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Human leukocyte antigen (HLA) mismatching, particularly with HLA-DQ,

significantly impacts the development of donor-specific antibodies (DSA) and

transplant outcomes. HLA-DQ antibodies are highly immunogenic and

detrimental, necessitating advanced high-resolution HLA typing to improve

mismatch assessment and clinical risk evaluation. Traditional serological or

low-resolution typing often misclassifies mismatches, leading to inaccuracies

in assessing immunogenicity and predicting outcomes. Emerging molecular

mismatch algorithms refine immunogenicity assessments by analyzing amino

acid differences and structural interactions. These tools show promise for

personalizing transplant protocols but have limitations, such as variability in

predicting individual patient outcomes. Immunogenicity of mismatches also

depends on evolutionary divergence and specific amino acid differences, with

studies revealing that certain evolutionary lineages and polymorphisms influence

T-cell alloreactivity and DSA development. Complexities in HLA-DQ protein

expression, including combinatorial diversity of heterodimers and inter-isotypic

heterodimers, further complicate risk evaluation. Expression levels, influenced by

tissue specificity and inflammatory stimuli, and alternative splicing of HLA-DQ

transcripts add additional layers of variability. Future clinical applications, enabled

by high-resolution HLA typing, may include refined graft selection, improved DSA

monitoring, and individualized therapy. However, understanding the precise

mechanisms of HLA-DQ immunogenicity remains a priority for advancing

transplantation science and enhancing patient outcomes.
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Introduction

Human leukocyte antigen (HLA) mismatches and the development of donorspecific

antibodies (DSA) have long been recognized as crucial factors contributing to the success or

failure of solid organ transplants (1, 2). Among the various HLA antigens, HLA-DQ has

gained significant attention due to its strong association with transplant dysfunction and

loss (3–5). Studies have highlighted that DSAs are more commonly formed against HLA-

DQ compared to other HLA proteins, and these antibodies are often present in high titers

and are particularly detrimental to transplant outcomes (6–8). This emerging

understanding has spurred investigations into the immunogenicity of HLA-DQ, the
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1525306/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1525306/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1525306&domain=pdf&date_stamp=2025-02-05
mailto:rajdeep.das@uhhospitals.org
https://doi.org/10.3389/fimmu.2025.1525306
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1525306
https://www.frontiersin.org/journals/immunology


Das and Greenspan 10.3389/fimmu.2025.1525306
pathogenic mechanisms underlying HLA-DQ antibodies, and the

potential clinical applications of this knowledge to enhance

transplant outcomes. This mini review focuses on HLA-DQ in

kidney transplantation, but the fundamentalprinciples may also

apply to other solid organ transplants, recognizing thatoutcomes

can vary based on the specific organ involved. While we have made

every effort to comprehensively address the topic, some aspects may

still be left unaddressed, particularly given the scope of this being a

mini review.
HLA-DQ mismatching: typing
methods and clinical implications

Accurate HLA typing is critical for defining HLA mismatches

and understanding their clinical impact (9). Early research on HLA-

DQ mismatching in solid organ transplantation relied on

serological typing methods, which classified HLA-DQ antigens

into broad categories such as DQ1, DQ2, DQ3, etc. However,

recent advancements have allowed precise characterization of

HLA-DQ providing a more detailed understanding of the

immunogenic potential of these mismatches.

To achieve this level of detail, high-resolution HLA typing

methods that accurately determine the amino acid sequences of

HLA-DQ polypeptides are necessary. Unfortunately, much of the

existing HLA-DQ typing data from solid organ transplants was

obtained using low or intermediate resolution DNA-based methods

or even older serological methods. When these lower resolution

HLA-DQ types were compared with high-resolution two-field types

determined by nucleotide sequencing, it was found that HLA-DQ

mismatching assessed using the lower resolution typing methods was

incorrect in 43% of donor-recipient pairs (10). This misclassification

can have significant consequences, particularly in the assignment of

DSAs, which in turn affects the observed relationships between HLA

antibodies, long-term graft survival, and graft histology (11).

Consequently, studies that utilized serological or low/intermediate

level DNA-based HLA typing might provide misleading conclusions

regarding HLA-DQ mismatching (12).
Molecular mismatching and
immunogenicity assessment

Recent research has focused on refining the assessment of HLA-

DQ mismatches through molecular mismatching, which involves

analyzing amino acid sequence differences using algorithms

designed to predict immunogenic potential (13). Several such

algorithms are under investigation, including HLA Matchmaker,

EMMA (Epitope MisMatch Algorithm), PIRCHE-II (Predicted

Indirectly Recognizable HLA Epitopes presented by HLA class II),

and EMS-3D (ElectroStatic Mismatch Score).

