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ABSTRACT

In kidney transplantation, polymorphic amino acid configurations on mismatched donor HLA 

molecules can lead to the development of de novo donor-specific antibodies (dnDSA). These 

dnDSA are mainly directed against HLA class II, and especially HLA-DQ, and are associated with 

graft loss. Defining which polymorphic residues are able to induce an antibody response and 

which not, is pivotal for the development of strategies to prevent dnDSA formation. Therefore, 

the aim of this study was to define the most immunogenic HLA-DQ polymorphic amino acid 

mismatches in a cohort of kidney transplant recipients.

From multiple Dutch transplant centres we selected non-immunised male recipients that 

received their first kidney transplant with at least one HLA class II antigen mismatch and 

subsequently lost their graft due to immunological failure (n=79). Donor and recipient HLA 

typing was performed at high resolution using next generation sequencing (NGS) and the 

number of solvent accessible amino acid mismatches was established with HLA-EMMA. 

Formation of dnDSA was determined by screening recipients’ sera collected upon graft failure 

with Luminex single antigen bead assays.

HLA-DQ-specific dnDSA were most prevalent, occurring in 35% of the 79 recipients. Increasing 

numbers of solvent accessible amino acid mismatches resulted in a higher frequency of HLA-

DQB1 or HLA-DQA1 dnDSA. However, we also observed that a single solvent accessible amino 

acid mismatch on HLA-DQB1 or HLA-DQA1 was sufficient for the induction of dnDSA. In this 

pilot study with a limited number of cases, it was not yet possible to identify specific amino 

acid positions or types, which were significantly more immunogenic than others.

Overall, we showed that within this cohort the chance of HLA-DQ-specific dnDSA increased 

with more solvent accessible amino acid mismatches, although on individual level a single 

amino acid mismatch can be sufficient to trigger an antibody response. This latter observation 

supports the importance to define the most immunogenic residues, which requires a much 

larger and diverse cohort.
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INTRODUCTION

Human leukocyte antigen (HLA) matching can prevent the occurrence of an alloimmune 

response. However, most grafts are transplanted with one or more HLA antigen mismatches, 

which can result in immunisation of the recipient as reflected by the formation of donor 

specific HLA antibodies. These de novo donor-specific antibodies (dnDSA) are strongly 

associated with graft loss,1-3 and reduce the chance of repeat transplantation.4 Therefore, it 

is of utmost importance to prevent the development of dnDSA after transplantation.

Induction of dnDSA can be triggered by polymorphic amino acid configurations on mismatched 

HLA antigens and are mainly directed against HLA class II, and more specifically HLA-DQ.1,2,5 

There are several ways of defining and analysing these polymorphic residues. One of these is 

used by the HLAMatchmaker algorithm, which defines patches of (dis)continuous polymorphic 

amino acids, called eplets, that theoretically can induce an antibody response.6,7 Indeed the 

number of eplet mismatches between donor and recipient have been associated with dnDSA 

formation 8-11 as well as transplant glomerulopathy.12 In addition, the immunogenicity of HLA 

mismatches on the population level have also been assessed based on amino acid mismatches 

and/or physiochemical disparity scores.13,14 While these approaches provide mismatch scores 

that are good predictors of sensitisation risk on population level, it remains to be determined 

which mismatched amino acids triggered the formation of dnDSA in an individual patient.

It has been shown that not every eplet mismatch is equally immunogenic15 and dnDSA are 

observed even when only a low number of triplet, predecessor of eplet, mismatches are 

present on the mismatched donor HLA.16 In addition, as mentioned, eplets are theoretically 

defined and require experimental verification to determine if an antibody can actually bind 

to these polymorphic residues.17,18 While data of a recent study showed that both HLA class I 

and class II antibody-verified eplets were good indicators for risk of graft loss for individual 

patients, especially for HLA class II additional verification of eplets is required to further 

improve this risk stratification.11 Thus, the current list of potential immunogenic polymorphic 

amino acid configurations is still incomplete.

Recently, we developed a software program, HLA-EMMA, to analyse the compatibility between 

donor and recipient HLA class I and class II molecules on the amino acid level.19 The benefits 

of HLA-EMMA are that large cohorts of donor-recipient pairs from diverse populations can 

be analysed for HLA class I and class II simultaneously and, in addition, it provides the type 

and position of the amino acid mismatches. Using this software program, we aim to define 
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the most immunogenic polymorphic amino acids that ultimately form the basis of specific 

polymorphic amino acid configurations involved in antibody binding.

