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In kidney transplantation, survival rates are still partly impaired due to the

deleterious effects of donor specific HLA antibodies (DSA). However, not all

luminex-defined DSA appear to be clinically relevant. Further analysis of DSA

recognizing polymorphic amino acid configurations, called eplets or functional

epitopes, might improve the discrimination between clinically relevant

vs. irrelevant HLA antibodies. To evaluate which donor epitope-specific HLA
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antibodies (DESAs) are clinically important in kidney graft survival, relevant

and irrelevant DESAs were discerned in a Dutch cohort of 4690 patients using

Kaplan–Meier analysis and tested in a cox proportional hazard (CPH) model

including nonimmunological variables. Pre-transplant DESAs were detected in

439 patients (9.4%). The presence of certain clinically relevant DESAs was sig-

nificantly associated with increased risk on graft loss in deceased donor trans-

plantations (p < 0.0001). The antibodies recognized six epitopes of HLA

Class I, 3 of HLA-DR, and 1 of HLA-DQ, and most antibodies were directed to

HLA-B (47%). Fifty-three patients (69.7%) had DESA against one donor epitope

(range 1–5). Long-term graft survival rate in patients with clinically relevant

DESA was 32%, rendering DESA a superior parameter to classical DSA (60%).

In the CPH model, the hazard ratio (95% CI) of clinically relevant DESAs was

2.45 (1.84–3.25) in deceased donation, and 2.22 (1.25–3.95) in living donation.

In conclusion, the developed model shows the deleterious effect of clinically

relevant DESAs on graft outcome which outperformed traditional DSA-based

risk analysis on antigen level.

KEYWORD S

donor epitope specific antibodies, graft survival, kidney transplantation

1 | INTRODUCTION

Kidney transplantation is the best treatment option for
end-stage renal failure patients. However, survival rates
are still impaired partly due to the presence of pre-
transplant donor-specific HLA antibodies (DSAs). The
introduction of the single antigen bead assay to define
DSAs greatly increased the sensitivity and specificity of
antibody detection compared with the classic crossmatch
technology. The pre-transplant presence of DSAs as
determined by the SAB assay is considered a risk factor
for antibody-mediated acute rejection, and graft loss in
deceased donation.1,2

However, the fact that the majority of patients (64.8%,
range 54%–75%)1–5 with luminex-defined DSAs still have
a functioning kidney 10 years post-transplantation, indi-
cates that not all DSAs are harmful. To determine the
clinical relevance of DSAs, the MFI on the beads is only a
surrogate marker of the antibody level. Determination of
antibody levels in patient serum is negatively influenced
by the presence of interfering substances and epitope
spreading on the beads.6,7 Furthermore, HLA antibody
SAB MFI assessment is not a quantitative assay, and MFI
is not equal to antibody titers, as some antibodies with
relatively high MFI values may dilute quickly and are
therefore not qualified as high titer antibodies (STAR rec-
ommendations 2017, 2022).8,9 The MFI level does not suf-
ficiently predict long-term graft outcome due to well-
known limitations of the SAB assay (prozone effect, bead

saturation, shared epitope phenomenon, etc.).10,11 In
addition, it has been suggested that especially comple-
ment binding DSAs are pathogenic. Although biopsies of
rejected grafts showed positive C4d deposition,12–14 con-
vincing evidence has emerged that antibody-mediated
rejection could also occur in absence of positive C4d
staining.15,16 Although studies showed that the specificity
of pre-transplant DSAs (Class I and/or Class II) did not
clearly impact long-term transplant outcome,17 there is
also research showing that in particular persistent Class
II DSAs are associated with inferior graft survival.18

To determine which DSAs are clinically important,
their precise specificities defined as donor epitope specific
antibodies (DESAs) may be important to examine. An
eplet or functional HLA epitope—a concept introduced
by Duquesnoy19—is defined as a cluster of polymorphic
amino acid configurations within a 3.0–3.5 Å radius that
is needed to induce an antibody response, and that these
epitopes may be identical on different HLA mole-
cules.20,21 Literature showed that the number of HLA epi-
tope mismatches has been associated with poor graft
function in different types of solid organ transplanta-
tion.22,23 However, the clinical relevance of DESAs recog-
nizing epitopes shared between different HLA molecules,
compared with DSA, has not been defined yet.

Eplet mismatches between patient and donor can
result in de novo formation of DSAs24 and antibody-
verified eplet mismatches—according to the HLA Eplet
Registry—have shown to be independent predictors of
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graft failure.25 However, large studies regarding the asso-
ciation of pre-existing DESAs with kidney graft loss are
lacking. We attempted to fill this knowledge gap by eval-
uating which DESAs are clinically relevant using a graft
survival model in a national-wide consortium of more
than 5000 kidney transplant patients. First, we studied
the effects on graft survival of several parameters related
to the antibody potential to activate complement, includ-
ing epitope distance to the target cell membrane, number
of epitope mismatches, and epitopes verified to bind
antibodies.26–28 As these hypothesis-based methods were
not successful in distinguishing clinically relevant from
irrelevant DESA, we secondly evaluated whether we
could find clinical relevant DESAs based on their relation
to graft loss.