HLA Matchmaker, introduced by Rene Duquesnoy, is a

computational tool designed to analyze molecular mismatches in

HLA (human leukocyte antigen) typing, primarily for transplant

compatibility (14, 15). It remains widely used in the transplant
Frontiers in Immunology 02
community, focusing on comparing donor and recipient HLA

alleles by assessing amino acid (AA) sequences. Originally based

on “triplets” of AAs that are consecutive in the primary structure,

the approach evolved to “eplets,” which group AAs at the molecular

surface based on proximity in the tertiary as opposed to the primary

structure. These eplets quantify mismatches, but their

determination relies on assumptions regarding which mismatches

should be considered eplets and which should not, and mismatches

may be redundantly counted across multiple eplets on one antigen.

To address the limitations of mismatch enumeration, alternative

approaches have emerged.

The HLA Epitope MisMatch Algorithm (HLA-EMMA),

developed by the Leiden group, introduces a new dimension by

emphasizing the comparison of donor and recipient HLA class I

and II AA sequences to identify polymorphic solvent-accessible

mismatches likely to interact with B cell receptors, hypothesizing

their immunogenic relevance (16). However, evidence supporting

this concept is limited.

The ElectroStatic Mismatch Score (EMS-3D), developed by

Vasilis Kosmoliaptsis, evaluates electrostatic potential at the

protein surface on the assumption that this parameter will be

useful to predict the likelihood of DSA generation (17). Although

focused on a biophysical parameter instead of just AA disparity, its

impact on immune activation remains uncertain.

Finally, the PIRCHE-II software, based on the Net-MHC

algorithm, predicts HLA-derived T-cell epitopes that could be

recognized through the indirect recognition pathway (18, 19).

Despite ongoing refinement of the PIRCHE-II algorithm (20), it

has shown a correlation with graft rejection and failure in various

organ and donor types (21, 22). Additionally, PIRCHE-II scores for

HLA Class II antigens are linked to an elevated risk of T-cell

mediated rejection (TCMR) (23, 24). While PIRCHE-II could be a

tool used in transplant immunology to predict immune responses to

HLA mismatches, a potential limitation is in addressing pre-

existing DSA. These pre-existing DSAs are crucial for assessing

donor compatibility and the risk of rejection. However, the T-cell

memory module of PIRCHE could help identify repeat mismatches

from prior exposure to HLA antigens, providing additional insights

into potential memory T-cell activation and immune risk (25).

Comparative studies of these molecular mismatching

approaches for HLA-DQ have shown that eplet-based

mismatching correlates more strongly with clinical outcomes than

traditional antigen-level mismatching or simply counting amino

acid differences (13, 26). Importantly, it is often more informative to

calculate eplet mismatch scores for each individual HLA-DQ

protein rather than as a cumulative score for all HLA-DQ

mismatches (27). Molecular mismatch scores were shown to be

useful for comparing HLA mismatches across different racial and

ethnic populations and have been correlated with graft loss in

multiple studies (28, 29). Based on these findings, some propose

using molecular mismatching approaches for risk stratification of

transplant patients, which include personalizing induction therapy,

optimizing drug minimization protocols, refining post-transplant

monitoring, and making informed decisions about donor selection

(30). Despite these advances, the challenge remains to ensure that

assessments of HLA-DQ mismatching are consistently correlated
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with the development of HLA-DQ antibodies and their

pathogenicity. While there is intuitive and empirical support for

the hypothesis that physicochemical differences correlate with

immunogenicity, there is also concern that it may be premature

to apply these tools in clinical practice, particularly for HLA-DQ.

One of the concerns is while analyzing data across a large group of

transplant patients, a statistical link might be observed between

higher mismatch scores and increased rates of graft rejection or loss,

but when looking at individual patients, the mismatch score alone

may not accurately predict whether they will experience these

negative outcomes (31). Essentially, there is a degree of variability

within the patient population that cannot be fully captured by the

mismatch score alone. Immunogenicity is a complex term that aims

to describe and define the ability of the donor organ (in the specific

case of transplantation) to provoke an immune response. It is

indeed affected by the dissimilarity between donor and recipient,

but probably not just by the degree of dissimilarity alone.
Evolutionary divergence and
functional differences in HLA-DQ

There is also evidence that evolutionary and functional

divergence between donor and recipient HLA-DQ proteins

influences immunogenicity. Some researchers have classified

HLA-DQ mismatches into evolutionary groups based on the a
chain, with one group consisting of heterodimers containing a