As mentioned, the most frequently observed dnDSA after transplantation are directed against 

mismatched HLA-DQ. To prevent HLA-DQ-specific dnDSA formation it is essential to determine 

the immunogenic polymorphic amino acids on the HLA-DQB1 and HLA-DQA1 molecules. To 

this aim, we performed a pilot study using a kidney transplant cohort study of non-immunised 

male transplant recipients with at least one HLA class II antigen mismatch, who lost their graft 

due to immunological failure.

MATERIALS AND METHODS

Study population

From multiple Dutch transplant centres, we selected non-immunised male recipients that 

received their first renal transplant with at least one HLA class II antigen mismatch, and 

who subsequently lost their graft due to immunological failure. From Leiden and Rotterdam 

transplant centre we selected recipients that underwent their first kidney transplantation 

between 1992 and 2015 (n=40) (Figure 1). Subsequently, the cohort was extended with patients 

from the PROCARE consortium (PROfiling Consortium on Antibody Repertoire and Effector 

functions) database with recipients that received their first kidney transplantation between 

1995 and 2005 (n=129).

HLA typing

DNA samples were collected from recipients and donors for HLA typing by next-generation 

sequencing (NGS) of HLA-A, -B, -C, -DRB1, -DRB3/4/5, -DQB1, -DQA1, -DPB1, and -DPA1 loci. 

NGSgo-AmpX kit (GenDx, Utrecht, the Netherlands) was used for the amplification of HLA 

genes. Next, library and sequence preparation were performed with NGSgo-LibrX/IndX kit 

(GenDX) and subsequently sequencing was carried on Illumina MiSeq or MiniSeq (Illumina, 

San Diego, CA, USA). NGS data was analysed with NGSengine software (GenDx).

Ambiguities at the second field level were still observed for several HLA alleles (n=6 DRB1, n=3 

DQB1, n=17 DPB1) after NGS typing. Therefore, we selected the first allele of the ambiguity 

group.

Definition of donor-specific antibodies

Recipients’ sera before transplantation and after graft failure were collected for screening 

for the presence of HLA antibodies with Lifecodes Lifescreen Deluxe screening kit (LMX, 
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Immucor Transplant Diagnostics, Stamford, CT, USA). Subsequently, positive serum samples 

were treated with ethylenediaminetetraacetic acid (6% EDTA) and tested with Lifecodes HLA 

class I and class II single antigen beads (SAB) (Immucor Transplant Diagnostics). Data was 

analysed with Match It! Antibody software version 1.3.0 (Immucor Transplant Diagnostics). 

The screening data were analysed using raw mean fluorescence intensity (MFI) and for the 

SAB data background corrected MFI (BCM) as provided by software were used. For defining 

DSA from the SAB data of each individual both the software positive assignments and the 

BCM of recipient’ alleles were considered. For HLA-DRB1, HLA-DRB3, HLA-DRB4, and HLA-

DRB5 donor alleles with BCM > 1000 were defined as DSA. For HLA-DQB1 and HLA-DQA1 DSA 

was assigned if the actual mismatched HLA-DQB or HLA-DQA donor allele present on a bead 

in combination with respectively the self HLA-DQA or HLA-DQB allele of the recipient was 

positive, BCM > 1000. If the mismatched allele was not present on a bead in combination with 

a recipient allele, then DSA was assigned if all beads with mismatched allele were positive 

and the reactivity was not caused by the other allele on the bead. In case donor HLA allele 

was not present in SAB assay, no dnDSA could be defined (n=3 DRB1, n=1 DRB4, n=1 DQB1, 

n=1 DQA1) and these cases were excluded from analysis.

Solvent accessible amino acid mismatches

HLA-EMMA software program version 1.0 was used to define the solvent accessible amino 

acid mismatches between donor and recipient.19 With this software program the amino acid 

sequences of the donor HLA alleles are compared with the recipient’ sequences, interlocus 

for HLA-DRB1, HLA-DRB3, HLA-DRB4, and HLA-DRB5, and intralocus for HLA-DQB1 and HLA-

DQA1. HLA-EMMA identified and quantified the position and type of solvent accessible amino 

acid mismatches of each donor allele.

