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A B S T R A C T

Background: Although the Luminex single antigen flow beads (SAFB) and the flow cytometry crossmatch (FCXM)
are the most sensitive assays used for anti-HLA antibodies characterization in transplant recipients, their semi-
quantitative fluorescence read-out is not closely linked to graft outcome.
Methods: Surface plasmon resonance (SPR) was implemented to determine truly quantitative parameters of five
human monoclonal anti-class I HLA antibodies (mAbs): first the active concentration and then the binding
constants. The results were compared to those obtained with SAFB and T-cell FCXM (T-FCXM).
Results: The five mAbs displayed different rate and equilibrium constants for their cognate antigens. No cor-
relation was evidenced between SAFB MFI or T-FCXM ratio and the binding parameters measured by SPR. Some
mAbs amino acid substitutions within the epitope that influenced SAFB MFI resulted in affinity variations evi-
denced by SPR.
Conclusion: The SAFB MFI and T-FCXM ratio, both semi-quantitative parameters, only partially reflected the
subtlety of the anti-HLA antibody/antigen interaction as it can be analyzed by SPR. Future clinical studies using
SPR for anti-HLA antibodies characterization could bring novel insights into the understanding of HLA/anti-HLA
interaction and therefore anti-HLA antibodies pathogenicity.

1. Introduction

The release of the Luminex Single Antigen Flow Beads (SAFB) assays
was a major step forward in the management of organ recipients. These
multiplex assays are very sensitive for IgG donor-specific anti-HLA
antibodies (DSA) detection in recipients’ serum (Wiebe et al., 2012;
Guidicelli et al., 2016; Morrell et al., 2014; Visentin et al., 2016a; Smith

et al., 2011). In the pre-transplantation setting, SAFB results can be
confirmed using flow cytometry crossmatching (FCXM) (Visentin et al.,
2016b). Both assays are often used in a semi-quantitative fashion,
considering that the measured Mean Fluorescence Intensity (MFI) re-
flects the clinical “strength” of a DSA. However, many studies show that
DSA MFI is not perfectly associated with graft outcomes (Wu et al.,
2013; Lefaucheur et al., 2010; Courant et al., 2018; Salvadé et al.,
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2016). Possible explanations are that SAFB and FCXM assays are diffi-
cult to standardize (Reed et al. (2013); Wu et al., 2013) and that SAFB
assays suffer well-described positive (Morales-Buenrostro et al., 2008;
Visentin et al., 2014a, 2015) and negative interferences (Schnaidt et al.,
2011; Visentin et al., 2014b, c; Guidicelli et al., 2018) that introduce
bias in clinical interpretations. Moreover, these assays do not routinely
assess other antibody characteristics which are linked to Fc region, e.g.
IgG subclass, which determine the effector response that will be in-
duced (Freitas et al., 2013; Lefaucheur et al., 2016).

Besides these issues, other potential parameters possibly linking
DSA MFI and pathogenicity have not been explored so far. Among them
are the DSA active concentration and the affinity to their cognate HLA
ligands, as well as antigen density and epitope availability on SAFB
surface or on donor cells used for crossmatching. We recently developed
a capture system to measure the active concentration and the affinity of
anti-class I and DQ HLA antibodies by surface plasmon resonance (SPR)
(Visentin et al., 2016d, 2018).

SPR-based biosensors can monitor in real time the binding of the
antibody to its HLA target captured by a specific anchor immobilized
onto the sensor chip (Jönsson et al., 1991; Fägerstam et al., 1992).
Importantly, knowing the active concentration of the anti-HLA anti-
body, i.e. the fraction able to interact with the target, is a prerequisite
for an accurate determination of the binding kinetics of the interaction
and therefore of the dissociation equilibrium constant, which is equal to
the ratio of the binding rates. However, calibration curves cannot be
used for measuring anti-HLA antibody concentrations because anti-
bodies are by nature almost all unique to a recipient (Duquesnoy,
2011). The Calibration Free Concentration Analysis (CFCA) approach
has been developed for such situations (Christensen, 1997; Richalet-
Sécordel et al., 1997). We successfully adapted it in a capture mode for
measuring the active concentration of anti-HLA antibodies (Visentin
et al., 2016d, 2018).

The binding of anti-HLA antibodies to their cognate antigens
strongly depends on surface accessible polymorphic amino acids (a.a.)
named by Duquesnoy et al.” eplets” (Duquesnoy, 2011). Eplets are
expected to engage most of the interaction strength between the an-
tigen and the antibody. However, the contact surface between the an-
tibody’s paratope and the HLA molecule is larger than the sole eplet.
The consequence is that other surface a.a., close enough to the eplet
(15 Å), participate to the global epitope and to the interaction with the
antibody’s paratope. Then, when these a.a. vary between HLA alleles
products sharing a same eplet, the binding kinetics of an antibody re-
cognizing this eplet could be modified (Duquesnoy et al., 2013).