2 | MATERIALS AND METHODS

2.1 | Patients, sera, and clinical data

This study included all 6097 kidney transplants per-
formed between January 1995 and December 2005 in
all Dutch transplant centers, and is part of the national
PROCARE consortium (PROfiling Consortium on
Antibody Repertoire and Effector functions). The
complement-dependent cytotoxicity crossmatch assay
was negative in all patients. Pre-transplant patient sera
could be collected from 4787 transplants. Due to loss
to follow-up or kidney failure during surgery or shortly
thereafter due to non-immunological reasons,
63 patients were excluded from further analysis.1

Informed consent for use of their clinical data was
obtained from all subjects. The study protocol was
approved by the Biobank Research Ethics Committee
of the UMC Utrecht (Tc Bio 13-633).

Serum was collected in 2014–2015 from all participating
centers, and measured by Luminex. At that time, serum
pre-treatment with EDTA was not yet recommended.

2.2 | Upscaling HLA typing data

Patients and donors were typed at serological level of
resolution for HLA-A, B, and DRB1. In addition, HLA-
DQB1 typing was performed in 3582 out of 4690 trans-
plants. As DESA analysis required HLA data at higher
resolution these HLA typing data were used for the
upscaling process as follows. HLA typings were upscaled
using the National Marrow Donor Program (NMDP) hap-
lotype frequency tables,29 following the algorithm
described by Madbouly et al.30 HLA typings at loci A, B,
DRB1, and DQB1 were used as input for the upscaling;

upscaled genotypes were derived for loci A, B, C, DRB1,
DRB3/4/5, and DQB1.

The NMDP has made haplotype frequency tables
available for 21 self-identified race/ethnicity populations
in the United States. No information on ethnicity was
available for our cohort. Therefore, in line with the
Netherlands' ethnical composition from 1995 to 2006
the upscaling procedure considers the most likely ethnici-
ties to be European Caucasian (EURCAU), then Middle
Eastern or North Coast of Africa (MENAFC) and South-
east Asian (SCSEAI), and then the other ethnicities, in a
stepwise fashion. First, we considered the top 5000 haplo-
types for each ethnicity, starting with EURCAU. If no
result was found for EURCAU, the MENAFC or SCSEAI
genotype with the highest frequency was selected. If still
no result was found, the highest frequency genotype
among all other populations were selected. If still no
matching genotype was found, the typings were manually
upscaled using the HaploStats website (https://haplostats.
org). Due to missing HLA typing data in 34 transplants
(22 donors, 12 recipients), those transplants were
excluded, resulting in a total of 4690 transplants included
in the analysis, with a high-resolution genotype for each
donor–recipient pair. Geneugelijk et al31 developed a com-
putational method using a representative recipient popula-
tion consisting of all HLA genotyping data performed at
the University Medical Center Utrecht between 2009 and
2016, and of a virtual Caucasian donor population consist-
ing of 10 million individuals based on HLA haplotype fre-
quency tables from NMDP 2007 to 2011, as we did. They
compared calculated eplet values based on serological split
HLA typing data (observed values) to two-field resolution
HLA genotyping data (reference values). It is expected that
the effect of eplet numbers on alloreactivity is more loga-
rithmic than linear, and therefore the eplet values were
converted into the natural logarithm thereof (e.g., ln
(eplet)). 87.7% of observed ln(eplet) values deviated maxi-
mal 0.1, including about 1/3 (28.3%) to be identical to ref-
erence values.

2.3 | Determination of epitope distance
to the cell membrane

The mean distance of epitopes to the cell membrane was
found as follows. First, the (x, y, z) coordination of the
tail of HLA was determined. Then the Euclidean distance
(norm-2) between the average (x, y, z) location of epi-
topes and the coordination of the tail of HLA was found.
The mean distance was taken because each epitope is
comprised of more amino acids and atoms and the loca-
tion of all of them needed to be average to find the center
of the given epitope.
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2.4 | Detection and definition of DESAs

