cytotoxic when
corresponding SAB MFI values exceed 6,000 to 7,000, whereas below this threshold
cytotoxicity does not appear. Dilution experiments showed that cytotoxic antibodies could be
converted to non-cytotoxic antibodies simply by falling below this threshold MFI value. In
contrast, anti-HLA class Il antibodies with cytotoxicity-defining threshold MFI-values between
1,500 and 2,000 differ by having a higher proportion of non-cytotoxic antibodies that even lie
above these MFI-values. Nevertheless, we conclude that due to strong correlations with SAB
MFIl-values (Pearson correlation coefficients of 0.69 for HLA-class | and 0.63 for HLA-class 1),
there is insufficient clinical applicability to justify the considerable amount of work involved,
and especially the high associated costs, for routine use of the C3d assay.

Keywords
Antibody-specification; anti-HLA antibodies; C3d; donor-specific antibodies (DSA); kidney
allografting; Luminex technique; mean fluorescence intensity (MFI)

1. Introduction

More than 50 years ago, the correlation between antibodies directed against donor tissue
antigens and hyperacute allograft rejection was first described [1]. Later studies provided evidence
that these donor-specific antibodies (DSA) are primarily directed against the major
histocompatibility complex (MHC), the human leukocyte antigens (HLA) [2, 3]. Based on these
findings, and in order to prevent prospective kidney recipients from hyperacute or acute allograft
rejections, a complement-dependent cytotoxicity crossmatch technique (CDC-XM) was developed
and established as the standard technique in the 1970s. Lymphocytes isolated from a given donor’s
blood are incubated with the prospective recipient’s serum to facilitate a complement-dependent
attack after adding complement from rabbits. Since the development of the technique, a resulting
DSA-mediated cytotoxic (complement-dependent) effect, i.e., a positive outcome of this CDC-XM,
is classified as a clear contraindication defining the incompatibility of this contemplated donation.
This is because initiation of the classical pathway of complement activation through DSA is regarded
as the most prominent mechanism provoking allograft injury. Observations made in the early 1990s,
which indicated that cleavage products of the complement activation cascade, such as C3d and C4d,
were immunohistochemically detectable in the capillaries of the majority of rejected kidney
allografts were in accord with this original functional assumption [4-7].

This CDC-XM technique was also implemented as an antibody specification assay. This assay,
which is referred to as the ‘cell tray analysis’, uses a cell panel of PBL or CLL and represented the
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‘gold standard’ for specifying anti-HLA antibodies until the late 1990s. However, this CDC-based
assay was characterized by severe drawbacks, including limited sensitivity and especially its
specificity, mainly due to its poor level of resolution [8, 9]. Furthermore, the CDC-XM, as well as the
cell tray analyses, were highly susceptible to false-positive results when sera were used from
recipients who suffered from autoimmune diseases, particularly of the immune complex type (type
[ll) [10]. Additionally, using PBL-based cell trays, it was not possible to define unequivocally
antibodies directed against HLA-class Il antigens, which severely limited the procedure.
Nevertheless, due to logistical problems or inadequate storage conditions, the background signal
caused by dead cells frequently reduced the capability of identifying the antibody-mediated
reactions.

In order to circumvent these issues, various solid-phase-based assays were developed and
implemented in many tissue-typing laboratories as early as the 1990s, such as the flow cytometric
FlowPRA assay, which in its initial design comprised a total of 60 HLA class | or class Il specificities.
These were detectable as panels of either HLA-class | or class Il antigens on the surface of
microparticles/beads, which provided a platform for antibody specification that was independent
of cell vitality [11, 12]. Although FlowPRA cytometric analysis represented the most sensitive
method among the techniques utilized, it was characterized by a high technical complexity and a
high financial investment.

An alternative approach used ELISA-based screening and antibody-specification assays, which
had lower technical complexity and had lower associated costs [13-16]. A further advantage of this
technique was that most laboratories had an ELISA reader as standard equipment.