In this study, we measured by SPR the active concentration and the
binding kinetics of five human monoclonal anti-HLA antibodies derived
from allo-sensitized subjects. We then compared these results to those
obtained from the routine SAFB and T-lymphocytes FCXM (T-FXCM)
assays, taking into account epitope structural differences between HLA
antigens.

2. Materials and methods

2.1. Antibodies and HLA molecules

The W6/32 and anti-B2m (clone B2M-01) mouse mAbs were pur-
chased from ThermoFisher Scientific (Rockford, IL). The human mAbs
were generated as previously described (Mulder et al., 2010). Their
reactivities were previously determined by lymphocytotoxicity (Mulder
et al., 2010) and/or SAFB assays (Duquesnoy et al., 2013; Mulder et al.,
2010; Marrari et al., 2010). The SN230G6 (sentizing source HLA-A2
and HLA-B57), SN607D8 (sensitizing source HLA-A2), BRO11 F6 (sen-
sitizing source unknown), DK7C11 (sensitizing source HLA-B45) and
ROU9A6 (sensitizing source HLA-B44) clones recognize the 62GE,
142 T/145H, 144TKR+151H, 167ES and 41 T eplets, respectively.
They were produced in the form of hybridoma supernatants, purified on
protein G resin (ThermoFisher Scientific), concentrated and buffer-

exchanged in phosphate buffered saline with 0.05% Tween (PBS-T)
with Amicon Ultra-4 10 kDa centrifugal filter units (Merck Millipore,
Darmstadt, Germany). The purified HLA molecules (One Lambda Inc.,
Canoga Park, CA) were dialyzed against PBS-T with a 20 kDa cut-off
Float-A-Lyzer G2 device (Spectrum Laboratories, Rancho Dominguez,
CA).

2.2. Surface plasmon resonance experiments

SPR experiments were performed at 25 °C with a Biacore™ T200
apparatus (GE Healthcare Life Sciences, Uppsala, Sweden) on CM5
sensorchips (Biacore™), as described previously (Visentin et al., 2016d).
An anti-beta2-microglobulin (anti-B2m) mouse mAb (clone B2M-01,
ThermoFisher Scientific, Rockford, IL), was immobilized by amine
coupling using a mixture of N-hydroxysuccinimide and N-ethyl-N’-di-
methylaminopropyl carbodiimide according to the manufacturer’s in-
structions (GE Healthcare), after dilution in a 10mM sodium acetate
buffer, pH 5, followed by an injection of 1M ethanolamine, pH 8.5 (GE
Healthcare) to deactivate the sensor chip surface. The sensorgrams
were analyzed with the Biacore T200 Evaluation Software. A flow cell
left blank was used for double-referencing of the sensorgrams (Myszka,
1999), i.e. the sensorgrams from the flow cell left blank and the sen-
sorgram obtained with the blank were subtracted from the sensorgram
obtained with the mAbs. Spikes still present at the beginning and at the
end of the injection after this step were not removed because they did
not affect the results, as previously shown (Di Primo, 2008; Palau and
Di Primo, 2012). HLA antigens to be captured and mAbs were prepared
in PBS-T (Sigma-Aldrich), which constituted the running buffer. Cap-
ture CFCA (CCFCA) and Single Cycle Kinetics (SCK) experiments were
performed as described previously (Visentin et al., 2016d). All the
samples and blanks were injected in duplicate.

Briefly, one cycle of CFCA experiment consisted in 1) capturing a
high amount of the HLA targets to favour mass transport limitation
conditions [> 1000 response units (RU)], 2) injecting the mAbs or
blank (i.e. PBS-T) for 50 s at 5 or 100 μl/min and then 3) regenerating
the surface with a 1min pulse of 10mM glycine pH 2.1 (GE
Healthcare). After regeneration, the anti-B2m was still active allowing
new CFCA cycles to be performed. Concentration measurements vali-
dation criteria recommended by Biacore are a sufficiently high initial
binding rate at low flow (for example, higher than 0.3 RU/s at 5 μl/min)
and slopes of the association phase of the sensorgrams sufficiently
different, as reflected by a quality control (QC) ratio higher than 0.2.
However we previously showed that lower QC ratio (> 0.15) are still
acceptable and give reliable active concentration values (Visentin et al.,
2016d).

One cycle of SCK experiment consisted in, 1) capturing a low
amount of the HLA targets (< 100 RU) to avoid kinetic artifacts, 2)
injecting the mAbs or blank (i.e. PBS-T) at 25 μl/min at 3 successive
increasing concentrations with no regeneration between each injection,
3) one dissociation phase with running buffer only flowed for at least
5 min at 25 μl/min in order to monitor the mAb dissociation reaction
and then 4) regenerating the surface with a 1min pulse of 10mM
glycine pH 2.1 (GE Healthcare). After regeneration, the anti-B2m was
still active which allowed new SCK cycles to be performed. The asso-
ciation and dissociation rate constants, ka and kd, respectively, were
determined by direct curve fitting of the sensorgrams to a Langmuir 1:1
model of interaction, as described previously (Palau and Di Primo,
2012). The dissociation equilibrium constant, KD, was calculated as kd/
ka.