Visualising solvent accessible amino acid positions

HLA-DQB1*03:02-DQA1*03:02 crystal structure PDB 1JK8 (downloaded from https://www.

rcsb.org/ on January 16, 2020) was used to visualise solvent accessible amino acid positions 

with Swissviewer.20

Statistical analysis

SPSS statistics version 25 (IBM, Armonk, NY, USA) was used to perform statistical analysis. 

Binary logistic regression was used to assess the significance of antigen, allele, or solvent 

accessible amino acid mismatches as predictors of dnDSA formation. P values of <0.05 were 

considered statistically significant.
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Table 1: dnDSA formation in study cohort

dnDSA N (missing*) % of 79
HLA class I 13 (2) 16.5
HLA-DRB1 10 (4) 12.7
HLA-DRB3/4/5 8 (8) 10.1
HLA-DQB1 26 (1) 32.9
HLA-DQA1 22 (1) 27.8

*HLA alleles that are not present in single antigen bead assay

RESULTS

Study cohort

The selection criteria of the study cohort were non-immunised first kidney transplant 

male recipients with at least one HLA class II antigen mismatch with graft failure due to 

immunological failure. This resulted in a study cohort consisting of 79 donor-recipient couples 

for analysis (Figure 1).

Overall within this cohort, 39% of recipients developed HLA class II dnDSA (n=31) of which 

45% recipients (n=14) also had HLA class I dnDSA (Table 1). HLA-DQB1 and/or HLA-DQA1-

specific dnDSA were most prevalent in the recipients (35% n=28) and 11 of those recipients 

also developed HLA-DRB1/3/4/5 specific dnDSA, while HLA-DRB1/3/4/5 dnDSA were only 

observed in 3 recipients.

Leiden/Ro�erdam Kidney transplana�on
between 1992 - 2015

(n=40)

PROCARE Kidney transplana�on
between 1995 - 2005

(n=129)

Excluded
No sample (n=55)

Failed typing due to poor quality DNA (n=17)

Excluded
DSA pre-transplanta�on (n=3)

No sample (n=3)
Failed typing due to poor quality DNA (n=6)

Recipient - Donor couples study cohort
(n=85)

Recipient - Donor couples 
included in analysis

(n=79)

Excluded
Unexplainable High MFI against self HLA (n=6)

Figure 1: Flow chart of inclusions and exclusions for the study cohort.
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Solvent accessible amino acid mismatches are associated with dnDSA for-

mation

Per individual we determined if a HLA-DQB1 and/or HLA-DQA1 dnDSA was formed and 

observed that for HLA-DQB1 the chance of antibody response was higher for two HLA-DQB1 

antigen mismatches, based on serological split typing, compared to one antigen mismatch 

although this was not significant (Table 2). Interestingly, the chance of dnDSA formation was 

lower for 2 HLA-DQB1 or HLA-DQA1 allele mismatches compared to 1 allele mismatch (Tables 

2 and 3), although this was only significant for HLA-DQB1. However, when defining the sum 

solvent accessible amino acid mismatches for HLA-DQB1 and HLA-DQA1 per individual we 

found that the chance of dnDSA formation was higher for solvent accessible amino acid 

mismatches above the mean, 12 for HLA-DQB1 and 10 for HLA-DQA1. This was further 

supported when comparing the number of HLA-DQB1 and HLA-DQA1 solvent accessible 

amino acid mismatches of one allele mismatch with two allele mismatches (Figure 2). For 

many double allele mismatches the sum of solvent accessible amino acid mismatches was 

very low and often lower than the number of solvent accessible amino acid mismatches of 

several single allele mismatches.