In terms of both sensitivity and specificity, nearly all of these solid-phase assays were superior to
the original cell tray analyses. However, the resolution of the solid-phase assays, with only a few
exceptions, did not attain the level to define specificities, which are directed against single antigens
[9]. It should be noted that for highly immunized patients in particular, a high level of resolution is
indispensable for the implementation of “virtual cross-matching”, denoting the concept of validly
excluding organ donations as a consequence of a recipient’s identified antibody specificities,
without the approach of physical (de facto) cross-matching. Apart from the development of the
DynaChip technology as the only completely automated system, which was later discontinued by
the manufacturer for commercial reasons, only the Luminex multiplex bead-based technology
remains as a system with the capability to analyse simultaneously up to 100 microparticles carrying
different single antigens [10, 17, 18]. Although the DynaChip array has been re-launched as HISTO
SPOT® HLA AB, a single-antigen assay by another manufacturer [19], the Luminex technique remains
to provide the application of single-antigen specification assays. Two manufacturers supply it:
Thermo Fisher/One Lambda and Werfen/Immucor. Nevertheless, the Luminex-based arrays,
especially the LABScreen Single Antigen HLA class | and Il supplied by Thermofisher/One Lambda,
have been discussed controversially in the context of the validity and clinical relevance of some data.
False-positive results have been reported for subjects without any allo-immunization due to ‘natural’
antibodies, which are directed solely against recombinantly generated, i.e., denatured, and not
against physiologically assembled HLA molecules [20-26]. Beyond this aspect of allograft-irrelevant
natural antibodies, a second problem concerns low-titer antibodies, which are characterized by low
MFI values. For several years, it has been discussed whether all DSA, which are identifiable in the
Luminex Single Antigen Technique, are of clinical relevance. Moreover, this is important to define
the MFI threshold value, above which DSA should be regarded as clinically relevant [27, 28]. False-
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negative results have additionally and repeatedly been reported using the Luminex technique,
mainly as a consequence of the prozone effect [29, 30]. This indicates that any methodical standard
necessary to define true from artificial results has not yet been defined due to various reasons,
including the different technical approaches adopted [9, 19], as well as significant differences in the
outcome of Luminex-based single-antigen assays manufactured by the two suppliers [9, 26, 31].
Given the published and widely recognized clinical significance of complement-fixing antibodies
and the manifold drawbacks of cell-tray analyses for reliable identification, supplementary Luminex-
based complement-activation assays (C1q/One Lambda-Thermofisher and C3d/Werfen-Immucor)
have been developed. In addition to allowing specification of these antibodies, these assays provide
evidence suggesting that these antibodies include activation of the complement cascade. In contrast
to hitherto unresolved questions resulting from the diverse Luminex-based specification assays, the
in vitro assessment described in this current study aimed to reliably identify the antibodies
responsible for the deleterious activation of the complement system. We present data for the
Werfen/Immucor C3d-solid-phase assay based on analysis of 74 selected sera from patients on a
kidney waiting list. This cohort represents three groups of patients with increasing levels of
immunization/panel-reactive antibodies (%PRA). These groups include patients exhibiting: (i) anti-
HLA class | antibodies only (n = 24), with 6-92% PRA; (ii) anti-HLA class Il antibodies only (n = 21),
with 10-97% PRA; and (iii) combined anti-HLA class | and class Il antibodies (n = 29), with 0-98% PRA.

2. Patients and Methods
2.1 Patients

Sera of 74 patients from the kidney waiting list were collected between March and November
2024 and retrospectively analyzed. Prior to analysis, the sera were stored at -28°C. The sera of the
patients represented three groups, which could be analyzed separately. The first group comprised
patients (n = 24) exhibiting only anti-HLA-class | antibodies; the second group included patients (n =
21) exhibiting only anti-HLA-class Il antibodies; whereas the patients of the third group (n = 29) were
characterized by antibodies against HLA-class | as well as class Il antigens. All groups were
characterized based on the Luminex-based single donor-defined levels of HLA-specificimmunization
of the patients, which lay between either no or low levels (0-10%, respectively) or high levels (92-
98%). All serum samples were first analyzed for anti-HLA antibodies using either the classic, i.e.,
CDC-based cell-tray analysis, or the Luminex-based antibody specificity at the corresponding single-
donor (SD) level. Increasing PRA values and corresponding antibody specificities, as comparatively
determined by Luminex-based single-donor analyses and the corresponding CDC-based cell-tray
analyses, are presented in Table 1. Furthermore, the sera of all patients were investigated using
Luminex-based antibody specification at the single-antigen (SA) level and, additionally, all
antibodies directed against definable specificities were tested for their additional capability of
activating the complement cascade through the use of the C3d detection kit.
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Table 1 Increasing Luminex Single-Donor (ID-) based PRA values and identifiable
antibody specificities in comparison with the corresponding data of CDC-based cell-tray

analyses.
Pat. ID PRA [%] Lum-ID  Spec. Lum-ID (n) PRA[%]CDC  Spec. CDC (n)
Cl. 1 cl.n -DTT
5 6 0 1 15 0
6 8 0 1 8 0
18 8 0 1 19 0
19 8 0 2 23 9
1 10 0 1 12 1
14 0 2 18 0
21 14 0 1 13 0
11 18 0 3 34 .
15 20 0 3 5 0
2 24 0 2 17 0
14 30 0 3 12 0
22 32 0 6 12 0
10 3 0 5 30 0
23 44 0 6 17 0
9 46 0 5 55 5
17 48 0 9 g 0
16 54 0 15 17 1
3 60 0 13 27 0
20 60 0 2 19 0
8 62 0 8 30 5
13 66 0 13 7 0
24 68 0 17 18 6
7 86 0 19 68 7
25 92 0 15 17 .
55 0 10 2 n.def. 0
57 0 10 1 n.def. 0
58 0 10 1 n.def. 0
59 0 12 2 n.def. 0
60 0 12 1 n.def. 0
61 0 12 2 n.def. 0
62 0 13 1 n.def. 0
63 0 13 1 n.def. 0
64 0 14 3 n.def. 0
65 0 19 4 n.def. 0
66 0 13 3 n.def. 0
67 0 24 5 n.def. 0
68 0 29 2 n.def. 0
69 0 30 1 n.def. 0
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70 0 47 4 n.def. 0
71 0 48 5 n.def. 0
72 0 50 5 n.def. 0
73 0 52 2 n.def. 0
74 0 57 4 n.def. 0
75 0 67 8 n.def. 0
56 0 97 14 n.def. 0
50 0 0 0 100 0
52 1 0 1 92 0
54 2 8 1 18 0
27 8 3 1 30 0
28 10 13 4 35 0
42 10 27 1 38 0
43 10 37 2 27 0
49 10 4 0 39 0
34 10 93 36 97 0
51 12 0 1 87 0
30 14 10 3 22 0
33 16 33 2 20 0
36 16 24 6 34 0
44 16 45 4 28 0
29 18 67 9 57 0
38 20 60 3 43 0
46 20 64 8 22 0
26 24 10 2 15 0
53 24 17 2 n.d. n.d.
41 26 5 3 23 0
32 28 33 7 37 0
37 30 43 7 33 1
35 44 10 12 35 1
45 50 10 11 45 2
a7 72 13 11 53 1
40 80 63 26 47 5
31 82 97 35 30 1
39 88 10 14 38 2
48 98 77 26 83 5