To define antibodies against a donor specific epitope, pre-
transplant heat-inactivated patient sera long-term stored
at �20�C or colder were tested for the presence of HLA
Class and/or Class II antibodies using LifeCodes SAB
assay Class I and/or II kits (Immucor Transplant Diag-
nostics, Stamford, CT). Bead positivity was defined
according to the manufacturer's instructions. In short,
3 values were to be calculated: (1) BCM value (raw MFI
value minus a lot-specific background MFI per bead);
(2) BCR ratio (BCM divided by the lowest MIF of all
beads with antigens of the same locus); (3) AD-BCR ratio
(BCR divided by the relative amount of antigen coated on
the bead). The bead is deemed positive when 2 of the
3 values are above a lot-specific threshold, respectively,
1500, 3, and 4. Next, all eplets were assessed in the HLA
Eplet Registry (epregistry.com.br, accessed December
2, 2022) (in total 492 eplets). The HLA typing's for donor
and recipient were converted to epitopes, and the epi-
topes belonging only to the donor that were absent on
the recipients were used (mismatched epitopes). Also, the
results of the SAB assay were converted into epitopes.
DESAs were defined as mismatched donor epitopes present
only on the positive beads containing these epitopes for
HLA Class I (HLA-A, -B, -C) and/or Class II (HLA-DRB1,
-DRB345, -DQA1, -DQB1) (Figure S1). If a mismatched epi-
tope occurs on a negative bead, it is not included in the def-
inition of a DESA. To visualize the recognition sites of
DESA on HLA molecules, a plotly dash application in dash
bio package was used (Molecule3dViewer) with python 3.8.

2.5 | Investigation and validation cohort

To exclude that DESAs related with graft loss were defined
by chance, it has been investigated whether these DESAs
can be found in independent cohorts. For this purpose, the
deceased donor dataset was randomly split 100 times into
a 70% investigation and a 30% validation cohort. This
approach has been published previously, and employing a
random sampling with at least 100 repeats and a reason-
able balance between investigation and validation cohort
(50%–70% for investigation), was likely to get a good reli-
able model, as described by Xu and Goodacre.32,33 DESAs
that were frequent enough in each cohort (at least twice)
were considered. For each specific DESA in the investiga-
tion cohort, adjusted Kaplan–Meier estimates (AKME) for
transplants with one specific DESA against all other DESA
were plotted. Specific DESA that showed on average 10%
difference in 10-years graft survival between these AKMEs
were selected. This procedure was repeated for the specific
DESA in the validation cohort. A given DESA was

considered clinically relevant whenever it satisfied the
chosen metric, that is, average 10% difference over 10-year
between AKMEs, in both the investigation and validation
cohort for at least 30 times out of 100 try. Subsequently,
the results found in deceased donors were applied to the
living donors.

2.6 | Statistical analysis

Patient, donor, and transplant characteristics in presence
and absence of DESA was evaluated for both continuous
and categorical variables via the Mann–Whitney U test
and χ2 test, respectively. Kaplan–Meier estimator was
employed for death-censored graft survival analysis, where
the curves are adjusted for a number of covariates based
on inverse probability weighting.34 The covariates for
which we adjusted are recipient age (quadratic) and donor
age (quadratic), donor type (living or deceased; for the
total cohort only), CIT (for donation after brain death and
donation after cardiac death), time on dialysis in years
(quadratic), and induction therapy with IL-2 receptor
blocker. Other covariates were not used for various rea-
sons as previously described by Kamburova et al1 A p-
value <0.05 was considered statistically significant.

Hazard ratios (HRs) and confidence intervals (CIs)
were derived by using multivariable Cox regression.
Validity of Cox model assumptions were verified by eval-
uating Schoenfeld residual plots. Statistical analyses were
performed with python 3.8, R version (3.2.2) and SAS
(version 9.4; SAS Institute, Cary, NC) software.

3 | RESULTS

3.1 | Baseline characteristics

Patient, donor, and transplant characteristics stratified
according to the presence of pre-transplant DESAs are
summarized in Table 1. 439 patients (9.4%) of 4690
patients had pre-transplant DESAs. DESAs were detected
only in renal transplant recipients positive for donor spe-
cific HLA. In the total cohort, 3398 patients (72.5%) were
completely HLA-ab negative. The DESA group contained
a higher proportion of female recipients (60.8%
[n = 267/439] vs. 32.8% [1115/3398] in the HLA-ab nega-
tive group), and PRA values were related to the presence
of DESAs. Recipients with DESAs received more often
hemodialysis (58.3% [256/439] vs. 49.2% [1672/3398] in
patients without HLA-ab). Additionally, there were sig-
nificantly more retransplants in the DESA group (45.6%
[200/439] vs. 4.5% [153/3398]). Minimal follow-up time
was 10 years after transplant.
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Pre-transplant DESAs include 161 eplets of HLA
Class I, 95 eplets of HLA-DR, and 57 eplets of HLA-DQ
(Table S1). The median number of donor eplets to which
patients have antibodies is 6 (range 1–34). Of

439 transplants most eplets are directed to 1 locus
(HLA-A 83, -B 80, -C 17, -DR 86, and 63 HLA-DQ).
Eighty-six transplants (20%) have DESAs directed to
2 loci, and 24 (5%) directed to 3 loci (Table 2).

TABLE 1 Patient, donor, and transplant characteristics.

