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SUMMARY

Donor-specific antibodies (DSAs) against human leukocyte antigen (HLA) play a crucial role in antibody- 

mediated rejection, a major barrier to successful organ transplantation. Donor-recipient HLA molecular in-

compatibility critically influences DSA susceptibility, commonly assessed by analyzing mismatches in the 

HLA eplet repertoire. This study, including six distinct liver, lung, and kidney transplant cohorts from two cen-

ters (978 donor-recipient pairs), explores associations between individual eplet mismatches and DSA devel-

opment. Certain mismatched eplets are strongly linked to DSA development, while others show weaker as-

sociations, a trend consistent across different organ types. Machine learning leverages these hierarchical 

associations to develop an eplet risk score (ERS), outperforming traditional eplet mismatch assessments. 

Furthermore, T cell proliferation in mixed lymphocyte reaction in vitro correlates with the ERS, attenuated 

by antibody-mediated inhibition of a mismatched DSA-associated eplet. These results establish the differen-

tial immunological impacts of mismatched HLA eplets as integral in clinical practice and therapeutic 

innovation.

INTRODUCTION

Solid organ transplantation represents the only curative treat-

ment for patients suffering from end-stage organ failure. Ad-

vancements in the perioperative management of grafts 

and patients have led to a remarkable extension of 

survival. However, mitigating alloimmune reactions post- 

transplantation in the long-term remains a significant chal-

lenge. Even though considerable progress has been made in 

immunosuppressive agents that alleviate T cell-mediated 

rejection,1,2 standardized treatment strategies to counter anti-

body-mediated rejection (AMR) remain unestablished in 

organ transplantation.3–6 A distinguishing feature of AMR is 

the development of donor-specific antibody (DSA) against 

human leukocyte antigens (HLAs), particularly HLA class II 

molecules.7–11 DSA develops in 10%–50% of organ transplant 

recipients, resulting in graft injury and failure.7–13 While 

the presence of DSA does not necessarily lead to AMR, 

the ability to anticipate the emergence of DSAs and subse-

quently mitigate their occurrence holds significant promise in 

enhancing the overall prognosis associated with organ 

transplantation.

Cell Reports Medicine 6, 102153, June 17, 2025 © 2025 The Authors. Published by Elsevier Inc. 1 
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by-nc/4.0/
mailto:takeros@kuhp.kyoto-u.ac.jp
https://doi.org/10.1016/j.xcrm.2025.102153
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2025.102153&domain=pdf


The primary role of HLA molecules is to present antigenic pep-

tides on the cell surface. The HLA system has evolved to be high-

ly polymorphic to accommodate a vast number of foreign anti-

gens in humans.14 Nevertheless, in organ transplantation, HLA 

polymorphisms frequently cause antigenic incompatibility be-

tween donors and recipients.15 Consequently, mismatched 

donor HLA molecules are targeted by the recipient’s immune 

system as non-self-antigens, triggering alloimmune reactions 

and DSA development. Traditional assessments of HLA compat-

ibility have relied on comparing serological HLA antigens or 

genetically defined HLA alleles.15 Yet, these methods have not 

demonstrated sufficient predictive accuracy for DSA develop-

ment for reliable clinical application.16,17 This limitation is attrib-

uted to their qualitative focus on merely discerning whether 

donor and recipient HLA types are identical or different. How-

ever, considering the substantial variability in the structural align-

ment of mismatched HLA molecules—ranging from nearly iden-

tical to significantly divergent—it becomes imperative to 

incorporate a quantitative evaluation of the structural differences 

of HLA molecules for a more precise assessment of HLA incom-

patibility between donors and recipients.

The long-standing recognition that antisera reactive to specific 

HLA antigens often cross-react with unrelated HLA antigens led 

to the development of the cross-reactive antigen groups 

concept.18–21 This concept further refines the understanding of 

‘‘HLA epitopes,’’ defined as antibody recognition sites on HLA 

molecules.20–22 Many of these epitopes, more precisely termed 

B cell epitopes, are hypothesized to exist simultaneously on a 

single HLA molecule, and those sharing the same epitopes are 

presumed to elicit a similar response to antisera.23,24 These epi-

topes were initially defined conceptually, and, with time, the 

assessment of HLA eplets, defined as small clusters of polymor-

phic amino acids that determine antibody-binding specificity to 

HLA, has become a standard method for evaluating HLA epi-

topes on individual HLA molecules.25 These eplets were first 

defined based on the three-dimensional structural topography 

of HLA molecules, with the eplet repertoire continuously updated 

by integrating data from in vitro antibody binding assays (https:// 

www.epregistry.com.br).26,27 A growing body of evidence sug-

gests that HLA incompatibility at the eplet level, as determined 

by the number of eplet mismatches, carries greater clinical sig-

nificance than incompatibility at the antigen or allele levels for 

DSA development.16,17,28,29 Yet, several questions persist 

regarding the immunological significance of HLA eplets. 