Blue, patients exhibiting only anti-HLA class | antibodies; Green, patients exhibiting only anti-
HLA class Il antibodies; Yellow, patients exhibiting both anti-HLA class | and class Il antibodies;
bold and underlined lettering, high CDC-based values due to underlying autoimmune
phenomena without corresponding Luminex-definable specificities.

CDC, Complement-Dependent-Cytotoxicity/Lymphocytotoxicity Assay (Cell-Tray Analysis); Lum-
ID, Luminex-based Single-Donor (ID-) assay; n.d., not determined due to lack of serum; n.def.,
not definable; PRA [%], panel-reactive antibodies [%]; Spec., antibody specificities.
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2.2 Luminex-Based Werfen/Immucor Antibody Specifications at the Single-Donor (SD/ID) and the
Higher Single-Antigen (SA) Levels

2.2.1 Luminex Single-Donor (SD/ID) Analysis

Generally, Luminex-based antibody specification at the SD-level of resolution was performed to
provide a level of resolution comparable to that of CDC-based cell-tray analysis. While the data from
high-level single-antigen specifications differ from those of lower-level cell-tray assays, it was
meaningful to compare solid-phase-based antibody specifications with cell-tray analysis at the
corresponding levels of resolution. Single-donor analysis was performed at room temperature in
accordance with the guidelines provided by the manufacturer (Werfen/Immucor, Stamford, USA).
Briefly, 12.5 ul of each serum sample and 12.5 pl each of a positive and a negative control serum
were mixed with 40 pl of washing buffer using the wells of a 96-well plate. A 5 ul aliquot of
thoroughly resuspended class | or class Il beads was added, followed by an incubation in the dark
for 30 min using an incubation shaker. After three additional washing steps using 200 ul of washing
buffer for each step, 50 pl of secondary phycoerythrin-conjugated anti-human IgG antibody was
added. Incubation took place in the dark, as described above. The beads in each well were
thoroughly resuspended using 150 ul of washing buffer and afterwards analyzed within one hour
using the Luminex 200 system. Three beads representing the negative controls Con1-3 (Conl coated
with albumin, Con2 coated with glycoprotein IV, Con3 uncoated blank beads) should exhibit low
MFI values, as defined for each lot by the manufacturer. Beads were calculated to be either positive
or negative using the standard evaluation protocol of the Match IT software of Werfen/Immucor.

2.2.2 Luminex Single-Antigen Analysis (LSA)

The procedure was performed at room temperature and in complete accordance with the
instructions provided by the manufacturer Werfen/Immucor (Lifecodes SA class | & Il single antigen
assays, Stamford, USA). Briefly, 10 ul of each serum sample and, additionally, 10 ul of positive and
negative control serum were mixed with 40 pl of Luminex Single Antigen (LSA) class | or class Il beads.
Incubation took place in the dark for 30 min. After washing, a 50 pl aliquot of secondary
phycoerythrin-conjugated anti-human IgG antibody was added, followed by an incubation for 30
min in the dark. Afterwards, 150 pl of washing buffer was added per well. The beads were
thoroughly resuspended, and the samples were measured using the Luminex 200 system. Data
analysis was performed according to the standard evaluation protocol using the Match IT software
of Werfen/Immucor, setting an overall lower cut-off value of 750. In order to avoid lot-to-lot
variations, all analyses were carried out using kits from a single lot.

2.2.3 C3d-Binding Assay (C3d)

The same sera tested for specifiable anti-HLA antibodies were subsequently tested for their
complement-activating capability, as illustrated by the flow scheme of Figure 1. Again, all
procedures were performed at room temperature in complete accordance with the manufacturer’s
instructions (Werfen/Immucor Lifecodes C3d assay, Stamford, USA). Generally, the same antigen-
coated beads used for antibody specification were used for detecting their complement-activating
capacity. Briefly, 1 ul of C3d-positive control bead suspension was incubated with 40 ul of HLA class
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| or class Il single-antigen bead suspension and subsequently mixed with a 10 ul aliquot of serum
from the respective patients (alternatively, samples were mixed with 10 pl of positive or negative
control serum, respectively). After an incubation period of 30 min in the dark, 30 ul of serum (from
male and healthy donors) was added as a source of complement, and the mixture was incubated in
the dark for a further 30 min. After three washing steps, 50 ul of monoclonal phycoerythrin-
conjugated anti-human C3d antibody was added, and the suspension was incubated for a further
30 min in the dark. After two final washing steps, the bead suspension was thoroughly resuspended
and analyzed using the Luminex 200 analyzer. Positive results for C3d were automatically assigned
by the xPonent software when two of the following three criteria were fulfilled: (i) background-
adjusted MFI value >1,500; (ii) R-strength >4.0; and (iii) BCR-neg >4.0. The procedure is illustrated
in Figure 1.