Characteristics
No HLA Ab
(n = 3398)

No
DESAs (n = 853)

DESAs
(n = 439) p-Value

Patient

Age at transplant, y, mean ± SD 45.6 ± 14.6 45.1 ± 13.7 44.6 ± 13.7 0.270a

Female sex, n (%) 1115 (32.8) 497 (58.3) 267 (60.8) <0.001b

PRA at time of transplant, %, mean ± SD 0.9 ± 4.3 16.2 ± 26.3 25.6 ± 31.7 <0.001a

Highest PRA, % mean ± SD 4.4 ± 10.7 36.1 ± 34.9 43.8 ± 36.8 <0.001a

Dialysis

No, n (%) 414 (12.2) 68 (8.0) 44 (10.0) <0.001b

Yes-hemodialysis, n 1672 (49.2) 505 (59.2) 256 (58.3)

Yes-peritoneal dialysis, n 1295 (38.1) 276 (32.4) 132 (30.1)

Unknown, n (%) 17 (0.5) 4 (0.5) 7 (1.6)

Time on dialysis, y, mean ± SD 2.5 ± 2.2 3.4 ± 3.0 3.3 ± 3.0 <0.001a

Donor

Donor age, y, mean ± SD 44.4 ± 15.1 43.5 ± 14.6 45.1 ± 15.3 0.163a

Donor female sex, n (%) 1761 (51.8) 412 (48.3) 193 (44.0) 0.003b

Type of donor <0.001b

Living, n (%) 1147 (33.8) 184 (21.6) 124 (28.2)

Deceased-DBD, n (%) 1628 (47.9) 551 (64.6) 248 (56.5)

Deceased-DCD, n (%) 623 (18.3) 118 (13.8) 67 (15.3)

Cold ischemia time

Deceased donors, h, mean ± SD 21.4 ± 7.3 23.1 ± 6.9 22.6 ± 7.0 <0.001a

Living donors, h, mean ± SD 2.5 ± 1.6 2.5 ± 1.1 2.5 ± 1.0 0.989a

Transplant

Retransplant, n (%) 153 (4.5) 367 (43.0) 200 (45.6) <0.001b

HLA-A/B/DR/DQ broad mismatches, mean ±
SD

2.8 ± 1.8 2.6 ± 1.7 2.7 ± 1.7 0.027a

Induction therapy

IL-2 receptor blocker, n (%) 768 (22.6) 161 (18.9) 86 (19.6) 0.034b

T cell-depleting antibodyc, n (%) 100 (2.9) 54 (6.3) 30 (6.8) <0.001b

Initial immunosuppression, n (%)

Steroids 3331 (98.0) 831 (97.4) 423 (96.4) 0.063b

MMF/azathioprine 2583 (76.0) 644 (75.5) 350 (79.7) 0.192b

Cyclosporine/tacrolimus 3179 (93.6) 808 (94.7) 415 (94.5) 0.368b

Sirolimus 210 (6.2) 51 (6.0) 23 (5.2) 0.735b

Other 478 (14.1) 87 (10.2) 35 (8.0) <0.001b

Unknown 11 (0.3) 1 (0.1) 4 (0.9) 0.064c

Abbreviations: DBD, donation after brain death; DCD, donation after cardiac death; DESA, donor epitope specific antibody; IL, interleukin; MMF,
mycophenolate mofetil.
aOne-way ANOVA for continuous variables.
bChi-square test for categorical variables.
cT cell-depleting antibody therapy: ALG, ATG, OKT3 monoclonal antibodies.
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3.2 | Hypothesis-based parameters
associated with clinical impact of DESA

Since in the same cohort previous data showed a signifi-
cant association between pre-transplant DSAs and graft
survival only in deceased donors,1 we investigated the
possible clinical relevance of DESA in a cohort of 3235
kidney transplant recipients receiving a deceased donor
graft. Clinically relevant DESA is defined as those DESA
that resulted in significant impaired graft survival. We
first evaluated epitope distance to the cell membrane,
number of DESAs present in transplants, and epitopes
verified to be able to bind antibodies, in relation to 1-year
and 10-year graft survival. No significant differences were
found between distance of those epitopes from non-failed
transplants (n = 286) and transplants that failed in the
first-year post-transplantation (n = 205) (Figure S2A,B).
Although an inferior graft survival in patients with
DESAs compared with patients without DESAs was
observed, the number of DESA did not result in signifi-
cant differences in graft survival (Figure S2C). Finally,
we performed an analysis based on the experimentally
antibody-verified epitopes reported by Bezstarosti et al.35

We hypothesized that DESAs recognizing antibody-
verified epitopes are more clinically relevant than those
recognizing non-verified epitopes. Analysis of transplants
with one or more of these DESAs recognizing mAb
showed no difference between experimentally verified
DESAs and not antibody-verified DESAs (Figure S2D).