DQa01 polypeptide (that include the serologic HLA-DQ1 alleles)

and another group comprising all other heterodimers (DQ2,

DQ3, and DQ4 by serology) (32–34). Using this approach,

Maguire et al. (35) reported that a significant proportion of

patients who developed de novo HLA-DQ DSAs met one of two

criteria: either the recipient was homozygous for one evolutionary
Frontiers in Immunology 03
group while the donor had alleles from the other group, or the

donor had a mismatched HLA-DQ protein containing the DQa05
polypeptide. These observations suggest that evolutionary lineages

of HLA-DQ proteins may have clinical relevance, a hypothesis

further supported by in vitro studies indicating that these

differences can influence T cell alloreactivity.
Complexity of HLA-DQ protein
expression and immunogenicity

A complicating factor in understanding HLA-DQ mismatches

is the combinatorial diversity of HLA-DQ proteins. The HLA-

DQB1 gene, which encodes the b chain of the HLA-DQ molecule,

can form heterodimers with various a chains (encoded by HLA-

DQA1) either in cis (from the same chromosome) or trans (from

opposite chromosome) (36). As a result, up to four different HLA-

DQ proteins can be expressed by a single donor, depending on

whether they are homozygous or heterozygous for the relevant

alleles (36) (Figure 1). This diversity poses a challenge for

researchers and clinicians, as it is essential to consider every

HLA-DQ protein expressed by the donor to fully understand the

impact of HLA-DQ disparities in clinical settings.

Moreover, the immunogenicity of HLA-DQ mismatches extends

beyond molecular mismatching schemes. For instance, certain amino

acid differences in HLA-DQ proteins may be more immunogenic than

others. This concept was explored by using pregnancy as a model to

study how exposure to fetal HLA antigens influences the development

of HLA antibodies in the mother (37, 38). The investigators found that

specific amino acid differences were associated with antibody

development, while others were not. This result prompted them to

propose an immunogenicity score that could complement eplet-based

risk assessments (39).
FIGURE 1

HLA-DQ heterodimers in organ transplantation.
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In another recent study (40), HLA-DQ mismatch, along with

HLA-DR mismatch, is independently associated with an increased

risk of graft failure, rejection, and death in adult living kidney

transplant recipients. The study suggests that prioritizing HLA-DQ

mismatch over HLA-DR in donor selection could improve

transplant outcomes, but additional data will be needed to more

conclusively establish this inference.
Inter-locus heterodimers and HLA-
DQ expression

An intriguing aspect of HLA biology that has recently gained

attention is the formation of inter-locus heterodimers, where HLA-

DRa polypeptides pair with HLA-DQb polypeptides. Although

these inter-locus heterodimers were initially discovered over 30

years ago (41), they have been largely overlooked due to the

assumption that they would not occur naturally in normal cells.

However, a recent study demonstrated that these heterodimers are

indeed stable and can be expressed on the cell surface (42).

HLA class II antigens typically pair within the same isotype, but

interisotypic DQb: DRa heterodimers have been engineered and

shown to be stable. Some DQB1 alleles, such as DQb0601, formed

these heterodimers efficiently on cell surfaces, while others, like

DQb0603, exhibited minimal expression. The presence of a DQa
chain did not impact the formation of DQb: DRa heterodimers.

Screening with multiplex bead-based assays identified human sera

that specifically reacted to unique epitopes on these heterodimers,

especially DQb*0601: DRa. These findings enable further research,
raising the possibility that these structures could have clinical

implications that have yet to be fully explored (42).
Frontiers in Immunology 04
HLA-DQ expression levels in tissues such as the renal vascular

endothelium have been reported to be lower than those of HLA-DR

proteins, a finding consistent with the low levels of HLA-DQ mRNA

observed in kidney biopsies (43). Experimental studies have shown

that while HLA-DR expression can increase dramatically in response

to inflammatory stimuli such as interferon-gamma (IFNg), HLA-DQ

expression increases much more modestly (44). This difference in

expression levels might influence the immunogenicity and

pathogenicity of HLA-DQ mismatches, suggesting that factors

regulating HLA-DQ expression should, ideally, be taken into

consideration when assessing transplant risk.

Additionally, other factors related to HLA-DQ expression,

trafficking, and function could significantly influence the

development and pathogenicity of HLA-DQ DSAs. For instance,

HLA-DQ mRNA is subject to alternative splicing, resulting in

different protein products that are expressed on the cell surface

(45). Furthermore, crosslinking of HLA-DQ proteins by antibodies

can trigger intracellular signaling and cell activation, potentially

contributing to transplant dysfunction (44). Interestingly, some

HLA-DQ antibodies have been found to specifically recognize

HLA-DQ proteins with particular HLA-derived peptides in their

binding groove, suggesting a more complex interaction between

antibodies and their targets than previously understood (46).
Potential clinical implications and
future research questions

The advent of routine high-resolution two-field HLA typing in

many clinical histocompatibility testing laboratories has provided the

potential ability to more accurately assess donor-recipient mismatches

for HLA-DQ antigens. This enhanced base of information on donor-
TABLE 1 Key points discussed in this mini review.