J C1- complex
Anti-HLA antibody  Addition of human 4 A"\i“‘\

[\
Addition of Ter”m tas ®e®
HLA-antigen patient’s serum l & comPpRmel: soHnce
%
b \J

- s ’Jé W
“ complement cascade
.~ through the classical

Fluorescent dye labeled bead
4/‘\\‘\ ‘ ;\ pathway

%4 £ d

Cleavage of the

Activation of the

Addition of monoclonal

- : C3-molecule and
antl-CS?bdec:ect|on C3d deposition of the
o Avand il e ‘ generated C3d-
conjugated
anti-human C3d fragment
antibody

Figure 1 Workflow of the C3d assay identifying complement-fixing antibodies.
2.3 Cell-Tray Analysis (CDC-Based Antibody Specification Using a Panel of 60 PBL Cells)

Commercial, deep-frozen (-80°C) SeraScreen FCT 60 cell trays (BAG, Lich, Germany) were thawed
for 5 min directly before use at room temperature (RT). Cells were washed with 10 ul of FCS (25%
v/v)/PBS washing buffer by incubating them for 10 min at RT. The washing buffer was removed, and
2 ul of patient serum was added to each well and incubated for 30 min at RT. Afterwards, a 5 pl
aliquot of rabbit complement was added to each well to induce complement-mediated cell lysis.
The incubation took place for 60 minutes. Finally, a 2 pl aliquot of Fluoroquench solution (BmT/One
Lambda, Meerbusch, Germany), containing both acridine orange (vital dye) and ethidium bromide
(lethal dye), was added to each well and incubated for another 15 min in the dark. We evaluated
the percentage of red/dead cells using the National Institutes of Health (NIH) scoring system.
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Reactions characterized by at least an additional 20% of dead cells (NIH score of 4) in comparison
to the negative control serum (score 1) were regarded as positive. Positive control sera had to
exhibit an NIH score of 8 (at least 80% of dead cells) to define the results of the serum under
investigation as valid. Furthermore, cell vitality had to attain at least 90% (not exceeding a score of
1), as demonstrated through the use of the negative control serum. Panel-reactive antibodies (PRA)
were calculated as follows: PRA [%] = number of positive reactions/number of wells (60) x 100.

3. Results
3.1 Superiority of the Luminex-Based Specification Over the Cell-Tray Analysis

Patients were initially chosen in terms of increasing panel-reactive antibodies (PRA%) as
summarized in Table 1. We first compared the data of Luminex-based antibody specifications of the
single-donor (SD/ID) level with those of PBL-based cell-tray analyses in order to define a comparable
level of panel-reactive antibodies and to determine clearly definable antibody specificities for both
systems (Table 1).

The superiority of Luminex-based specifications was evident particularly for the group of patients
(green in Table 1) who exhibited only anti-HLA class Il antibodies. No anti-HLA class Il antibodies
were unequivocally identifiable for all of these patients, because at most 25% of PBL, representing
the portion of antigen-presenting cells, led to NIH scores not higher than 2/4 (doubtful to weakly
positive). Thus, for all patients of this group (green in Table 1) the PRA-values as well as antibody
specificities were not validly identifiable. It should be noted in this context that cell trays plated with
chronic lymphocytic leukemia (CLL) cells bearing HLA class Il antigens were no longer commercially
available when these investigations were carried out, leading to a limitation in terms of identifying
anti-HLA class Il antibodies. The same problem occurred for patients exhibiting anti-HLA class | as
well as anti-HLA class Il antibodies (yellow in Table 1), which are listed by increasing percentages of
HLA-class I-specific antibodies. All CDC-based specificities clearly define antibodies that are directed
against HLA-class | antigens (Pat. ID 31, 35, 37, 39, 40, 45, 47 and 48 in Table 1), whereas no HLA-
class Il specificities were definable. Thus, again the cell-tray-based specification data provided in
this group are, without exception, based on anti-HLA class | antibodies. Luminex-based solid-phase
assays allowed valid antibody specifications in 72/74 cases (97%), in contrast to only 17/74 cases
(23%) of cell-tray analyses. Of interest are three patients (Pat. ID 50, 51, 52) that exhibited CDC-
based PRA values of 100%, 87%, and 92%, respectively. These three patients (highlighted by bold
and underlined lettering in Table 1) were characterized by underlying immune-complex (type Ill)
autoimmune diseases leading to nonspecific cell-tray signals, as opposed to the absence of HLA
specificities (Pat. ID 50), or exhibiting only one specificity (Pat. ID 51, 52) validly identifiable by
Luminex analyses. Patient ID 50 was the most prominent example, who, although exhibiting scores
of between 6 and 8 in all wells of the cell-trays, showed no definable specificity in the Luminex-
based assay. Generally, and as anticipated, the superiority of the Luminex-based analysis over CDC-
based cell-tray analysis is clearly demonstrable, despite the Luminex-based technique not being
implemented at the highest single-antigen level of resolution, but instead at the lower SD-level. This
was done to make both procedures comparable. In this context, it must be critically assessed
whether the 13 or more antibody specificities, as defined by Luminex-based single-donor analysis
(e.g. Pat. ID 3, 7, 13, 16, 24, 25), really represent validly definable specificities and are not in part
due to misinterpretation of the data. One drawback of using the SD-system alone is its limited
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resolution, because overlapping single antigens result from immobilizing HLA-class | or class Il
antigens from a single donor on a single carrier bead. Thus, multiple specificities may be better
defined using high-level single-antigen resolution. Taken together, the results show significant
deficiencies in the cell-tray analyses and point to the need to establish a solid-phase-based
procedure in order to identify complement-activating antibodies.