3.3 | Determination and characteristics
of clinically relevant DESA

Since hypothesis-based parameters did not improve the
distinction between clinically relevant from irrelevant
DESA, we applied a different approach. We analyzed the
total cohort, in which we found 10 unique DESAs (3.2%
of donor epitopes found in the current study) being
related to more than 10% graft loss compared with trans-
plants without DESAs (DESA related to graft loss)
(Figure 1, red dots). These included 6 eplets of HLA Class
I (71TD, 76ED, 76ET, 80TLR, 144QL, 158T), 3 eplets of
HLA-DR (67F, 70DA, 70DRA), and 1 eplet of HLA-DQ
(45EV). Seventy-six patients had one or more DESA
related to graft loss, and the majority of patients
(53 [69.7%]) recognized one clinically relevant donor
eplet (range 1–5). Most of those DESAs were directed to
one locus: 36 (47%) transplants to HLA-B (1 to -A,
0 to -C), 10 (13.2%) transplants to HLA-DR, and
28 (36.8%) to HLA-DQ (Table 3). No differences in MFI
were observed between clinically relevant and irrelevant

TABLE 2 Characteristics of donor eplets per HLA Class.

HLA-A,
-B, -C

HLA-
DR

HLA-
DQ Total

Epitopes listed in HLA
epitope Registry

224 123 83 430

Donor epitopes 162 94 57 313

No. of transplants with
DESA

439

Donor epitopes No. (%) of transplants

Number per patient

1 82 (18.7)

2 63 (14.4)

3 51 (11.6)

4 44 (10)

5 40 (9.1)

>5 159 (36.2)

Directed to 1 locus

A 83 (18.9)

B 80 (18.2)

C 17 (3.9)

DR 86 (19.6)

DQ 63 (14.4)

Directed to 2 loci

A, B 20 (4.6)

A, C 6 (1.4)

A, DQ 6 (1.4)

A, DR 12 (2.7)

B, C 8 (1.8)

B, DQ 1 (0.23)

B, DR 8 (1.8)

C, DQ 3 (0.68)

C, DR 1 (0.23)

DR, DQ 21 (4.8)

Directed to 3 loci

A, B, C 2 (0.46)

A, B, DR 5 (1.1)

A, B, DQ 1 (0.23)

A, C, DR 1 (0.23)

A, C, DQ 1 (0.23)

A, DR, DQ 5 (1.1)

B, C, DR 1 (0.23)

B, C, DQ 2 (0.46)

B, DR, DQ 5 (1.1)

C, DR, DQ 1 (0.23)

Abbreviation: DESA, donor epitope specific antibody.
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DESAs in pre-transplant sera. We also found some clini-
cally relevant DESAs related to improved graft survival
(Figure 1, green dots).

We also looked at the effect of using a less strict cut-off
value, for example 7%, and of including all clinically rele-
vant DESAs whether or not they were present in one or
more transplants. More clinically relevant donor eplets
were found, and the effect on graft survival remained quite
similar (10-year death-censored graft survival of around
40% for patients with clinically relevant DESAs for
deceased donor transplants, and 70%–75% for living donor
transplants). We have observed quite a few clinically rele-
vant donor eplets that are present only in one or a few
transplants, indicating that very large numbers are needed
to find those eplets in a larger number of transplants.

3.4 | Association of clinically relevant
DESA related to graft loss

The combined effect was examined of clinically relevant
individual DESAs found in the complete cohort. For
deceased donor transplants (n = 3235), the AKME
showed a 10-year death-censored graft survival of 32%,
59%, and 76% for patients with clinically relevant DESAs
individually related to graft loss, with other DESAs, and
without DESAs, respectively (Figure 2A; p < 0.0001),
demonstrating a much higher adverse effect of those
DESAs on graft loss compared with the effect of DSAs in
the same cohort.1 For the living donor transplants
(n = 1455), the relation between clinically relevant
DESAs individually related to graft loss and 10-year

death-censored graft survival was also significant
(p = 0.0002), which was 58% for patients with DESAs
related to graft loss and 84% for patients without
DESAs (Figure 2B). For the deceased donor transplants,
we observed a significant effect of the clinically relevant
DESAs on graft loss in both the short- and long-term
(Figure 2C,E; p < 0.002), in contrast to the living donor
transplants that showed only a significant effect on the
short-term (Figure 2D,F). These findings were confirmed
in a multivariable analysis (Table 4), adjusted for the
same covariables. The presence of clinically relevant
DESAs was significantly associated with a higher risk of
graft loss after deceased donations (HR 2.45, 95% CI
1.84–3.25), and in living donor transplants (HR 2.22, 95%
CI 1.25–3.95). Investigation where these epitopes are
located on HLA molecules indicated that most of the epi-
topes recognized by clinically relevant DESA are located
on the top of an HLA molecule (Figure 3).

4 | DISCUSSION

In this study, we evaluated the clinical relevance of DESAs
in a large cohort of kidney transplant recipients. Using a
hypothesis-free approach by calculating the difference in
graft survival between a certain DESA and others, resulted
in a model in which clinically relevant DESAs could be
distinguished from irrelevant DESAs. 10-year death-
censored graft survival is only 32% for patients with clini-
cally relevant DESAs in deceased donor transplants, and
58% in living donor transplants. The results were con-
firmed in a multivariable Cox regression analysis.