2.3. Total protein and IgG concentration assays

The total protein concentration of purified and concentrated mAbs
was determined using an acid bicinchoninic assay (BCA) (Pierce TM
BCA Protein Assay Kit, Thermo Scientific, Rockford, USA). The total IgG
concentration was determined using the Human IgG ELISA
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Quantitation Set from Bethyl Laboratories (Montgomery, USA). The
providers’ recommendations were strictly followed and average values
from experiments performed in duplicate were used.

2.4. Luminex single antigen beads experiments

The LABScreen® Single Antigen Class I kits were from One Lambda.
Mabs were used in human serum in order to mimic the assay’s usual
matrix. This serum was from a healthy male volunteer who had never
been transfused nor transplanted. Before the addition of mAbs, the
serum was EDTA-treated in order to avoid the complement inter-
ference/prozone phenomenon,as previously described (Schnaidt et al.,
2011; Visentin et al., 2014b). The PE-labeled Goat Anti-Human IgG
antibody (One Lambda) was used at a 1:100 dilution, as recommended
by the manufacturer. MFI values for mAbs were normalized values by
subtraction of MFI obtained with the serum alone.

2.5. T-lymphocyte FCXM assays

The T-FCXM assays were performed on freshly drawn total lymph
node, spleen or blood mononuclear cells. MAb/cell pairs were selected
to react against one HLA-A or -B donor antigen only. The mAbs were
diluted in the same serum as for SAFB, without EDTA-treatment. The
negative control was this serum alone. T-FCXM were performed ac-
cording to our routine procedure (Visentin et al., 2016b; Couzi et al.,
2011). The results were expressed as the ratio MFI between MFI ob-
tained with the mAbs diluted in serum and MFI obtained with the
normal serum used to dilute the mAb.

2.6. Sequence alignment and structural analysis tools

Amino acid sequence alignments were performed with the IMGT
sequence alignment tool (http://www.ebi.ac.uk/ipd/imgt/hla/align.
html). Residue localization and antibody accessibility were evaluated
with the “space fill” command of the Cn3D structure software program
(Hogue, 1997) using HLA-A*02:01 (MMDB ID: 82223, PDB ID: 3MGT)
or HLA-B*52:01 (MMDB ID: 107517, PDB ID: 3W39) as a model
downloaded from Entrez Molecular Modeling Database on the National
Center for Biotechnology Information website (http://www.ncbi.nlm.
nih.gov/Structure).

3. Results

3.1. SPR active concentration measurement and kinetic analysis of anti-
HLA mAbs

The active concentrations of the five mAbs, i.e. the biologically ac-
tive fraction of the mAbs present in solution that recognizes the im-
mobilized target, were determined by CCFCA (Table 1). Fig. 1 shows

that the sensorgrams were consistent with the mass transport limitation
required for measuring active concentrations by SPR. Indeed, the initial
binding rates at low flow rate (5 μl/min) were sufficiently different
from those obtained at high flow rate (100 μl/min), as reflected by a QC
ratio higher than 0.15 for all 5 mAbs (Table 1). The values obtained by
this method were compared with the total protein and IgG concentra-
tions determined by BCA and ELISA IgG assays, respectively (ratio
BCA/CCFCA and ELISA/CCFCA in Table 1). With BCA, the total protein
concentrations were 3.2 to 4.7-fold higher than the active concentra-
tions, while IgG concentration with ELISA were 1.3 to 2-fold higher. We
then determined the association and dissociation rate constants, ka and
kd, respectively, and the dissociation equilibrium constant, KD, for these
mAbs/HLA complexes. The sensorgrams presented in Fig. 2 show that
the fit to the 1:1 model of interaction was good and reproducible for
SN230G6, SN607D8, ROU9A6 and DK7C11. We observed a slightly
lower quality for BRO11 F6. The measured ka, kd and KD are listed in
Table 2. DK7C11 displayed the highest affinity followed by SN230G6,
SN607D8, BRO11 F6 and ROU9A6. The impact of concentrations dif-
ference between CCFCA and BCA or ELISA assays on KD measurements
are also shown in SDC, Table 1 for an individual SCK experiment.

3.2. Comparison of SAFB and SPR results for the alleles assayed by SPR

Each of the five mAbs was analyzed with SAFB at five different
concentrations corresponding to 10 KD, 3 KD, KD, 1/3 KD and 1/10 KD

values. For all mAbs, MFI increased with concentration (Fig. 3A), with
the highest MFI being obtained for the 10 KD concentration, but
reaching different levels depending on the mAbs. The anti-B44 ROU9A6
displayed the highest MFI, followed by the anti-A2 SN203G6 and
SN607D8 of very close MFI, slightly higher than for the anti-A11
BRO11 F6, and with far behind the anti-B44 DK7C11. An alternative
plot of these data showed that at a given mAb concentration, MFI did
not strictly mirror mAb affinity (Fig. 3B). Indeed, DK7C11 provided the
lowest MFI values despite displaying the highest affinity for its target.
In contrast, ROU9A6 displayed higher MFI than BRO11 F6 and identical
MFI to SN607D8, despite its lower affinity. For SN230G6 and SN607D8,
MFI was consistent with their affinity difference. Overall, we did not
observe any significant correlation between SAFB MFI and the binding
parameters measured by SPR (SDC, Fig. 1A–C).