Table 2: HLA-DQB1 mismatches predicting dnDSA using logistic regression analysis

OR (95% C.I.) p value No DSA DSA

DQB1 antigen 1 mm (ref) 33 23

DQB1 antigen 2 mm 2.323 (0.575-9.381) 0.237 10 3

DQB1 allele 1 mm (ref) 30 22

DQB1 allele 2 mm 0.260 (0.078-0.865) 0.028 21 4

DQB1 SA AA mm <=12 (ref) 35 11

DQB1 SA AA mm >12* 2.983 (1.123-7.927) 0.028 16 15

OR = Odds Ratio, C.I. = Confidence Interval

* grouped based on mean

Table 3: HLA-DQA1 mismatches predicting dnDSA using logistic regression analysis

OR (95% C.I.) p value No DSA DSA

DQA1 allele 1 mm (ref) 37 18

DQA1 allele 2 mm 0.514 (0.150-1.762) 0.290 16 4

DQA1 SA AA mm <=10 (ref) 39 8

DQA1 SA AA mm >10* 4.875 (1.686-14.097) 0.003 14 14

 OR = Odds Ratio, C.I. = Confidence Interval

* grouped based on mean
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Figure 2: HLA-DQB1 and HLA-DQA1 solvent accessible amino acid mismatches and association with 
dnDSA formation. The number of solvent accessible amino acid mismatches were defined and dnDSA per 
mismatched donor allele for HLA-DQB1 (A) and HLA-DQA1 (B). A higher frequency of dnDSA formation 
is observed with increased number of solvent accessible amino acid mismatches. Groups were equally 
divided in tertiles and zero amino acid mismatches was set as separate group.

Next, we defined the number of solvent accessible amino acid mismatches for each 

mismatched donor allele, and we analysed whether an antibody response was formed against 

that donor allele. Mismatched donor HLA alleles that were not present in SAB assay were 

not included in the analysis. For HLA-DRB1/3/4/5, HLA-DQB1 and HLA-DQA1 we determined 

whether a correlation between the number of solvent accessible amino acid mismatches 

and dnDSA existed. For HLA-DR, no association was observed between dnDSA formed and 

number of solvent accessible amino acid mismatches due to low number of pairs (data not 

shown). For both HLA-DQB1 and HLA-DQA1 a higher frequency of dnDSA formation was 

observed with increasing number solvent accessible amino acid mismatches (Figure 3). The 

HLA-DQB1 and HLA-DQA1 solvent accessible amino acid mismatched were grouped based on 

tertiles, and this resulted in odds ratio (OR) 3.788 (1.1912 – 7.504) and OR 3.677 (1.908 – 7.086), 

respectively. The risk of dnDSA formation was also associated with an increased number of 

solvent accessible amino acid mismatches with OR 1.121 (1.049 – 1.198) for HLA-DQB1 and OR 

1.138 (1.064 – 1.217) for HLA-DQA1 if no groups were defined on basis of tertiles.
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Figure 3: HLA-DQB1 and HLA-DQA1 allele mismatch was associated with a wide range of solvent 
accessible amino acid mismatches. Each data point represents the sum of solvent accessible amino 
acid mismatches for HLA-DQB1 (A) or HLA-DQA1 (B). The boxplot indicates the median with minimum 
and maximum values.

A single HLA-DQB1 or HLA-DQA solvent accessible amino acid mismatch can 

already be sufficient to induce dnDSA

In many publications a specific cut-off of epitopes or eplets is used to stratify patients into low 

or high risk to develop dnDSA. Also in our analysis above, we could identify a cut-off for HLA-

DQB1 and HLA-DQA1 that correlated with a high risk of dnDSA development. However, low 

numbers of solvent accessible amino acid mismatches can already result in dnDSA formation. 

Upon in-depth analysis, we found that for one mismatched donor HLA-DQB1 allele and for 

one mismatched donor HLA-DQA1 allele there was only a single solvent accessible amino acid 

mismatch leading to dnDSA formation. For the HLA-DQB1 allele, DQB1*03:02, the mismatch 

was alanine on position 57 (Figure 4A), which is located on the top of HLA-DQ molecule (Figure 

4B). In contrast, the amino acid aspartic acid on position 160 located near the bottom of the 

HLA-DQ molecule was the only mismatched amino acid of HLA-DQA1*03:03 but is nonetheless 

still regarded as solvent accessible (Figure 4C and D).
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A C

B D

57

160

Amino acid on 
position 160

Highest BCM in SAB

Recipient DQA1*03:01 Alanine 273
DQA1*05:05 Alanine 44

Donor DQA1*03:03 Aspartic acid
1426 (in combination 

with self DQB1)

Amino acid on 
position 57

Highest BCM in SAB

Recipient DQB1*03:19 Aspartic acid n.d.
DQB1*05:01 Valine 0

Donor DQB1*03:02 Alanine
6894 (in combination 

with donor DQA1)

Figure 4: A single solvent accessible amino acid mismatch is sufficient to induce dnDSA formation. 
The amino acid alanine on position 57 was the only mismatch between donor HLA-DQB1*03:02 and recip-
ient’s HLA-DQB1 alleles (A), but still resulted in dnDSA formation. Position 57 is located on the top of the 
molecule (B). Aspartic acid on position 160 was the only mismatch between donor HLA-DQA1*03:03 and 
recipient HLA-DQA1 alleles (C), but position 160 is located near the bottom of the molecule (D).