FIGURE 1 Overview of clinically relevant and irrelevant donor epitope specific antibodies (DESA) in deceased transplants displayed by

their individual effect on graft survival. Differences in graft survival of a specific DESA against other DESAs are displayed. Each dot depicted

an individual epitope recognized by antibodies. We considered a difference in 10-year death-censored graft survival of 10% or less to be

clinically irrelevant (yellow dots), plotted in an adjusted Kaplan–Meier estimate. DESA resulting in an increased risk on graft loss (>0.1) are

displayed in red (DESA related to graft loss), while DESA resulting in a decreased risk (<�0.1) are displayed in green (DESA related to graft

survival).
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To define eplet mismatches between donors and
recipients, several algorithms are available (e.g., HLA
Matchmaker, OLI Fusion Matchmaker), but there are dif-
ferences in eplet definitions between those algo-
rithms.35,36 Moreover, eplet definitions have been subject
to change, especially for HLA-DQ,21 indicating that there
is no definitive and accepted list of eplets yet. Finally,
high resolution typing data are required for optimal
DESA analysis. These data were not available in our
cohort, and therefore split-serological typing were up
scaled to high-resolution typing. Imputation could result
in less accurate high-resolution typing. Others that used
the same upscaling approach showed different results in
terms of accuracy. Madbouly et al30 suggested a 65%–70%
accuracy for Caucasians, and Geffard et al37 showed an
accuracy of 58%. Engen et al38 tested HaploStats accuracy
in a multi-ethnic population, and translating imputation
output of high-resolution data when entering low-
resolution HLA typing data into eplets resulted in incor-
rect eplet identification in about 23% of the Caucasian

population,38 and errors were more common in the non-
Caucasian population. Ferradji et al39 described that the
NMDP HaploStats imputation tool yielded a high predic-
tion accuracy for HLA Class I (allele-level recall values
>95%), and a moderate accuracy for HLA Class II (allele-
level recall values >80%) in Caucasians. Senev et al40

described that considering the eplet repertoire the agree-
ment between the imputated and real high-resolution
typing data was 75% for HLA Class I and only 35% for
Class II, indicating that for the interpretation of the data
the lower imputation accuracy should be taken into
account especially for HLA Class II molecules, and in a
non-Caucasian population.

To the best of our knowledge, this is the first time that
a model showed significantly inferior graft survival based
on clinical relevance of DESA. Although multicenter
studies found poor graft survival in recipients with pre-
transplant DSAs transplanted with either living or
deceased donors, the 5-year and 10-year graft survival is
still between 60% and 70%,1,4 while in our study the
10-year graft-survival is 32% in DESA positive patients. In
the current cohort, the percentage of patients with pre-
transplant DSAs is comparable to pre-transplant DESAs
(12% and 9.4%, respectively). The presence of pre-
transplant clinically relevant DESA has detrimental effect
on early graft survival and also on late graft survival in
deceased donation. We did not try to identify clinical rel-
evant DESAs simply by identifying patients with early
graft loss, because the number of those patients is too low
to discern clinically relevant DESAs (n = 319 graft loss
<6 months). Whether the described approach to classify
clinically relevant and nonrelevant DESA is also applica-
ble to classify DSAs into clinically relevant and nonrele-
vant antibodies, could be investigated in future research.
We would like to emphasize that it is very important to
note that the distinction between clinically (ir)relevant
DESAs is only allowed if pre-transplant luminex DSAs
are not a contraindication for transplantation. This is cer-
tainly not the case in every center worldwide, as some
centers allow only very low-grade pretransplant clinically
insignificant DSA to proceed with transplantation. In the
current study, transplantations were not biased by pre-
transplant Luminex results, with neat MFI levels of pre-
transplant DSA varying between 500 up and >10.000.1

Furthermore, the cohort consisted of relatively low
immunological risk patients as transplants only occurred
after a negative crossmatch, highlighting specifically the
effect of lower level pre-transplant DSAs.

It appeared that some transplants were DSAs positive
but were DESAs negative (33% of DESA positive trans-
plants). The reason for this discrepancy is that for DSA
determination low-resolution typing has been used, and
upscaled high-resolution HLA typing data for DESA

TABLE 3 Characteristics of clinically relevant donor epitopes

per HLA Class.

HLA-A,
-B, -C

HLA-
DR

HLA-
DQ Total

Epitopes listed in HLA
epitope registry

224 123 83 430

Clinically relevant
donor epitopes

6 3 1 10

No. of transplants with
clinically relevant
DESA

76

Clinically relevant donor
epitopes

No. (%) of
transplants

Number per patient

1 53 (69.7)

2 9 (11.8)

3 9 (11.8)

4 4 (5.3)

5 1 (0.01)

Directed to 1 locus

A 1 (0.01)

B 36 (47.4)

C 0

DR 10 (13.2)

DQ 28 (36.8)

Directed to 2 loci

B, DQ 1 (0.01)

Abbreviation: DESA, donor epitope specific antibody.
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determination. For example, a DSA has been determined
against B44 (donor HLA, serological level) with the corre-
sponding Luminex bead B*44:03 being positive. After

upscaling, it turned out that the donor HLA was B*44:02
on 2-field resolution level, and therefore no DESA could
be determined. 10-year graft survival between transplants

FIGURE 2 Long-term graft

survival of kidney transplants

according to clinically relevant

donor epitope specific antibodies

(DESA) found at least 30 times in

both investigation and validation

cohort. Adjusted Kaplan Meier

estimates (AKME) for death-

censored graft survival according

to the presence of clinically

relevant DESA related to graft

loss for the deceased-donor

transplants only (N = 3235)

(A) and for living-donor

transplants only (N = 1455) (B).