Category Details

Molecular Mismatching & Algorithms a • Algorithms: HLA Matchmaker, EMMA, PIRCHE-II, EMS-3D.
• Methods: Identify eplets, polymorphic solvent-accessible mismatches, T-cell responses, electrostatic potential differences.
• Findings: Eplet-based mismatching better correlates with clinical outcomes than traditional antigen-level mismatching.

Immunogenicity Factors b • Certain amino acid differences could be more immunogenic.
• Pregnancy studies show variable antibody development depending on amino acid differences.

Evolutionary Divergence c • Grouping HLA-DQ proteins by evolutionary lineages (e.g., DQa01 vs. DQa05).
• Divergence linked to T-cell alloreactivity and DSA development.

Inter-Locus Heterodimers d • Stable pairing of HLA-DRa with HLA-DQb polypeptides.
• Low expression levels of HLA-DQ in tissues compared to HLA-DR.
• Linked to immune system recognition and transplant dysfunction.

HLA-DQ Protein Diversity e • Expression: Up to 4 HLA-DQ proteins due to cis/trans heterodimer formation.
• Impact: Combinatorial diversity complicates mismatch assessment.

Expression & Function f • Influenced by alternative splicing and antibody interactions.
• HLA-DQ are less responsive to IFNg compared to HLA-DR.
• Crosslinking triggers intracellular signaling and activation
aThese are computational tools designed for assessing molecular-level mismatching based on eplets or sequence polymorphisms.
bThis refers to attributes or metrics that influence or quantify a substance’s ability to elicit an immune response.
cThis refers to the process by which two or more species evolve distinct traits and characteristics from a common ancestor due to different selective pressures or genetic drift over time.
dThese are protein complexes formed by subunits encoded by different genetic loci, often contributing to diverse biological functions and inter-molecular interactions.
eProtein diversity arises from genetic polymorphism contributing to variations in immune response and susceptibility to autoimmune diseases.
fAntibody-induced crosslinking of HLA-DQ molecules can lead to downstream intracellular signaling and immunological activation.
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recipient DQ antigen-based incompatibility offers the prospect of

future progress on sorting out the relative influence on clinical

outcomes of various biochemical complexities associated to a greater

degree with HLA-DQ heterodimers than with HLA-DR or -DP

antigens. Recapping the points above, these features include the

greater equality in amino acid sequence diversity between alpha and

beta chains, the existence of both cis and trans heterodimers on cell

surfaces, the occurrence of inter-isotypic heterodimers involving DQ

beta chains and DR alpha chains, and alternative splicing of DQ

transcripts. Table 1 highlights some of the key points that we have

addressed in this mini review. Below, we present several research

questions that could guide exploration in this area and lay the

groundwork for future studies.

Some unanswered questions for the broader transplant

community to consider investigating:
Fron
1. Factors drive HLA-DQ immunogenicity:
tiers in
◦ Can reliable methods be developed for gauging the

impacts of amino acid substitutions in HLA-DQ

molecules on immunogenicity?

◦ Are some amino acid differences generally more

likely to elicit potent alloantibody responses

than others?

◦ What are the relative contributions of cis/trans

heterodimers and interisotypic HLA-DQ: DR

heterodimers to the induction of clinically relevant

alloimmune responses?
2. Influence of HLA-DQ evolutionary lineages on outcomes:
◦ How do mismatches within and across HLA-DQ

evolutionary lineages compare in immunogenicity

with respect to humoral and/or cell-mediated

immune responses?
3. Role of HLA-DQ expression levels on immunogenicity:
◦ To what extent does differential expression of HLA-

DQ influence alloantibody development, and how

does this variation compare to that exhibited HLA-

DR and –DP class II molecules?

◦ How can the regulation of HLA-DQ expression be

manipulated therapeutically?
4. Molecular mismatch tools as predictors for DSA formation

and graft failure:
◦ Do any of the molecular mismatching algorithms

offer reliably greater predictive value for clinical

outcomes, and does any such superiority apply in

diverse patient populations?

◦ Can a unified approach be developed to assess risk

based on eplet scores, immunogenicity scores, and

other biophysical properties?
5. Clinical relevance of inter-locus heterodimers:
◦ Do antibodies against DQb: DRa heterodimers

contribute to allograft injury, and should their detection

be integrated into routine DSA testing protocols?
6. Alternative splicing and HLA-DQ trafficking influence

on pathogenicity:
◦ What are the functional consequences of

alternatively spliced HLA-DQ proteins, and how
Immunology 05
do they a ffec t ant igen presenta t ion and

immune activation?