No specific amino acid position is preferentially associated with dnDSA 

formation

Next, we determined whether in this pilot study it was already possible to define specific 

amino acid positions or type preferentially resulting in dnDSA formation. To this aim, we 

calculated how often specific position or type occurred as mismatches and how often that 

specific position or type was mismatched on a mismatched donor HLA-DQ allele that resulted 

in dnDSA formation. So far, no specific amino acid position could be identified for HLA-DQB1 

(Figure 5A), nor for HLA-DQA1 (Figure 5B), as the average frequency of dnDSA of positions is 

39% (range 15-53%) and 40% (range 0-57%), respectively. Interestingly, in the current cohort no 

mismatches were observed for 116 solvent accessible amino acid positions of HLA-DQB1 and 

for 17 positions of HLA-DQA1. In addition, when further looking into the type of mismatched 

amino acids, no specific solvent accessible amino acid type resulting more frequently in dnDSA 

formation could be identified (data not shown).
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dnDSA

No dnDSA

DQB1 DQA1

Figure 5: Overview of all mismatched solvent accessible amino acid positions. All solvent accessible 
amino acid positions of HLA-DQB1 and HLA-DQA1 are depicted in the columns, and each row is a mis-
matched donor allele. Yellow indicates the positions that were mismatched between donor and recipient 
and blue are the matched positions. DnDSA was observed against the donor HLA alleles above the line 
and no dnDSA was observed for mismatched donor alleles below the line.

DISCUSSION

The development of dnDSA after transplantation is associated with inferior graft survival 

and reduces the chance of repeat transplantation. Interestingly, since the introduction of 

the sensitive Luminex SAB assays it is appreciated that dnDSA are often directed against 

HLA-DQ.1-5 In the current study, we showed that the formation of HLA-DQB1 and HLA-DQA1-

specific dnDSA is associated with the number of solvent accessible amino acid mismatches on 

mismatched HLA-DQ antigens. These findings are in accordance with previous studies based 

on eplet, amino acid, or physiochemical properties mismatches.8,9,14,21 However, in the present 

study no association was observed between the number of HLA-DR solvent accessible amino 

acid mismatches and dnDSA formation, which is probably due to exclusion of large number 

of donor-recipient pairs (n=30) as the mismatched HLA alleles were not present in SAB assay 

used in this study resulting in low number of pairs and subsequently allele mismatches for 

analysis.

In addition, dnDSA formation, albeit at lower frequency, was observed for low number, or 

even a single, solvent accessible amino acid mismatches on both HLA-DQB1 allele or HLA-

DQA1 alleles, similar as recently observed for HLA-DQ molecule mismatches.22 One should 

take this into consideration, both in donor selection and risk estimation, and not only trust 

on the definition of eplet loads that have been proposed as good indicators for sensitisation 
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risk9,21,23 and have already been applied in kidney allocation to paediatric patients.24 These 

data support the notion that with an increasing number of amino acid differences, the chance 

that an immunogenic disparity is present increases, but that in individual cases, a single amino 

acid can already be immunogenic.25

On the other hand, not every mismatched donor HLA allele with a high number of solvent 

accessible amino acid mismatches resulted in dnDSA formation, as in this group the 

dnDSA frequency was 48% and 52%, for HLA-DQB1 and HLA-DQA1 respectively. The data 

suggest that for some allele mismatches the amino acids mismatches that are present are 

of low immunogenicity.26 The HLA phenotype of the recipient itself plays a major role in 

immunogenicity. So is class switching to IgG antibody producing cells dependent on the T 

cell epitopes presented by the recipients’ HLA class II molecules of the B cell.27,28 However, in 

current study, we could not find an association between the recipients’ HLA-DR phenotype 