3.3. SAFB and SPR results variations are linked to epitope structural
differences

We then compared for each mAb the SAFB MFI obtained for each of
the alleles they bound to, i.e. those with MFI > 500 at the 10 KD

concentration (Fig. 4). The mean MFI obtained with W6/32 and anti-
beta2-microglobulin (B2m) mAbs at 1 μg/ml was used to approximate
native HLA antigen density on each bead in order to refine the inter-
pretation of MFI. We also investigated a.a. within 15 Å distance from

Table 1
Active concentration of the five mAbs measured by capture CFCA. The difference between active concentrations measured with CCFCA and total protein or IgG
measurements performed with acid bicinchoninic and ELISA IgG assays, respectively, are shown as a ratio.

mAb HLA target Assay Dilution Measured active
concentration (nM)

QC ratioa Sample concentration
(nM)± SD

Concentration ratio : total
protein / active

Concentration ratio : total
IgG / active

SN230G6 A*02:01 1 1000 2.1 0.503 2150 ± 70 3.26 1.32
2 2.2 0.471

SN607D8 A*02:01 1 1000 6.1 0.176 5900 ± 354 4.67 1.42
2 2000 2.8 0.176

BRO11 F6 A*11:01 1 1000 2.4 0.232 2450 ± 70 3.16 1.31
2 2.5 0.203

ROU9A6 B*44:02 1 1000 1.2 0.191 1200 ± 0 4.54 1.98
2 1.2 0.181

DK7C11 B*44:02 1 1000 1.7 0.255 1700 ± 0 3.78 1.46
2 1.7 0.242

a The QC ratio reflects the degree of mass transport limitation.
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the targeted eplet in order to identify the differences between alleles
that could impact on antibody recognition.

The SN230G6 mAb recognized six alleles’ products (Fig. 4 and SDC,
Table 2). We identified two 66 K/N and 163 T/l substitutions within
this epitope that apparently had no impact on antibody recognition in
SAFB assay, as MFI was comparable for all six alleles (SDC, Table 2 and
Fig. 5). The binding kinetics of SN230G6 for A*02:03 were almost
identical to those for A*02:01, while the affinity was 3-fold higher for
B*57:01 (Table 3 and SDC, Fig. 2).

The SN607D8 mAb recognized six alleles’ products (Fig. 4 and SDC,
Table 3). The two 149 A/T and 152 V/E substitutions were present only

in A*02:03 and probably modified antibody recognition in SAFB, as the
MFI was significantly lower for this allele (SDC, Table 3 and Fig. 5). The
binding kinetics of SN607D8 for A*68:01 were almost identical to those
for A*02:01, while the affinity was 2.5-fold lower for A*02:03 (Table 3
and SDC, Fig. 3).

The BRO11 F6 mAb recognized seven alleles’ products, which could
be subdivided into three groups regarding their SAFB MFI (Fig. 4 and
SDC, Table 4). We identified substitutions at positions 127, 150 and 152
that could modify antibody recognition (SDC, Table 4 and Fig. 5). The
binding kinetics of BRO11 F6 for A*03:01 (intermediate MFI group) and
A*01:01 (low MFI group) evidenced affinities respectively 3-fold and

Fig. 1. CCFCA sensorgrams of mAbs active concentration measurement. A high amount (12 000 RU) of anti-B2m mAb was immobilized on a CM5 sensor chip. More
than 1 000 RU of HLA targets were captured. The human mAbs were injected in duplicate for 50 s at 5 and 100 μl/min against HLA-A*02:01 (SN230G6, panel A, and
SN607D8, panel B), HLA-A*11:01 (BRO11 F6, panel C) and HLA-B*44:02 (ROU9A6, panel D et DK7C11, panel E). Grey lines represent the experimental data and
those in black the fit of the sensorgrams.
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Fig. 2. Capture SCK sensorgrams of mAbs kinetic experiments. A high amount (12 000 RU) of anti-B2m mAb was immobilized on a CM5 sensor chip. Less than 100
RU of HLA-A*02:01 (SN230G6, SN607D8), A*11:01 (BRO11 F6) or B*44:02 (ROU9A6, DK7C11) were then captured in order to perform capture SCK. The samples
were injected in duplicate at increasing concentrations for 60 s at 25 μl/min, without regeneration step between each injection. The association and dissociation rate
constants, ka and kd, respectively, were determined by fitting the sensorgrams to a Langmuir 1:1 model of interaction. Grey lines represent the experimental data and
those in black the fit of the sensorgrams.