◦ Could these pathways be targeted to prevent HLA-

DQ antibody formation or reduce graft injury?
7. Optimization of therapies for HLA-DQ specific

immune responses:
◦ What are the most effective strategies for managing

patients with high HLA-DQ molecular mismatch

scores and DSA development?

◦ Would therapies targeting inflammatory cytokines

(e.g., IFNg) reduce HLA-DQ-associated graft injury?
8. Implications of HLA-DQ specific peptide binding:
◦ To what extent do peptides bound to HLA-DQ

influence the binding and pathogenicity of DSAs?

◦ Could therapeutic modulation of peptide-HLA
interactions mitigate antibody-mediated damage?
Author contributions

RD: Conceptualization, Writing – original draft, Writing –

review & editing. NG: Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Acknowledgments

The authors express their gratitude to the reviewers for their

valuable feedback and suggestions, particularly regarding the figure.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1525306
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Das and Greenspan 10.3389/fimmu.2025.1525306
References
1. Alelign T, Ahmed MM, Bobosha K, Tadesse Y, Howe R, Petros B. Kidney
transplantation: the challenge of human leukocyte antigen and its therapeutic
strategies. J Immunol Res. (2018) 2018:5986740. doi: 10.1155/2018/5986740

2. Copley HC, Elango M, Kosmoliaptsis V. Assessment of human leukocyte antigen
immunogenicity: current methods, challenges and opportunities. Curr Opin Organ
Transplant. (2018) 23:477–85. doi: 10.1097/MOT.0000000000000544

3. Lee H, Min JW, Kim JI, Moon IS, Park KH, Yang CW, et al. Clinical significance
of HLA-DQ antibodies in the development of chronic antibody-mediated rejection and
allograft failure in kidney transplant recipients. Med (Baltimore). (2016) 95:e3094.
doi: 10.1097/MD.0000000000003094

4. Tambur AR, Kosmoliaptsis V, Claas FHJ, Mannon RB, Nickerson P, Naesens M.
Significance of HLA-DQ in kidney transplantation: time to reevaluate human leukocyte
antigen-matching priorities to improve transplant outcomes? An expert
review and recommendations. Kidney Int. (2021) 100:1012–22. doi: 10.1016/
j.kint.2021.06.026

5. Freedman BI, Thacker LR, Heise ER, Adams PL. HLA-DQ matching in cadaveric
renal transplantation. Clin Transplant. (1997) 11:480–4. doi: 10.1111/j.1399-
0012.1997.tb01028.x

6. Lim WH, Chapman JR, Coates PT, Lewis JR, Russ GR, Watson N, et al. HLA-DQ
mismatches and rejection in kidney transplant recipients. Clin J Am Soc Nephrol
CJASN. (2016) 11:875–83. doi: 10.2215/CJN.11641115

7. 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)
98:157–66. doi: 10.1097/TP.0000000000000220

8. Tambur AR, Herrera ND, Haarberg KMK, Cusick MF, Gordon RA, Leventhal JR,
et al. Assessing antibody strength: comparison of MFI, C1q, and titer information. Am J
Transplant Off J Am Soc Transplant Am Soc Transpl Surg. (2015) 15:2421–30.
doi: 10.1111/ajt.13295

9. Meneghini M, Perona A, Crespo E, Bemelman F, Reinke P, Viklicky O, et al. On
the clinical relevance of using complete high-resolution HLA typing for an accurate
interpretation of posttransplant immune-mediated graft outcomes. Front Immunol.
(2022) 13:924825. doi: 10.3389/fimmu.2022.924825

10. Senev A, Emonds MP, Van Sandt V, Lerut E, Coemans M, Sprangers B, et al.
Clinical importance of extended second field high-resolution HLA genotyping for
kidney transplantation. Am J Transplant Off J Am Soc Transplant Am Soc Transpl Surg.
(2020) 20:3367–78. doi: 10.1111/ajt.15938

11. D’Souza Y, Ferradji A, Saw C, Oualkacha K, Richard L, Popradi G, et al.
Inaccuracies in epitope repertoire estimations when using Multi-Locus Allele-Level hla
genotype imputation tools. HLA. (2018) 92):33–9. doi: 10.1111/tan.13307

12. Engen RM, Jedraszko AM, Conciatori MA, Tambur AR. Substituting imputation
of HLA antigens for high-resolution HLA typing: Evaluation of a multiethnic
population and implications for clinical decision making in transplantation. Am J
Transplant Off J Am Soc Transplant Am Soc Transpl Surg. (2021) 21:344–52.
doi: 10.1111/ajt.16070