3.2 Comparative Antibody Specifications Using the Luminex Single-Antigen Specification Kit and
the Additional C3d Module to Classify These Antibodies in Terms of Complement Activation

The Luminex Single-Antigen (LSA) antibody specification system allows antibody specification at
the highest level of resolution, as only single antigens are immobilized on individual beads after their
recombinant production. The additional C3d module allows the classification of the specified
antibodies as either complement-activating or not. Typical data are shown for patient ID 8 who, in
contrast to the single-donor level with eight specificities (Table 1), exhibited 14 specificities at this
higher level of resolution with immobilized single alleles (Figure 2a).
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a

Pat. LSA LSA LSA-C3d LSA-C3d

D molecular/allelic corresponding allelic serological
specificities serological specificities equivalents

equivalents of of
complement- complement-
fixing Ab fixing Ab

8 A*01:01 Al A*01:01 Al
AF23:01 A23(9) A*23:01 A23(9)
A™24:02 A24(9) A*24:02 A24(9)
A26:01 A26(10) A™26:01 A26(10)
A729:.01 A29(19) - -
AT29:02 A29(19) A*29:02 A29(19)
A*36:01 A36 A*36:01 A36
AF43:01 A43 A*43:01 A43
AT80:01 A80 A*80:01 A80
B*15:12 B76(15) B*15:12 B76(15)
B*44:02 B44(12) - -
B*44:03 B44(12) B*44:03 B44(12)
B*45:01 B45(12) - -
B*82:02 B&2 B*82:02 B&2

b
30000 -:
B LSA mC3d
25000 -
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15000 -+

MFI
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& A A,
s s \'a s L' el
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Figure 2 (a) Listing of the complete number of allelic HLA-class | antibody specificities of
patient ID 8 using the Luminex-based single antigen specification (LSA, column 1) and
their serological equivalents (LSA, column Il) in comparison to the specificities of

complement-fixing antibodies (green lettering) shown using the allelic notation (C3d,
column Ill) and by the serological equivalents (C3d, column IV). (b) MFI values of the
Luminex-based allele-specific antibodies (blue histograms, LSA) in comparison with
corresponding signals generated by detecting the complement cleavage product C3d

(red histograms, C3d).
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The 14 molecular/allelic specificities depicted in column 1 were reducible to 12 serological
specificities/phenotypes, which are depicted in column 2 of Figure 2a. Thus, four additional
serological specificities (HLA-A43, B45, B76 and B82) were identifiable in comparison to the
specification performed at the SD level. Of the 14 allelic specificities identified, only three (A*29:01,
B*44:02 and B*45:01) were identified to lack the activation of the complement system, whereas 11
were shown to be capable of binding complement. There is a clear correlation between the MFI
values of the identified antibody specificities (blue histograms) and the C3d-specific signal (red
histograms), as an indicator of the complement-fixing capacity of the respective antibodies. All
antibodies directed against their specificities with MFl-values higher than 6,000 exhibited
complement-fixing capacity, whereas antibodies with MFl-values lower than this threshold nearly
(B*44:03), or completely (B*45:01, B*44:02 and A*29:01), lacked this feature (Figure 2b). In order
to substantiate this assumed correlation, the antigen-specific MFI values of patient ID 8 were
plotted against the corresponding C3d-specific MFI values. These results summarize those of all 74
patients. Figure 3 shows their MFI values separated by HLA-class | (orange squares) and class Il (blue
circles) specific antibodies.
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Figure 3 Plot of the MFI-values of all HLA-antibody specificities (LSA) against the
corresponding MFl-values of C3d-detection (C3d) for the whole cohort of 74 patients,
separated according to HLA-class I-(orange squares) and HLA-class Il-(blue circles)
specific antibodies. The calculated coefficients of correlation were 0.69 for HLA-class |
and 0.63 for HLA-class ll-specific signals, thus demonstrating a high correlation for the
antibodies directed against the antigens of both HLA-classes.

As expected, the paired values of both HLA-classes were characterized by high mean variations.
Both class I- and class lI-specific antibodies, however, showed a linear correlation, with the Pearson
coefficients calculated to be 0.69 for HLA-class | and 0.63 for HLA-class ll-specific antibodies.

Further experiments were performed to substantiate the correlation between the strength of
the MFl-values of the antibody specificity and C3d-positivity, representing a dimension of
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complement-fixing capacity. For this reason, the sera of three patients were subjected to linear
dilution steps. Table 2 shows representative results for patient ID8.

Table 2 Reduction of Luminex-LSA-specific MFl-values and the resulting loss of C3d-
positivity as a consequence of increasing serum dilutions (patient ID 8).