Table 2
Rate and equilibrium constants for mAbs binding to captured HLAs. Three different class I HLA alleles were captured with an immobilized anti-beta2-microglobulin
antibody. The association rate and the dissociation rate, ka and kd, respectively, were determined from direct curve fitting of the sensorgrams. The dissociation
equilibrium constant, KD, was calculated as kd/ka. The experiments were performed in duplicate, at least three times for all mAbs.

mAb HLA target ka (M−1s−1)± SD kd (s−1)± SD KD (M)±SD

SN230G6 A*02:01 3.5× 106± 7.2× 105 3.7× 10−4± 1.3× 10-4 1.1×10−10± 5.3×10-11

SN607D8 A*02:01 7.0× 105± 1.1× 105 1.6× 10−4± 2.4× 10-5 2.3×10−10± 6.7×10-11

BRO11 F6 A*11:01 7.7× 106± 1.3× 107 3.2× 10−3± 4.8× 10-3 4.2×10−10± 1.2×10-10

ROU9A6 B*44:02 1.1× 106± 2.3× 104 8.0× 10−4± 8.3× 10-5 7.1×10−10± 7.4×10-11

DK7C11 B*44:02 2.5× 106± 4.5× 105 1.7× 10−4± 3.3× 10-5 7.0×10−11± 2.2×10-11
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10-fold lower than those for A*11:01 (high MFI group) (Table 3 and
SDC, Fig. 4).

The ROU9A6 mAb recognized nineteen alleles’ products, which
could be subdivided into two groups according to their MFI range
(Fig. 4 and SDC, Table 5). Alleles of the low MFI group differed for the
eplet a.a. (41 T versus 41 A, respectively) (SDC, Table 5 and Fig. 5).
Among the high MFI group alleles, only B*13:01 and B*13:02 had
substitutions in the eplet vicinity (45 K/M and 46E/A) that did not
impact antibody recognition further, as the SAFB MFI for these alleles
was not different from that measured for the others. The binding ki-
netics of ROU9A6 were almost identical for B*44:02, B*45:01 and
B*13:02, all three belonging to group 1, while we observed almost no
SPR signal for B*15:12 and B*57:01 from group 2 (Table 3 and SDC,
Fig. 5).

The DK7C11 mAb recognized five alleles’ products (Fig. 4 and SDC,
Table 6). Noteworthy, B*15:12 differed at the eplet positions 166D/E

and 167 S/G, yet it provided an MFI comparable to that for B*44:02,
B*44:03 and B*45:01 (SDC, Table 6 and Fig. 5). In contrast, allele
B*82:01 had two substitutions in the eplet vicinity (69 T/A and 162 G/
D) and provided lower SAFB MFI. The binding kinetics of DK7C11 were
almost identical for B*44:02, B*45:01 and B*15:12, while the affinity
was 4-fold lower for B*82:01 (Table 3 and SDC, Fig. 6).

3.4. Comparison with T-FCXM reactivity

Using lymphocytes from 50 different organ donors, 54 T-FCXM as-
says were performed to evaluate the mAbs reactivity against 16 dif-
ferent class I antigens. The mAbs were tested at concentrations similar
to those used for SAFB assays. For the HLA targets first used in SPR
experiments, we observed a concentration-dependent MFI signal-to-
noise ratio increase but not all the mAbs provided comparable MFI
increase as concentration raised. Indeed, ROU9A6 and BRO11 F6

Fig. 3. Comparison with SAFB of the anti-HLA mAbs reactivity at the quantitative level. The five mAbs were tested with SAFB at five different concentrations
corresponding to 10 KD, 3 KD, KD, 1/3 KD and 1/10 KD, in human serum treated with EDTA (n=3). Only the MFI obtained on the bead coated with the antigenic
target used in SPR experiments are shown. A) SAFB MFI (mean +/- SD) related to the multiples of KD used for each individual mAb. B) SAFB MFI (mean +/- SD)
related to the concentrations used for each individual mAb.
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displayed the highest MFI ratios towards B44 and A11 respectively,
followed by SN607D8 towards A2, and with far behind SN230G6 and
DK7C11 towards A2 and B44, respectively (Fig. 6A). In line with this, at
a given mAb concentration, the MFI ratio did not strictly follow mAb
affinity (Fig. 6B). Indeed, BRO11 F6, which displayed the second lowest
affinity provided the highest T-FCXM MFI ratio at all concentrations,
whereas the 4 other mAbs were not different between each other de-
spite their distinct affinities. Overall, we did not observe any significant
correlation between T-FCXM ratio and the binding parameters mea-
sured by SPR (SDC, Fig. 1D–F), neither with SAFB MFI (SDC, Fig. 1G).
We also compared for BRO11 F6 and ROU9A6 the T-FCXM MFI ratios
obtained according to the reactivity groups deduced from the SAFB
assays and we observed consistent results (Fig. 6C and D, respectively).
The results for each individual antigen/mAb combination are presented
in SDC, Table 7.