13. Wiebe C, Kosmoliaptsis V, Pochinco D, Taylor CJ, Nickerson P. A comparison
of HLA molecular mismatch methods to determine HLA immunogenicity.
Transplantation. (2018) 102:1338–43. doi: 10.1097/TP.0000000000002117

14. Duquesnoy RJ. HLAMatchmaker: a molecularly based algorithm for
histocompatibility determination. I. Description of the algorithm. Hum Immunol.
(2002) 63:339–52. doi: 10.1016/S0198-8859(02)00382-8

15. Duquesnoy RJ, Howe J, Takemoto S. HLAmatchmaker: a molecularly based
algorithm for histocompatibility determination. IV. An alternative strategy to increase
the number of compatible donors for highly sensitized patients. Transplantation.
(2003) 75:889–97. doi: 10.1097/01.TP.0000055097.58209.83

16. 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) 96:43–51. doi: 10.1111/tan.13883

17. 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. Am J Transplant Off J Am Soc Transplant Am Soc Transpl Surg. (2016)
16:2139–47. doi: 10.1111/ajt.13707

18. Geneugelijk K, Niemann M, Drylewicz J, van Zuilen AD, Joosten I, Allebes WA,
et al. PIRCHE-II is related to graft failure after kidney transplantation. Front Immunol.
(2018) 9:321. doi: 10.3389/fimmu.2018.00321

19. Tambur AR, Campbell P, Chong AS, Feng S, Ford ML, Gebel H, et al.
Sensitization in transplantation: Assessment of risk (STAR) 2019 Working Group
Meeting Report. Am J Transplant Off J Am Soc Transplant Am Soc Transpl Surg. (2020)
20:2652–68. doi: 10.1111/ajt.15937

20. Geneugelijk K, Spierings E. PIRCHE-II: an algorithm to predict indirectly
recognizable HLA epitopes in solid organ transplantation. Immunogenetics. (2020)
72:119–29. doi: 10.1007/s00251-019-01140-x

21. Mangiola M, Ellison MA, Marrari M, Bentlejewski C, Sadowski J, Zern D, et al.
Immunologic risk stratification of pediatric heart transplant patients by combining
Frontiers in Immunology 06
HLAMatchmaker and PIRCHE-II. J Heart Lung Transplant Off Publ Int Soc Heart
Transplant. (2022) 41:952–60. doi: 10.1016/j.healun.2022.03.015

22. Meszaros M, Niemann M, Ursic-Bedoya J, Faure S, Meunier L, Rivière B, et al.
Exploring predicted indirectly recognizable HLA epitopes (PIRCHE-II) in liver
transplant recipients on calcineurin inhibitor-free maintenance immunosuppression.
A retrospective single center study. Transpl Immunol. (2020) 59:101272. doi: 10.1016/
j.trim.2020.101272

23. Betjes MGH, Peereboom ETM, Otten HG, Spierings E. The number of donor
HLA-derived T cell epitopes available for indirect antigen presentation determines the
risk for vascular rejection after kidney transplantation. Front Immunol. (2022)
13:973968. doi: 10.3389/fimmu.2022.973968

24. Senev A, Van Loon E, Lerut E, Coemans M, Callemeyn J, Daniëls L, et al.
Association of predicted HLA T-cell epitope targets and T-cell-mediated rejection after
kidney transplantation. Am J Kidney Dis Off J Natl Kidney Found. (2022) 80:718–
729.e1. doi: 10.1053/j.ajkd.2022.04.009

25. Peereboom ETM, Matern BM, Tomosugi T, Niemann M, Drylewicz J, Joosten I,
et al. T-cell epitopes shared between immunizing HLA and donor HLA associate with
graft failure after kidney transplantation. Front Immunol. (2021) 12:784040.
doi: 10.3389/fimmu.2021.784040

26. Wiebe C, Kosmoliaptsis V, Pochinco D, Gibson IW, Ho J, Birk PE, et al. HLA-DR/DQ
molecularmismatch: A prognostic biomarker for primary alloimmunity.Am JTransplant Off J
Am Soc Transplant Am Soc Transpl Surg. (2019) 19:1708–19. doi: 10.1111/ajt.15177

27. Senev A, Coemans M, Lerut E, Van Sandt V, Kerkhofs J, Daniëls L, et al. Eplet
mismatch load and de novo occurrence of donor-specific anti-HLA antibodies,
rejection, and graft failure after kidney transplantation: an observational cohort
study. J Am Soc Nephrol JASN. (2020) 31:2193–204. doi: 10.1681/ASN.2020010019