HLA-class |
Spec. MFI-LSA C3d MFI-LSA C3d MFI-LSA C3d MFI-LSA C3d MFI-LSA C3d
undiluted 1:2 1:4 1:8 1:16

A*01:01 12242  ++ 11804 ++ 11473 ++ 6366 + 5896 +
A*23:01 12170  + 11149 + 8206 + 3007 @ 2678 1)
A*24:02 12263 + 11084 + 10004 + 3909 + 3008 1)
A*26:01 10318 + 6307 @ 4256 @ 873 P @ 1)
A*29:01 2582 @ 1763 @ 907 ? @ 2 @ 1)
A*29:02 6616 + 2719 @ 2059 3 @ 3 @ 1)
A*36:01 13337  ++ 12398 + 9194 + 2137 @ 1993 1)
A*43:01 12062 + 8313 @ 4630 @ 947 P @ 1)
A*80:01 15514 ++ 17582 ++ 15594 ++ 9189 + 7209 +
B*15:12 11295  ++ 9342 + 6465 + 1545 @ 1012 1)
B*44:02 4128 @ 2342 @ 942 ? @ 2 @ 1)
B*44:03 4500 @ 2561 @ 1559 3 @ 3 @ @
B*45:01 5035 @ 3839 @ 1845 P @ P @ 1)
B*82:02 5147 @ 3502 @ 2007 P @ P @ 1)

C3d, classification of C3d-specific MFl-values; ++, C3d-positive with MFI-values 210,000; +, C3d-
positive with MFl-values <10,000; @, C3d-negative; black lettering, C3d-positive and
corresponding allele-specific MFI-values; red lettering, C3d-negative and corresponding allele-
specific MFl-values.

Eight out of 14 specificities characterized by complement-fixing antibodies were reduced to only
two specificities (anti-A*01:01 and anti-A*80:01) over the serum’s serial dilution steps between 1:2
and 1:16. Moreover, strong complement-activating antibodies with C3d-specific signals higher than
10,000 (++ in Table 2) could be diluted to C3d-negative results after three steps (@ in Table 2). This
clearly demonstrates the correlation between the titer of the antibodies as indicated by their MFI-
values and their capability of activating the complement cascade.

Figure 4 depicts this correlation more clearly, showing antigen-specific MFI values plotted against
corresponding C3d-specific MFI values, again exemplified by patient ID8, in which the patient’s
serum was diluted over serial steps from undiluted to 1:16.
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Figure 4 Plots of the MFl-values of HLA-class | antibody specificities (LSA) against the
corresponding values of C3d detection (C3d) for patient ID8 using undiluted serum (blue)
and four successive serial dilution steps (1:2/green, 1:4/orange, 1:8/yellow, and
1:16/red). The loss of C3d-positivity as a consequence of serum dilution is shown to lead
to LSA-specific threshold MFI values for C3d-positivity of between 6,000 and 7,000
(black line).

In good accordance with the data in Figure 2b and Table 2, it is evident that any complement-
fixing capability is ultimately lacking as a consequence of dilutions steps that led to antigen-specific
MFI values lower than about 6,000. This clear threshold value is indicated by the black vertical line
in Figure 4. Sera of two additional patients (ID 13 and ID 24) were diluted and the resulting antigen-
specific and C3d-specific MFI values were plotted in the same way (data not shown). The resulting
threshold values for C3d-positivity were both between 6,000 and 7,000, thus leading to very similar
antigen-specific threshold MFI-values below which no complement-fixing capacity of the antibodies
was detectable.

Interestingly, and in contrast to expectations, several HLA-class | specificities, which were
identifiable by cell tray analyses (CDC-only-specificities) in eight patients (ID 1, 9, 16, 19, 31, 35, 45,
47), were not definable as complement-activating using the supplementing C3d-assay (Table 3).
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Table 3 Antibody specificities identifiable by CDC-based cell-tray analysis, but not by the
Luminex-C3d assay due to corresponding MFI-values of LSA-definable specificities below

6,500.

Pat. ID Spec. CDC Spec. LSA/MFl-values Spec. C3d

1 B35 B35/4,100 1)

9 A69(28) A69(28)/4,200 1)
A68(28) A68(28)/4,400 1)

16 B52 B52/5,400 1)

19 B65 B65/4,800 @
cw7 Cw7/7,600 cw7

31 B18 B18/5,600 1)

35 A23 A23/3,900 1)
B27 B27/5,600 @

45
B56 B56/4,700 @

47 Al A1/6,400 1)
A29(19) A29(19)/7,900 A29(19)

Spec. CDC, Specificities definable using CDC-based cell-tray analysis; Spec. LSA/MFI-values,
Luminex-based single-antigen definable specificities and corresponding MFl-values; @, not
definable as complement-fixing using the C3d-assay; Spec. C3d, specificities in black lettering,
definable as complement-fixing using the C3d-assay.

All of the identified specificities appear valid, as they were all clearly definable using the Luminex
single-antigen analysis with antigen-specific MFI-values between 3,900 and 6,400. All of these
values, however, are below the threshold value of C3d-positivity delimitable to MFl-values of about
6,500 (Figure 4). In spite of many more antibody specificities definable as complement-activating
using the highly resolving C3d-assay, the conclusion must be drawn that this assay lacks sensitivity,
which apparently does not even attain the sensitivity of the CDC-based cell-tray analysis depicting
antibody specificities with corresponding MFI-values as low as approximately 4,000. This lack of
sensitivity independently limits the benefit of the C3d assay, as CDC-based cell-tray analysis for
antibody specification is already considered insufficiently sensitive and shows no antibodies with
MFI values below 3,000 to 4,000.