4. Discussion

To our knowledge, the present study is the first one attempting to
analyze the relationship between SAFB or T-FCXM assays and the active
concentration and the binding parameters (rate and equilibrium con-
stants) determined by SPR. Importantly, the active concentration de-
termined by the SPR-based CFCA only relies on the change of initial
binding rates with varying flow rates, under conditions of limited mass
transport. Therefore, the SPR signal only results from the biologically
active fraction of the mAb present in solution that recognizes the im-
mobilized target. Knowing this concentration is mandatory to accu-
rately determine the rate and equilibrium constants of the HLA/mAb
complexes (Visentin et al., 2016d). In contrast, the widely used spec-
troscopic, colorimetric or nephelemetric methods give the total protein
concentration in solution, i.e. also measure potentially unfolded and/or
degraded forms as well as contaminants (Daga et al., 2017; Di Primo
et al., 2017). Then, as anticipated, using total protein or IgG con-
centrations instead of the true active concentration has an impact on

Fig. 4. Comparison of SAFB MFI provided by the recognized HLA alleles. The five mAbs were tested with SAFB at a concentration corresponding to 10 KD, in human
serum treated with EDTA (n= 3). The SAFB MFI (mean +/- SD) obtained with all the alleles they recognized (MFI > 500) are shown. Comparison of HLA density at
the surface of the different beads was normalized according to the MFI (mean +/- SD) obtained with W6/32 and anti-B2m mAbs at 1 μg/ml concentration.
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the determination of the KD despite the use of any mAbs purification
process (Daga et al., 2017; Di Primo et al., 2017; Daga et al., 2018).

We first observed that the five mAbs displayed different rate and
equilibrium constants for their cognate antigens. This result was not
surprising knowing the potentially infinite repertoire of anti-HLA an-
tibodies raised by different individuals. Noteworthy, only one human
mAb displayed a higher affinity for its cognate antigens than the pro-
totypic anti-class I HLA clone W6/32 that we characterized in a pre-
vious work (Visentin et al., 2016d) and displays a KD about 7.2×10−11

M. It is possible that the xenogenic origin of the W6/32 allowed for a
more efficient affinity maturation of the humoral response, e.g. con-
sidering a higher immunogenicity of major histocompatibility antigens
between species. Indeed, in an allogenic context, knowing the structural
promiscuity existing between HLA proteins, the immune tolerance
mechanisms that take place into the germinal centre could have nega-
tively selected auto-reactive B cell clones (Linton et al., 1991; Notidis
et al., 2002; Cyster et al., 1994) which could also produce antibodies
with very high affinity for foreign HLA molecules. An alternative

explanation could be that the alloreactive mAbs generation process that
started with B cells immortalization by Epstein-Barr virus transforma-
tion, followed by cell fusion and cloning, did not always selected the
clone displaying the highest affinity in each individual.

We then tested these mAbs with SAFB and T-FCXM assays using
concentrations encompassing the KD values, expecting similar SAFB
MFI for all the mAbs at each individual point. The KD being the con-
centration that saturates half of the binding sites on the target bead, a
10-fold higher concentration is expected to saturate more than 90% of
the binding sites. Interestingly, the results were highly hetereogeneous
between the mAbs as the SAFB MFI neither followed the range of their
affinity nor the range of their association and dissociation rate con-
stants. It has been proposed for multiplex assays such as the SAFB, but
not proved yet, that increasing the number of alleles sharing a specific
eplet can decrease SAFB MFI by diluting the serum antibody load on
more targets (Tait et al., 2013). This could not explain our findings as
ROU9A6 displayed the highest MFI despite its eplet being expressed by
more SAFB than any other tested human mAb. Our hypothesis is that

Fig. 5. Polymorphic and surface accessible
amino-acid positions within a radius of 15 Å
from the eplets recognized by the mAbs. Class I
HLA molecules observed through different
perspectives with the “space fill” command of
the Cn3D structure software program, using
HLA-A*02:01 or HLA-B*52:01 as a structural
model, when appropriated. The HLA heavy
chain, beta-2 microglobulin and peptide are
colored in purple, blue and brown respectively.
Amino acid positions of interest are high-
lighted in yellow, i.e. the eplets (boxed text)
recognized by the mAbs and polymorphic and
surface accessible a.a. positions located within
a 15 Å distance from the eplet (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).