Analysis of the effect of clinically

relevant DESA related to graft

loss on 1-year graft survival for

deceased-donor transplant only

(C, N = 3235) and for living-

donor transplants only (D,

N = 1455). (E) Analysis of long-

term effect of clinically relevant

DESA related to graft loss starting

at 1 year after transplants for

deceased-donor transplants only

(N = 2832) and for living-donor

transplants only (F, N = 1387).

All AKME were adjusted for the

following covariates: recipient age

(quadratic) and donor age

(quadratic), donor type (living or

deceased; for the total cohort

only), cold ischemia time (for

donation after brain death and

donation after cardiac death),

time on dialysis in years

(quadratic), and induction

therapy with interleukin-2

receptor blocker.

KARDOL-HOEFNAGEL ET AL. 9 of 14

 20592310, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tan.15346 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



with DSAs without DESAs is comparable to transplants
with both DSAs and DESAs (Figure S3A).

Preliminary data indicate that patients having two or
more pre-transplant DESAs, defined by taking all eplets
listed in the HLA Eplet Registry into account, showed
inferior graft survival compared with patients with zero
to two DESAs.41 However, 10-year graft survival rate is
�50% in patients with ≥2 DESA. Since 54%–75% of the
kidney transplant recipient population had still a func-
tioning graft 10 years after transplantation despite the
presence of pre-transplant DSAs or DESAs, not all
DESAs appear to be equally harmful. This provides room
for local policy making as there is no consensus how to
take these data into consideration upon an organ offer.

The metric cut-off of 10% used to distinguish clini-
cally relevant from irrelevant DESAs is quite strict,
resulting in a small number of relevant donor eplets. The
value of 10% is based on, firstly, the average difference in
graft survival between patients with and without DSAs
in a large cohort.1 Second, it is based on the data in
Figure 1, showing that 10% graft survival difference lies
in the middle of the range from 0 to the maximum effect
found. The results have been validated both internally
(cross-validation) and externally (living donors). The
association of these clinically relevant DESA with graft
loss was found to be stronger in deceased compared with
living transplants, especially early after transplantation,
resembling the previously described relation between
DSA and graft loss.1

The reason why antibodies against certain epitopes
are clinically more relevant than others is unknown.
Data obtained in therapeutic antibody enhancement

studies showed that binding of the Fc region of the anti-
body to the complement protein C1q is important for
activation. In addition, the ability to activate the comple-
ment system is dependent on antigen density, size, and
the formation of ordered antibody hexamers that effi-
ciently bind C1q.26–28,42 Finally, it could be that multiple
low-level MFI DESAs—that have not been found as
complement-fixing—cluster on cell surfaces and there-
fore are able to activate complement in vivo.43 The cited
literature describes data regarding known epitopes on
CD20 and CD137, but we hypothesized that the same
parameters may also affect HLA antibody effector func-
tions as many HLA epitopes has been discovered. How-
ever, we have to keep in mind that HLA antigens are
highly polymorphic.

In the present study, neither epitope distance to the
cell membrane, number of DESAs nor antibody-verified
epitopes were useful parameters to distinguish clinically
relevant from irrelevant DESAs with respect to graft sur-
vival. In addition, we observed a dispersed distribution of
the clinically relevant DESAs associated with graft loss
on HLA molecules, although some eplets contained over-
lapping amino acids. This suggests that certain positions
on HLA molecules are of more importance for the clini-
cal relevance of DESAs than other positions. We would
like to emphasize that which HLA antigen specificities
will be recognized by clinically (ir)relevant DESAs is not
important, as epitopes can be located on multiple HLA
antigens. Furthermore, these data suggested that proba-
bly complement-independent mechanisms such as bind-
ing of innate immune cells to antibodies or direct
activation of antibodies also determine the clinical

TABLE 4 Multivariable analyses of DESAs associated with graft loss using Cox proportional hazards model.