28. Santos E, Spensley K, Gunby N, Worthington J, Roufosse C, Anand A, et al.
Application of HLA molecular level mismatching in ethnically diverse kidney
transplant recipients receiving a steroid-sparing immunosuppression protocol. Am J
Transplant. (2024) 24:1218–32. doi: 10.1016/j.ajt.2024.02.019

29. Kim JJ, Fichtner A, Copley HC, Gragert L, Süsal C, Dello Strologo L, et al.
Molecular HLA mismatching for prediction of primary humoral alloimmunity and
graft function deterioration in paediatric kidney transplantation. Front Immunol.
(2023) 14:1092335. doi: 10.3389/fimmu.2023.1092335

30. Tran J, Alrajhi I, Chang D, Sherwood KR, Keown P, Gill J, et al. Clinical
relevance of HLA-DQ eplet mismatch and maintenance immunosuppression with risk
of allosensitization after kidney transplant failure. Front Genet. (2024) 15:1383220.
doi: 10.3389/fgene.2024.1383220

31. Jackson AM, Pinelli DF. Understanding the impact of HLA molecular mismatch
in solid organ transplantation: Are we there yet? Am J Transplant Off J Am Soc
Transplant Am Soc Transpl Surg. (2021) 21:9–10. doi: 10.1111/ajt.16376

32. Kwok WW, Thurtle P, Nepom GT. A genetically controlled pairing anomaly
between HLA-DQ alpha and HLA-DQ beta chains. J Immunol Baltim Md 1950. (1989)
143:3598–601. doi: 10.4049/jimmunol.143.11.3598

33. KwokWW, Schwarz D, Nepom BS, Hock RA, Thurtle PS, Nepom GT. HLA-DQ
molecules form alpha-beta heterodimers of mixed allotype. J Immunol Baltim Md 1950.
(1988) 141:3123–7. doi: 10.4049/jimmunol.141.9.3123

34. Raymond CK, Kas A, Paddock M, Qiu R, Zhou Y, Subramanian S, et al. Ancient
haplotypes of the HLA Class II region. Genome Res. (2005) 15:1250–7. doi: 10.1101/
gr.3554305

35. Maguire C, Crivello P, Fleischhauer K, Isaacson D, Casillas A, Kramer CSM, et al.
Qualitative, rather than quantitative, differences between HLA-DQ alleles affect HLA-DQ
immunogenicity in organ transplantation. HLA. (2024) 103:e15455. doi: 10.1111/tan.v103.4

36. Petersdorf EW, Bengtsson M, Horowitz M, McKallor C, Spellman SR, Spierings
E, et al. HLA-DQ heterodimers in hematopoietic cell transplantation. Blood. (2022)
139:3009–17. doi: 10.1182/blood.2022015860

37. Niemann M, Matern BM, Spierings E, Schaub S, Hönger G. Peptides derived
from mismatched paternal human leukocyte antigen predicted to be presented by
HLA-DRB1, -DRB3/4/5, -DQ, and -DP induce child-specific antibodies in pregnant
women. Front Immunol. (2021) 12:797360. doi: 10.3389/fimmu.2021.797360

38. Duquesnoy RJ, Hönger G, Hösli I, Marrari M, Schaub S. Antibody-defined
epitopes on HLA-DQ alleles reacting with antibodies induced during pregnancy and
the design of a DQ eplet map. Hum Immunol. (2016) 77:824–31. doi: 10.1016/
j.humimm.2016.06.021

39. Schawalder L, Hönger G, Kleiser M, van Heck MR, van de Pasch LAL,
Vendelbosch S, et al. Development of an immunogenicity score for HLA-DQ eplets:
A conceptual study. HLA. (2021) 97:30–43. doi: 10.1111/tan.14110

40. Charnaya O, Ishaque T, Hallett A, Morris GP, Coppage M, Schmitz JL, et al. The
impact of HLA-DQab Heterodimer mismatch on living donor kidney allograft
outcomes. Transplantation. (2024) 10.1097/TP.0000000000005198. doi: 10.1097/
TP.0000000000005198