Table 3
Rates and equilibrium constants of the mAbs for different HLA alleles. Several class I HLA alleles were captured with an immobilized anti-beta2-microglobulin
antibody. The association rate and the dissociation rate, ka and kd, respectively, were determined from direct curve fitting of the sensorgrams. The dissociation
equilibrium constant, KD, was calculated as kd/ka. The experiments were performed in duplicate and two times for all mAbs. Results from HLA A*02:01, A*11:01 and
B*44:02 were those already shown in Table 2. ND: not determined because no signal.

mAb HLA target ka (M−1s−1)± SD kd (s−1)± SD KD (M)±SD

SN230G6 A*02:01 3.5× 106± 7.2× 105 3.7× 10−4± 1.3× 10-4 1.1×10−10± 5.3×10-11

A*02:03 3.8× 106± 5.4× 105 5.4× 10−4± 5.4× 10-5 1.4×10−10± 5.3×10-12

B*57:01 5.9× 106± 1.3× 106 2.0× 10−4± 2.3× 10-5 3.3×10−11± 2.3×10-12

SN607D8 A*02:01 7.0× 105± 1.1× 105 1.6× 10−4± 2.4× 10-5 2.3×10−10± 6.7×10-11

A*02:03 5.1× 106± 9.4× 105 3.0× 10−3± 5.3× 10-4 5.7×10−10± 4.9×10-12

A*68:01 1.3× 106± 1.6× 105 4.0× 10−4± 6.3× 10-5 3.1×10−10± 8.6×10-11

BRO11 F6 A*11:01 7.7× 106± 1.3× 107 3.2× 10−3± 4.8× 10-3 4.2×10−10± 1.2×10-10

A*03:01 9.0× 105± 3.5× 105 1.1× 10−3± 2.0× 10-4 1.3×10−9± 3.0× 10-10

A*01:01 5.6× 106± 3.5× 105 2.3× 10−2± 2.1× 10-5 4.2×10−9± 2.6× 10-10

ROU9A6 B*44:02 1.1× 106± 2.3× 104 8.0× 10−4± 8.3× 10-5 7.1×10−10± 7.4×10-11

B*45:01 8.3× 106± 7.9× 106 5.0× 10−3± 5.0× 10-3 6.1×10−10± 4.2×10-11

B*13:02 3.0× 106± 1.4× 106 1.9× 10−3± 6.3× 10-4 6.2×10−10± 8.7×10-11

B*15:12 ND ND ND
B*57:01 ND ND ND

DK7C11 B*44:02 2.5× 106± 4.5× 105 1.7× 10−4± 3.3× 10-5 7.0×10−11± 2.2×10-11

B*45:01 2.4× 106± 4.5× 104 1.9× 10−4± 1.0× 10-5 7.8×10−11± 5.8×10-12

B*15:12 2.8× 106± 1.4× 105 3.1× 10−4± 3.0× 10-6 1.1×10−10± 6.5×10-12

B*82:01 3.5× 106± 1.9× 105 9.9× 10−4± 3.4× 10-5 2.8×10−10± 2.5×10-11
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the accessibility of HLA epitopes on SAFB might differ between alleles,
depending on the spatial orientation of the antigen and/or the mode of
binding to the bead surface. Some steric hindrance phenomena outside
the paratope/epitope contact zone could also exist for peculiar alleles
sharing the same eplet.

The design of the SAFB assay should most probably not be in-
criminated because we used for SPR the same recombinant proteins,
although attached in a different manner onto the surface. In addition,
comparable heterogeneity was also observed for the T-FCXM cellular
assay relying on naturally produced cell bound HLA molecules, yet the
mAbs reactivity range differed from the one obtained with SAFB.
Noteworthy, interpreting the T-FCXM results might be more complex as
HLA surface expression naturally seems to vary, depending on the HLA
antigen and between donors (Hönger et al., 2015; René et al., 2015).
For SAFB, the opposite is true. The amount of antigen immobilized is
imposed by the manufacturer and is homogenous across a given pro-
duction lot. In line with this, the standard deviations for T-FCXM
stainings were higher than for SAFB assays. Nevertheless, we cannot
exclude a role for a different topography of HLA distribution or spatial
disposition between cell surface and SAFB. Here again some HLA epi-
topes could be more or less available depending on the experimental
setting, explaining why a perfect correlation between SAFB MFI and T-

FCXM ratios does not exist (Visentin et al., 2016b). Strikingly, with the
exception of BRO11 F6 we observed that, despite displaying different
affinities, the mAbs provided very similar FCXM ratio when used at the
same concentration (Fig. 5B). It is conceivable that the impact of quite
little differences in terms of binding constants is overtaken by other
limiting or synergistic phenomenons, such as mAbs diffusion across the
extracellular matrix down to the cell surface or binding reinforcement
through avidity, respectively. Indeed, major differences between SPR
and SAFB/T-FCXM endpoint assays are the constant replacement of the
analyte at the contact of the antigen, the real-time assessment of in-
teraction and the use of conditions avoiding avidity phenomenon for
SPR.

For each mAb we compared the SAFB MFI obtained with all its bead
targets and, depending on the mAbs, not all of them displayed the same
MFI. The heterogeneity among the beads was more pronounced for
BRO11 F6 and ROU9A6, allowing several reactivity groups to be de-
termined. Interestingly, the same patterns were observed with T-FCXM
and SPR. This is of crucial importance as it indicates that large differ-
ences in binding constants values had an impact on cell recognition
strength.