and dnDSA HLA-DQ-specific formation could be defined (data not shown), also likely due to 

limited sample size. Besides T cell dependency for IgG antibody formation, also the type of 

amino acid substitution plays a role in immunogenicity, because if the size and charge are 

like those of the recipients than the HLA molecules structure and physiochemical properties 

can be similar.29

Defining either an immunogenic amino acid position or type of the HLA-DQB1 and HLA-DQA1 

alleles was not reached. This is probably due to the relatively low number of donor-recipient 

pairs. While the cohort consist of high number of HLA-DQB1 and HLA-DQA1 allele mismatches 

and HLA-DQ-specific dnDSA formation, the strict selection rules and the requirement of 

presence of DNA samples for NGS-based HLA typing resulted in a low number of donor-

recipient couples. In addition, the numbers for analysis were even more reduced as not all HLA 

alleles obtained with NGS typing were present in SAB assay used in this study and therefore 

were excluded from analysis.

Nonetheless, high resolution typing is essential as it provides optimal accuracy in compatibility 

analysis on the amino acid level, and while for certain populations translation from low 

resolution to high resolution typing is possible,30 for individuals with rare alleles this does 

not apply. High resolution HLA typing was also pivotal for assigning dnDSA towards HLA-DQ. 

In this study, we analysed HLA-DQB1 and HLA-DQA1 separately, and while indeed antibodies 

can be clearly specific for one chain, it is also possible that an antibody is specifically directed 

against the whole HLA-DQ molecule.31,32 This is further complicated by the fact that certain 

HLA-DQB1 and HLA-DQA1 alleles can not only occur in cis form but also as trans-encoded 
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heterodimers,33 and dnDSA against trans-encoded heterodimers have been observed.34 Thus, 

further studies are required to fully understand what the HLA-DQ antibodies recognise.

To facilitate the analysis of HLA-DQ immunogenicity, it has been proposed that a cohort 

consisting of patients that have been transplanted with two HLA-DQ mismatches an developing 

dnDSA to only one of the mismatches can be useful, as well as recipients homozygous at the 

HLA-DQ locus.22 This will be one of the components of the 18th International Immunogenetics 

and Histocompatibility Workshop (IHIWS) (https://www.ihiw18.org/). Our study indicates 

the need to perform larger and more diverse studies, such as the ones proposed in the 

IHIWS, to identify the most immunogenic HLA-DQ amino acid mismatches. In the current, 

relative small cohort, we observed that for the HLA-DQB1 locus most of polymorphic solvent 

accessible amino acid positions were never mismatched, because HLA-EMMA software 

includes the polymorphic positions for all HLA alleles in IMGT database, even rare alleles. 

The reason why these positions were never mismatched in the current study may be due to 

their monomorphic character in our study population, which does not exclude that these 

positions may be relevant in other study populations with other ethnicities.

Eventually, identification of the immunogenic polymorphic amino acids should lead to defining 

the relevant amino acid configurations to which an antibody can actual bind, similar as has 

been done for eplets. These configurations can then be used as parameters for allocation to 

prevent dnDSA formation after transplantation. In addition, amino acid configurations can 

be used for highly sensitised patients to define acceptable and unacceptable HLA alleles.26,35

In summary, in this pilot study we showed that even though the chance of HLA-DQ-specific 

dnDSA is higher with more solvent accessible amino acid mismatches, on individual level a 

single amino acid mismatch can already be sufficient to trigger an antibody response. Thus, to 

prevent dnDSA formation the most immunogenic residues must be avoided during allocation 

rather than the HLA alleles with high number of polymorphic amino acid mismatches with 

relative low immunogenicity. To accomplish this, it is pivotal to define the most immunogenic 

residues, especially for HLA-DQ, in larger and more diverse cohorts. 

Acknowledgement

The authors thank GenDx for performing part of the HLA typing by NGS and Jos Drabbels and 

the HLA typing and screening laboratory Leiden, the Netherlands for technical assistance.

Cynthia_Binnenwerk_V3.indd   145 9-8-2020   14:53:01



146

REFERENCES

1.	 Wiebe C, Gibson IW, Blydt-Hansen TD, et al. Evolution and clinical pathologic correlations of de 
novo donor-specific HLA antibody post kidney transplant. American journal of transplantation. 
2012;12(5):1157-1167.