Analogous dilution experiments were subsequently performed exemplarily for three patients
exclusively depicting HLA-class ll-specific antibodies (Pat. ID 67, 72, 75). As expected, due to the
HLA-class ll-specific coefficient of correlation, which had formerly been calculated as 0.63 (Figure 3),
the results of the dilution-dependent correlations of LSA-based antigen-specific MFI values and their
resulting positivities in the C3d assay proved to be quite similar. Representative data are shown for
patient ID 75 whose serum was investigated using four consecutive dilution steps between 1:2 and
1:16 (Figure 5).
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Figure 5 Plots of the MFI-values of HLA-class Il antibody specificities (LSA) against the
corresponding values of C3d-detection (C3d) of patient ID75 using undiluted serum
(blue) and four serial dilution steps (1:2/green, 1:4/orange, 1:8/yellow and 1:16/red).
The loss of C3d-positivity as a consequence of serum dilutions is exhibited, leading to
LSA-specific threshold MFI-values of C3d-positivity between 1,500 and 2,000 (black line).

Using undiluted serum of patient 75, the Luminex single-antigen specificity assay identified 22
single specificities, of which 17 (77%) were definable as C3d-positive (Figure 5, blue spots). In
contrast, after the final 1:16-dilution step, only 11 specificities were identifiable, of which only two
(18%) were definable as C3d-positive (Figure 5, red spots). Thus, as also shown for antibodies
specific for HLA-class Il antigens, the correlation between antibody strength/titer (approximately
depicted by MFIl-values) and the corresponding capacity to fix complement (depicted by the
detectability of C3d) was clearly demonstrable.

However, one striking difference between antibodies directed against one class or the other of
HLA antigens should be noted. The antigen-specific threshold value distinguishing C3d-positive from
C3d-negative antibodies being in the range of 1,500 to 2,000 was much lower for HLA-class lI-specific
antibodies. This contrasts with HLA-class I-specific antibodies, which had a substantially higher
threshold value, and was the case for all three sera (Pat. ID 67, 72, 75) investigated in this regard
(data not shown). Thus, the HLA-class ll-specific threshold value came considerably closer to the
lower cut-off for raw MFI values (750), which was set to define antibody specificities as either
positive or negative. The situation described for eight sera with HLA-class | specificities, which are
definable as complement-fixing based on the cell-tray analyses rather than on the Luminex-based
C3d assay due to its insufficient sensitivity (Table 3), does not appear to apply to HLA-class II-specific
antibodies. Unfortunately, the chronic lymphocytic leukemia (CLL)-based cell trays bearing HLA-
class Il antigens are no longer commercially available and were thus unavailable for comparative
analyses.

Although the reason for the different sensitivity between HLA-class |- and HLA-class Il-specific
C3d assays could not be resolved, both classes showed threshold values below which all antibodies
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without exception lost their complement-activating capacity. Anti-HLA antibodies became
increasingly cytotoxic above these thresholds, reaching complete cytotoxicity that paralleled the
higher MFI values. Correlation coefficients of 0.69 (HLA-class |) and 0.63 (HLA-class Il) thus indicate
that the MFI values of the single beads are most probably the main reason for them being classified
as cytotoxic. Thus, it should be noted that the C3d assay does not provide independent results,
which may be of value in the future for the risk assessment of anti-HLA antibodies.

4. Discussion

Solid phase-based antibody specification systems have considerably improved the quality of
antibody diagnoses, with the consequence of improving both pre-transplant and post-transplant
prognosis. This has been achieved by better identification of humoral anti-HLA immune responses
as the main cause of late-graft loss [32, 33]. The initial investigations by Patel and Terasaki [1], who
introduced the CDC-based crossmatch more than fifty years ago, clearly showed that preformed
complement-fixing DSA represents a pivotal predictor of hyperacute rejections. Due to limitations
in the CDC procedure, particularly regarding sensitivity and specificity, various alternative
crossmatch techniques have been developed and implemented during the last decades [8-10, 34-
37]. However, the same principle of method is used by the CDC-based cell-tray analysis in order to
define antibody specificities, showing the same limitations that generate invalid results. Apart from
one publication highlighting the benefit of this assay, but with not entirely plausible arguments [38],
the cell-tray analysis has proved unsuitable due to clearly defined methodological drawbacks. These
limitations often prevent adequate diagnostic conclusions. The breakthrough was provided by the
high-resolution Luminex-based single-antigen assays for antibody specification, which allowed valid
virtual cross-matching, but unfortunately did not allow discrimination between complement-fixing
and non-complement-fixing antibodies. In those assays, all the 1gG isotypes of anti-HLA antibodies
are identified by use of pan-lgG-specific polyclonal secondary antibodies. However, it seemed clear
that the identification of complement-fixing anti-HLA antibodies may be a more suitable marker to
exclude the major cause of graft failure and consequently improve allograft survival [39].
Accordingly, it seemed reasonable to implement a system that combines the specificity and
resolution of the Luminex single-antigen assay with the capability to discriminate between highly
deleterious complement-fixing antibodies and other antibodies without this activity, which have
widely been regarded as minor risk factors for allograft loss.

In our study, we integrated cell-tray analyses of each serum sample, with Luminex-based
antibody specification at the corresponding single-donor (SD-) level in order to provide data
emphasizing the overall limitations of the CDC-based cell-tray analysis. Although the SD-level of
resolution did not correspond to the highest possible single-antigen (LSA-) level of the C3d-assay,
other drawbacks of the CDC-assay were clearly demonstrable. As expected, HLA-class Il antibodies
were not specifiable through the use of PBL-assembled cell-trays in the absence of CLL cell-trays.
Due to underlying immune-complex diseases exhibited by some patients, their corresponding CDC-
based PRA-values of 100%, 92% and 87%, proved to be over-represented in comparison to the
corresponding Luminex single-donor specifications. These failed to identify more than one
specificity and delivered PRA values of at most 12%. Furthermore, although the number of antibody
specificities deducible from the Luminex SD-assay was higher, due to overlapping specificities, the
number of validly identifiable specificities decreased in parallel to the increase in both cell-tray and
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Luminex SD analyses. In view of these key drawbacks of the cell-tray analysis, it is unclear why this
technique is still used as a diagnostic procedure, which is required to be performed at least annually
for all patients on kidney waiting lists supervised by Euro-transplant.