The study of surface accessible polymorphic a.a. positions in the
eplets vicinity identified several substitutions potentially able to alter

Fig. 6. Comparison with FCXM of the anti-HLA mAbs reactivity at the quantitative level. The five mAbs were tested in human serum with T-FCXM at five different
concentrations corresponding to 10 KD, 3 KD, KD, 1/3 KD and 1/10 KD. A) T-FCXM ratio (mean +/- SD) according to the multiples of KD used for each individual mAb.
B) T-FCXM ratio (mean +/- SD) according to the concentrations used for each individual mAb. For A and B, only the ratio obtained on the bead coated with the
antigenic target used in SPR experiments are shown. C) T-FXCM ratio (mean +/- SD) obtained with the antigens from the different reactivity groups previously
identified with SAFB for BRO11 F6. D) T-FXCM ratio (mean +/- SD) obtained with the antigens from the different reactivity groups previously identified with SAFB
for ROU9A6.
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mAbs reactivity. However, some of them were neither associated with
MFI nor with binding kinetics changes. Their physico-chemical prop-
erties, size and position might be of great importance (Duquesnoy et al.,
2013; Kosmoliaptsis et al., 2011; Mallon et al., 2015). As an example,
the DK7C11 bound with similar rate and equilibrium constants and also
provided similar SAFB MFI with B*44:02 and B*15:12 alleles, probably
because the 166D/E and 167S/G substitutions are physico-chemically
conservative. It was the opposite for the B*82:01 allele which bears the
two non-conservative 69 T/A and 162 G/D substitutions in the eplet
vicinity. We observed similar behavior with the SN607D8 interacting
with HLA-A*02:03 in comparison with A*02:01 or A*68:01, and also
with the BRO11 F6 interacting with A*01:01, then A*03:01 and
A*11:01.

The ROU9A6 was also highly informative, as it provided similar
kinetics constants and SAFB MFI with B*44:02 and B*13:02, even if the
latter has non physico-chemically conservative substitutions in the eplet
vicinity (45 K/M and 46E/A). On the contrary, the group 2 alleles dif-
fering in the a.a. constituting the eplet itself (41 T/A) had a very low
SAFB MFI in comparison with B*44:02. We studied two of them by SPR
and could not measure any interaction. Interestingly, other antigens
with 41 A were absolutely negative in SAFB. We did not find a clear
explanation yet it can be anticipated that the polymorphic a.a. of these
alleles situated in the vicinity of the eplet play a role.

The SN230G6 was a counter-example, displaying a higher affinity
for B*57:01 than for A*02:01 or A*02:03 despite similar SAFB MFI for
all these alleles. As the binding strength of this mAb for HLA-A2 alleles
was very high, it is possible that increasing affinity above a certain level
does not translate into any measurable difference in SAFB assay.
Finally, it has been described that peptide presented by HLA alleles can
play a role in antibody binding (Mulder et al., 2005). As HLA molecules
used in this study were produced in cell lines expressing a classical
immunopeptidome, it is unlikely that the numerous peptides presented
by the different HLA alleles were a major reason for the different mAbs
reactivities. Yet SPR could be an interesting tool to explore this field.

The aim of this study was to determine if there was a tight asso-
ciation between the anti-HLA mAbs binding parameters measured by
SPR and the results obtained with assays classicaly used in histo-
compatibility laboratories. If yes, this would mean that further char-
acterization of anti-HLA antibodies by SPR would most probably be
useless in clinical practice. Of note, patient’s humoral alloreactivity
would lead to the production of polyclonal anti-HLA antibodies. Then,
the relationship between active concentration, binding kinetics, SAFB
MFI and FCXM ratio of anti-HLA antibodies from patients’ sera would
be even more complex. Nevertheless, we recently determined the active
concentrations and binding kinetics of HLA antibodies from recipients
sensitized against various HLA-DQ antigens (Visentin et al., 2018) and
we obtained results similar to mAbs, i.e. no direct correlation between
SAFB MFI and the active concentrations or the binding constants de-
termined by SPR.

We believe that SPR-based assays will not replace the very useful
SAFB and FCXM assays. Indeed, SPR does not allow a precise char-
acterization of the multiple HLA antigens targeted by serum antibodies
as quickly as SAFB does. SPR assays cannot be used either in emergency
situations as SAFB and FCXM assays can. However, it could constitute a
complementary assay performed in 1–2 working days, fully compatible
with the clinical practice (Visentin et al., 2018), to refine the char-
acterization of DSA identified by the routine assays.

5. Conclusion

The SAFB and FCXM assays barely reflect the subtlety of anti-HLA
antibody recognition as it can be characterized by SPR, the gold-stan-
dard biophysical method for measuring active concentrations, binding
rates and equilibrium constants. These findings likely explain the poor
correlation that exists between these routinely assays used currently
and recipients’ clinical outcomes. Future steps will aim to determine in

large cohorts if concentration and binding kinetics of donor specific
anti-HLA antibodies could bring insights on our understanding of anti-
HLA antibodies pathogenicity.
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