2.	 Everly MJ, Rebellato LM, Haisch CE, et al. Incidence and impact of de novo donor-specific alloantibody 
in primary renal allografts. Transplantation. 2013;95(3):410-417.

3.	 Sharma A, Lewis JR, Lim WH, et al. Renal transplant outcomes and de novo donor-specific anti-
human leukocyte antigen antibodies: a systematic review. Nephrology, dialysis, transplantation. 
2018;33(8):1472-1480.

4.	 Kosmoliaptsis V, Gjorgjimajkoska O, Sharples LD, et al. Impact of donor mismatches at individual 
HLA-A, -B, -C, -DR, and -DQ loci on the development of HLA-specific antibodies in patients listed for 
repeat renal transplantation. Kidney international. 2014;86(5):1039-1048.

5.	 Campos EF, Tedesco-Silva H, Machado PG, Franco M, Medina-Pestana JO, Gerbase-DeLima M. Post-
transplant anti-HLA class II antibodies as risk factor for late kidney allograft failure. American journal 
of transplantation. 2006;6(10):2316-2320.

6.	 Duquesnoy RJ. A structurally based approach to determine HLA compatibility at the humoral immune 
level. Human immunology. 2006;67(11):847-862.

7.	 Duquesnoy RJ, Askar M. HLAMatchmaker: a molecularly based algorithm for histocompatibility 
determination. V. Eplet matching for HLA-DR, HLA-DQ, and HLA-DP. Human immunology. 2007;68(1):12-25.

8.	 Kosmoliaptsis V, Mallon DH, Chen Y, Bolton EM, Bradley JA, Taylor CJ. Alloantibody Responses After 
Renal Transplant Failure Can Be Better Predicted by Donor-Recipient HLA Amino Acid Sequence and 
Physicochemical Disparities Than Conventional HLA Matching. American journal of transplantation. 
2016;16(7):2139-2147.

9.	 Wiebe C, Pochinco D, Blydt-Hansen TD, et al. Class II HLA epitope matching-A strategy to minimize de 
novo donor-specific antibody development and improve outcomes. American journal of transplantation. 
2013;13(12):3114-3122.

10.	 Lachmann N, Niemann M, Reinke P, et al. Donor-Recipient Matching Based on Predicted Indirectly 
Recognizable HLA Epitopes Independently Predicts the Incidence of De Novo Donor-Specific HLA 
Antibodies Following Renal Transplantation. American journal of transplantation. 2017;17(12):3076-3086.

11.	 Sapir-Pichhadze R, Zhang X, Ferradji A, et al. Epitopes as characterized by antibody-verified eplet 
mismatches determine risk of kidney transplant loss. Kidney international. 2020;97(4):778-785.

12.	 Sapir-Pichhadze R, Tinckam K, Quach K, et al. HLA-DR and -DQ eplet mismatches and transplant 
glomerulopathy: a nested case-control study. American journal of transplantation. 2015;15(1):137-148.

13.	 Kosmoliaptsis V, Chaudhry AN, Sharples LD, et al. Predicting HLA class I alloantigen immunogenicity 
from the number and physiochemical properties of amino acid polymorphisms. Transplantation. 
2009;88(6):791-798.

14.	 Kosmoliaptsis V, Sharples LD, Chaudhry AN, Halsall DJ, Bradley JA, Taylor CJ. Predicting HLA class 
II alloantigen immunogenicity from the number and physiochemical properties of amino acid 
polymorphisms. Transplantation. 2011;91(2):183-190.

15.	 McCaughan JA, Battle RK, Singh SKS, et al. Identification of risk epitope mismatches associated with 
de novo donor-specific HLA antibody development in cardiothoracic transplantation. American journal 
of transplantation. 2018;18(12):2924-2933.

16.	 Dankers MK, Witvliet MD, Roelen DL, et al. The number of amino acid triplet differences between 
patient and donor is predictive for the antibody reactivity against mismatched human leukocyte 
antigens. Transplantation. 2004;77(8):1236-1239.

17.	 Duquesnoy RJ, Marrari M, Mulder A, Sousa LCDD, da Silva AS, do Monte SJH. First report on the 
antibody verification of HLA-ABC epitopes recorded in the website-based HLA Epitope Registry. Tissue 
antigens. 2014;83(6):391-400.