No. (%) of transplants
with DESAs associated
with graft loss Hazard ratio 95% CI

Total cohort (N = 4690) 76 (1.6) 2.31 1.79–2.98

Living donors (N = 1455)

All 21 (1.4) 2.22 1.25–3.95

Early failures (<1 year) 3 (0.2) 17.97 4.35–74.34

Late failures (≥1 year) 18 (1.2) 1.96 1.01–3.80

Deceased donors (N = 3235)

All 55 (1.7) 2.45 1.84–3.25

Early failures (<1 year) 36 (1.1) 2.13 1.48–3.07

Late failures (≥1 year) 19 (0.6) 1.59 1.00–2.54

Abbreviations: CI, confidence interval; DESA, donor eplet specific antibody.
Note: In this multivariable analysis, we adjusted for differences in the following covariates: recipient age (quadratic), donor age (quadratic), donor type (living
or deceased), cold ischemia time in hours for donation after brain death (DBD) and donation after cardiac death (DCD), time on dialysis in years (quadratic),

and induction therapy with interleukin-2 receptor-blocking antibody. Other covariates were not used for various reasons as previously described by Kamburova
et al (AJT 2018).
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relevance of DESAs. Further research is needed to study
the effector functions of the clinically relevant DESAs.
We have not considered data regarding HLA-DP anti-
bodies. It has been shown that preformed HLA-DP anti-
bodies did not significantly worsen graft survival,44

therefore we do not think that eliminating patients with
preformed anti-DP antibodies would result in different
data. We have not investigated the contribution of de
novo antibodies to late graft survival nor the immunoge-
nicity of epitopes recognized by clinically relevant
DESAs, which is a limitation of the study. Limited

information was available on (the registration of) rejec-
tions and the type of rejection as well as the reason for
graft loss, and as the retrospective cohort consisted of kid-
ney transplants between 1995 and 2005, biopsies were
not always performed at that time, and, therefore, rejec-
tions might have been missed.

Overall, clinically relevant DESAs did not have higher
MFI values than clinically irrelevant DESAs had. As MFI
can only be provided against 1 HLA molecule, it is diffi-
cult to average that epitope specificity, because DESAs
recognize epitopes present on several HLA molecules,

FIGURE 3 Virtualization of an HLA molecule showing epitopes recognized by clinically relevant donor epitope specific antibodies

(DESA). Side view of major histocompatibility complex protein HLA-B*47:01, B*13:02, and B*38:01 (A). HLA-B*47:01 has four eplets: 71TD,

76ET, 76ED, 80TLR; HLA-B*13:02 has three eplets: 76ET, 80TLR, 144QL; HLA-B*38:01 has one eplet: 158T. Blue: alpha chain; purple: beta-2

microglobulin chain; green: a presented peptide; yellow: clinically relevant DESA. (B) Side view of major histocompatibility complex protein

HLA-DRB1*11:01 having three eplets: 67F, 70DA, 70DRA, and of protein HLA-DQB1*03:01 (C) having one eplet: 45EV. Blue: alpha chain;

purple: beta chain; green: a presented peptide; yellow: clinically relevant DESA.

KARDOL-HOEFNAGEL ET AL. 11 of 14

 20592310, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tan.15346 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and serum contained several HLA antibodies. In addition
to clinically relevant DESAs related to graft loss, other
clinically relevant DESAs appeared to be beneficial
(Figure 1, green dots). One hypothesis why certain pre-
existing antibodies might be beneficial on the long term
is via a process called accommodation, known to occur in
ABO-incompatible transplants. A possible mechanism
could be that inhibition of inflammation through some
complement split products might contribute to superior
graft survival in patients with those DESAs.45 It has been
shown in animal studies that membrane regulatory com-
plement proteins can be upregulated by antibodies.46,47

The major advantage of the multicenter (n = 8) patient
cohort used is the long follow-up time of minimal 10 years
post-transplant, and its size. We observed no differences in
graft survival between patients transplanted in 1995–2000
versus in 2000–2005 (Figure S3B). In addition, the propor-
tion of patients with clinically relevant DESAs in both
periods were equal (1.9%, and 1.4%, respectively). Further-
more, the analysis for HLA-antibodies defined by Luminex
was performed in a single center excluding variances
among centers which could negatively influence the
data.48 A donor antibody against a specific epitope was
considered clinically relevant if the difference in graft sur-
vival between transplants with and without that specific
DESA was at least 10%. In the Kaplan–Meier survival
analysis, patients with at least one clinically relevant
DESA may also have irrelevant DESA, which could aver-
age overall graft survival. Due to the low number of trans-
plants with clinically relevant DESAs, we were not able to
evaluate the contribution of only HLA Class I or Class II
DESAs to graft survival, neither to analyze whether
increasing number of clinically relevant DESAs is related
to inferior graft survival. In addition, as the cohort mainly
consisted of Caucasians, the results definitely need to be
replicated in other cohorts from different countries includ-
ing non-European populations.

In conclusion, we developed a model that associated
pre-existing DESAs appearing to be clinically relevant in
relation to graft survival. Certain specific DESA are more
clinically relevant than others in both living- and
deceased-donor transplants resulting in a 10-year graft
survival of 32% in patients with those DESAs. These
results can be used for pre-transplant risk stratification
for graft loss and improves the current state-of-the-art
where DSA instead of DESA are used.
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