41. Lotteau V, Teyton L, Burroughs D, Charron D. A novel HLA class II molecule
(DRa–sDQb) created by mismatched isotype pairing. Nature. (1987) 329:339–41.
doi: 10.1038/329339a0
frontiersin.org

https://doi.org/10.1155/2018/5986740
https://doi.org/10.1097/MOT.0000000000000544
https://doi.org/10.1097/MD.0000000000003094
https://doi.org/10.1016/j.kint.2021.06.026
https://doi.org/10.1016/j.kint.2021.06.026
https://doi.org/10.1111/j.1399-0012.1997.tb01028.x
https://doi.org/10.1111/j.1399-0012.1997.tb01028.x
https://doi.org/10.2215/CJN.11641115
https://doi.org/10.1097/TP.0000000000000220
https://doi.org/10.1111/ajt.13295
https://doi.org/10.3389/fimmu.2022.924825
https://doi.org/10.1111/ajt.15938
https://doi.org/10.1111/tan.13307
https://doi.org/10.1111/ajt.16070
https://doi.org/10.1097/TP.0000000000002117
https://doi.org/10.1016/S0198-8859(02)00382-8
https://doi.org/10.1097/01.TP.0000055097.58209.83
https://doi.org/10.1111/tan.13883
https://doi.org/10.1111/ajt.13707
https://doi.org/10.3389/fimmu.2018.00321
https://doi.org/10.1111/ajt.15937
https://doi.org/10.1007/s00251-019-01140-x
https://doi.org/10.1016/j.healun.2022.03.015
https://doi.org/10.1016/j.trim.2020.101272
https://doi.org/10.1016/j.trim.2020.101272
https://doi.org/10.3389/fimmu.2022.973968
https://doi.org/10.1053/j.ajkd.2022.04.009
https://doi.org/10.3389/fimmu.2021.784040
https://doi.org/10.1111/ajt.15177
https://doi.org/10.1681/ASN.2020010019
https://doi.org/10.1016/j.ajt.2024.02.019
https://doi.org/10.3389/fimmu.2023.1092335
https://doi.org/10.3389/fgene.2024.1383220
https://doi.org/10.1111/ajt.16376
https://doi.org/10.4049/jimmunol.143.11.3598
https://doi.org/10.4049/jimmunol.141.9.3123
https://doi.org/10.1101/gr.3554305
https://doi.org/10.1101/gr.3554305
https://doi.org/10.1111/tan.v103.4
https://doi.org/10.1182/blood.2022015860
https://doi.org/10.3389/fimmu.2021.797360
https://doi.org/10.1016/j.humimm.2016.06.021
https://doi.org/10.1016/j.humimm.2016.06.021
https://doi.org/10.1111/tan.14110
https://doi.org/10.1097/TP.0000000000005198
https://doi.org/10.1097/TP.0000000000005198
https://doi.org/10.1038/329339a0
https://doi.org/10.3389/fimmu.2025.1525306
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Das and Greenspan 10.3389/fimmu.2025.1525306
42. Nong T, Shih NR, Bray RA, Lopez-Cepero M, Murphey C, Nickerson PW, et al.
Identification of antibodies to DQb:DRa Interisotypic heterodimers in human sera.
Transplantation. (2024) 108:1142–8. doi: 10.1097/TP.0000000000004914

43. Muczynski KA, Cotner T, Anderson SK. Unusual expression of human
lymphocyte antigen class II in normal renal microvascular endothelium. Kidney Int.
(2001) 59:488–97. doi: 10.1046/j.1523-1755.2001.059002488.x

44. Meneghini M, Tambur AR. HLA-DQ antibodies in alloimmunity, what makes them
different?Curr OpinOrgan Transplant. (2023) 28:333–9. doi: 10.1097/MOT.0000000000001079
Frontiers in Immunology 07
45. Briata P, Radka SF, Sartoris S, Lee JS. Alternative splicing of HLA-DQB
transcripts and secretion of HLA-DQ beta-chain proteins: allelic polymorphism in
splicing and polyadenylylation sites. Proc Natl Acad Sci. (1989) 86:1003–7.
doi: 10.1073/pnas.86.3.1003

46. Shih NR, Nong T, Murphey C, Lopez-Cepero M, Nickerson PW, luc TJ, et al.
HLA class I peptide polymorphisms contribute to class II DQb0603:DQa0103
antibody specificity. Nat Commun. (2024) 15:609. doi: 10.1038/s41467-024-
44912-0
frontiersin.org

https://doi.org/10.1097/TP.0000000000004914
https://doi.org/10.1046/j.1523-1755.2001.059002488.x
https://doi.org/10.1097/MOT.0000000000001079
https://doi.org/10.1073/pnas.86.3.1003
https://doi.org/10.1038/s41467-024-44912-0
https://doi.org/10.1038/s41467-024-44912-0
https://doi.org/10.3389/fimmu.2025.1525306
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Understanding HLA-DQ in renal transplantation: a mini-review
	Introduction
	HLA-DQ mismatching: typing methods and clinical implications
	Molecular mismatching and immunogenicity assessment
	Evolutionary divergence and functional differences in HLA-DQ
	Complexity of HLA-DQ protein expression and immunogenicity
	Inter-locus heterodimers and HLA-DQ expression
	Potential clinical implications and future research questions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