Cynthia_Binnenwerk_V3.indd   146 9-8-2020   14:53:02



147

Towards HLA epitope matching in clinical transplantation

7

18.	 Duquesnoy RJ, Marrari M, Tambur AR, et al. First report on the antibody verification of HLA-DR, HLA-DQ 
and HLA-DP epitopes recorded in the HLA Epitope Registry. Human immunology. 2014;75(11):1097-1103.

19.	 Kramer CSM, Koster J, Haasnoot GW, Roelen DL, Claas FHJ, Heidt S. HLA-EMMA: a user-friendly tool 
to analyse HLA class I and class II compatibility on the amino acid level. HLA. 2020.

20.	 Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for comparative protein 
modeling. Electrophoresis. 1997;18(15):2714-2723.

21.	 Wiebe C, Kosmoliaptsis V, Pochinco D, et al. HLA-DR/DQ molecular mismatch: A prognostic biomarker 
for primary alloimmunity. American journal of transplantation. 2019;19(6):1708-1719.

22.	 Tambur AR, McDowell H, Hod-Dvorai R, Abundis MAC, Pinelli DF. The quest to decipher HLA 
immunogenicity: Telling friend from foe. American journal of transplantation. 2019;19(10):2910-2925.

23.	 Snanoudj R, Kamar N, Cassuto E, et al. Epitope load identifies kidney transplant recipients at risk of 
allosensitization following minimization of immunosuppression. Kidney international. 2019;95(6):1471-
1485.

24.	 Kausman JY, Walker AM, Cantwell LS, Quinlan C, Sypek MP, Ierino FL. Application of an epitope-based 
allocation system in pediatric kidney transplantation. Pediatric transplantation. 2016;20(7):931-938.

25.	 Kramer CSM, Israeli M, Mulder A, et al. The long and winding road towards epitope matching in clinical 
transplantation. Transplant international. 2019;32(1):16-24.

26.	 Kramer CSM, Roelen DL, Heidt S, Claas FHJ. Defining the immunogenicity and antigenicity of HLA 
epitopes is crucial for optimal epitope matching in clinical renal transplantation. HLA. 2017;90(1):5-16.

27.	 Dankers MK, Roelen DL, Nagelkerke NJ, et al. The HLA-DR phenotype of the responder is predictive 
of humoral response against HLA class I antigens. Human immunology. 2004;65(1):13-19.

28.	 Fuller TC, Fuller A. The humoral immune response against an HLA class I allodeterminant correlates 
with the HLA-DR phenotype of the responder. Transplantation. 1999;68(2):173-182.

29.	 Mallon DH, Kling C, Robb M, et al. Predicting Humoral Alloimmunity from Differences in Donor and 
Recipient HLA Surface Electrostatic Potential. Journal of immunology. 2018;201(12):3780-3792.

30.	 Fidler S, D’Orsogna L, Irish AB, Lewis JR, Wong G, Lim WH. Correlation and agreement between eplet 
mismatches calculated using serological, low-intermediate and high resolution molecular human 
leukocyte antigen typing methods. Oncotarget. 2018;9(17):13116-13124.

31.	 Tambur AR, Rosati J, Roitberg S, Glotz D, Friedewald JJ, Leventhal JR. Epitope analysis of HLA-DQ 
antigens: what does the antibody see? Transplantation. 2014;98(2):157-166.

32.	 Barabanova Y, Ramon DS, Tambur AR. Antibodies against HLA-DQ alpha-chain and their role in organ 
transplantation. Human immunology. 2009;70(6):410-412.

33.	 Kwok WW, Kovats S, Thurtle P, Nepom GT. HLA-DQ allelic polymorphisms constrain patterns of class 
II heterodimer formation. Journal of immunology. 1993;150(6):2263-2272.

34.	 Habig DF, Gaspari JL, Lokhandwala PM, et al. Donor-specific antibody to trans-encoded donor HLA-DQ 
heterodimer. Human immunology. 2015;76(8):587-590.

35.	 Heidt S, Haasnoot GW, Claas FHJ. How the definition of acceptable antigens and epitope analysis can 
facilitate transplantation of highly sensitized patients with excellent long-term graft survival. Current 
opinion in organ transplantation. 2018;23(4):493-499.

Cynthia_Binnenwerk_V3.indd   147 9-8-2020   14:53:02