Given the limitations discussed above, complement-activation assays, combined with single-
antigen resolution, seem to be a suitable means of better assessing anti-HLA antibodies. It is for this
reason that this assessment of the 74 patients as listed above (Table 1) was initiated. Although our
findings for both anti-HLA class | and class Il antibodies were unexpected at the outset of the study,
they are, in hindsight, plausible. Without exception, antibodies were not definable as complement-
fixing below MFI-threshold values of 6,000-7,000 for anti-HLA-class | and below values of 1,500-
2,000 for anti-HLA-class Il antibodies. Although MFI values are not completely representative of
their corresponding antibody titers, for reasons discussed elsewhere [40], it can be concluded that
the titers of the respective antibodies are the determining factor for being classifiable as
complement-activating. Several similar investigations support this conclusion using the Clg-assay
from the manufacturer One Lambda, which became commercially available more than ten years
ago [41-43]. While one of those initial publications did not find a correlation between the MFI values
of single-antigen assays and a positive result in the Clg-assay [41], nevertheless, the striking
majority of those initial and subsequent studies clearly substantiated this correlation, which
detracted from the potential benefit of using this assay as a supplementary method [44-47].

The second assay developed to identify complement-fixing antibodies, labeled the C3d assay,
was launched about three years later by the manufacturer Lifecodes and is commercially available
(distributor Werfen/Immucor). Technically, it represented considerable progress in comparison
with the earlier C1q assay. The Clqg assay uses recombinant C1lqg, which must be added to bind
complement-fixing anti-HLA antibodies and be detected by a fluorophore-conjugated Clg-specific
monoclonal antibody. In contrast, the C3d assay detects the complement cleavage product C3d,
attached to the Luminex beads, as a consequence of an essential induction of the complement
system by the antigen-bound anti-HLA antibodies. For this reason, human serum must additionally
be added as a complement source. Thus, the capacity of HLA-specific antibodies to activate the
complement cascade is monitored instead of the mere binding of the initial component of the
classical pathway of complement activation (Figure 1). In addition, this principle of function is
characterized by increased sensitivity than the Clq system.

Our initial aim was to develop a procedure that completely replaces the outdated CDC-based
cell-tray analysis and to establish a system to reliably distinguish highly deleterious complement-
fixing antibodies from residual antibodies of minor relevance. This goal, however, was not reached
in this study. Indeed, several studies have been published, which attributed the capability of
identifying patients at increased or high risk of allograft loss to the C3d assay prior to, or at the time
of, antibody-mediated rejection [48-52]. All, however, failed to investigate a possible correlation
between MFI-values and C3d-mediated signals, although studies adopting this approach have been
published [53-55]. Our investigations align with those previous studies, reaching the same
conclusion; however, we were unaware of them before starting our investigation.

It is noteworthy that sub-isotype (subclass) 1gG1 is dominant among the four IgG-subclasses of
IgG1 (78%), 18G2 (49%), 1gG3 (36%) and 1gG4 (20%). 1gG1 and IgG3 are known as strong activators
of the complement system. 1gG2 is known to activate complement only sparsely, and 1gG4 lacks
complement-activating capability. Historically pre-transplant DSA were divisible into percentages of
28% for IgG1/1gG3, only 5% for 1gG2/1gG4 and 62% for mixed, i.e., both complement-fixing and non-
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binding subclasses [56]. Together, 90% of all patients were characterized by DSA composed of strong
or a mixture of strong and weak/no complement-activating 1gG subclasses with similar clinical
outcomes. Although 1gG4 and 1gG2 subclasses are well known to block the complement activation
induced by other subclasses, it is rather improbable that IgG2 and IgG4 dominate the HLA-directed
immune response in a manner that completely blocks complement activation. This open issue
remains to be clarified in future experiments, especially to determine the in vivo situation with
respect to the influence of HLA-directed IgG subclasses on complement system activation and to
assess the impact of these antibodies on allograft rejection.

5. Conclusion

The vast majority of complement-fixing/cytotoxic antibodies, as detected in the C3d assay, are
deducible from their high MFI values in the Luminex-based standard single-antigen assay. This is
indicated by Pearson correlation coefficients of 0.69 (HLA-class 1) and 0.63 (HLA-class Il) between
MFI values of antibody specificity and C3d positivity. Furthermore, dilution experiments led to a
reduction of C3d-positivity, even to its complete loss. It is noteworthy that our investigations depict
individual assay- and cohort-specific threshold values of semi-quantitative assays, characterized by
high inter-assay variations of their underlying MFI values. Thus, these values should not be regarded
as universally valid biological limits and should not be used to directly assess transplant outcomes
by predicting antibody-mediated rejection episodes or graft loss. Nevertheless, our investigations
clearly demonstrate that the C3d assay does not provide independent results, which may be of
additional value to risk assessment of anti-HLA antibodies. Because of the additional workload, high
costs, and lack of apparent benefit, we do not recommend implementing this assay in routine
laboratory practice.
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