Although recent reports have suggested that the risk of DSA 

development posed by individual HLA eplet mismatches varies 

among eplets,30–34 the precise degree of risk associated with 

each specific eplet remains uncertain, and it is still unclear 

whether this risk differs across transplants involving different or-

gans or remains consistent. Moreover, the immunogenicity of in-

dividual HLA eplet mismatches, that is, the extent to which each 

mismatched HLA eplet incites an alloimmune response, has not 

been conclusively validated through experimental means.

In this study, we have assembled comprehensive clinical data 

from two transplant centers, encompassing 978 donor-recipient 

pairs spanning six distinct liver, lung, and kidney transplant co-

horts. These data were synergized with in vitro experimental an-

alyses to address the aforementioned questions. Our analysis 

revealed a consistent pattern in the hierarchy of eplet mis-

matches across various solid organ transplants in terms of their 

impact on DSA development. Capitalizing on this discovery, we 

have leveraged this hierarchy to create an ‘‘eplet risk score 

(ERS),’’ which accurately predicted DSA development across 

different solid organs. Furthermore, through T cell activation as-

sessments in a mixed lymphocyte reaction (MLR), we experi-

mentally validated the immunological significance of this shared 

hierarchy and high potential of mismatched eplets clinically 

associated with DSA development. This integrated approach un-

derscores the broad biological relevance of eplet mismatches 

across diverse solid organs and contributes to improve organ 

transplantation outcomes.

RESULTS

Baseline characteristics of six solid organ transplant 

cohorts

We enrolled a total of 893 cases, corresponding to 978 donor- 

recipient pairs, from six distinct cohorts. This included two co-

horts, each from liver and lung transplantation, and one cohort 

from kidney transplantation at Kyoto University Hospital, in addi-

tion to another kidney transplant cohort from Akita University 

Hospital. The study flowchart is presented in Figure S1. Among 

the cases, 99.8% were Japanese. The baseline characteristics 

of each cohort are described in Table S1. The eplet composition 

of donors and recipients, as well as the mismatched eplets in 

each cohort, is described in Table S2. A schematic representa-

tion of the three-step analytical approach utilized in this study 

is presented in Figure 1.

Association between individual eplet mismatches and 

DSA development

In this study, we focused on the DSA against HLA class II. Given 

the intricate relationships among eplets due to the linkage 

disequilibrium (LD), we first employed hierarchical clustering to 

examine the relatedness of 105 HLA-DRB1 (DR beta 1) and 55 

HLA-DQB1 (DQ beta 1) eplets, which were identified as mis-

matched at least once in patients who developed DSA, using 

the Jaccard index (JI) (Figures 2A and 2B).

Next, for each cohort, we conducted a DSA-free survival anal-

ysis using the Cox proportional hazards model. This model 

examined the associations between individual eplet mismatches 

and the subsequent DSA development, adjusting for age and 

gender. In the pediatric living-donor liver transplant cohort (173 

donor-recipient pairs), mismatches at 104AK, 98E, and 104A 

DRB1 eplets, which were invariably related as mismatched 

eplets in our cohorts (JI = 1.0), were found to be significantly 

associated with HLA-DR-DSA development, after adjusting for 

multiple testing (hazard ratio [HR] adjusted for age and gender 

[aHR-ag] = 5.6 [95% confidence interval (CI), 3.0–10.6], p = 

1.2 × 10− 7) (Figure 2C). For the DQB1 eplets, mismatches at 

the 52PL3 and 84QL3 eplets, which were highly related as mis-

matched eplets in our cohorts (JI = 0.95) and perfectly related 

in the pediatric living-donor liver transplant cohort, were most 

significantly associated with DQ-DSA development (aHR-ag = 

5.2 [95% CI, 2.8–9.6], p = 2.0 × 10− 7). Other DQB1 mismatched 

eplets that were also significantly associated with HLA-DQ-DSA 
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development included 55PP, 185I, 45EV, 55RL3, 185T, 116V, 

52PQ2, 140A2, 66ER, 52PR, 74SV2, 75V, 23L, and 55PPD 

(Figure 2D; Table S3).

In the adult living-donor liver transplant cohort (159 donor- 

recipient pairs), none of the DRB1 eplet mismatches reached 

statistical significance in relation to DR-DSA development 

(Figure 2E). The DQB1 mismatched eplets that were significantly 

associated with DQ-DSA development included 52PL3 (aHR- 

ag = 4.6 [95% CI, 2.0–10.6], p = 2.7 × 10− 4), 55RL3, and 

84QL3 (Figure 2F; Table S3).

In the living-donor lung transplant cohort (182 donor-recipient 

pairs), while none of the DRB1 mismatched eplets reached sta-

tistical significance (Figure 3A), mismatches at five DQB1 eplets 

were significantly associated with DQ-DSA development: 23R 

(aHR-ag = 153.1 [95% CI, 23.0–1,017.0], p = 1.9 × 10− 7), 56P, 

67VT, 66EV, and 185T (Figure 3B; Table S3).

In the deceased-donor lung transplant cohort (151 donor- 

recipient pairs), mismatches at four DRB1 eplets, namely, 85A, 

38L, 28EH, and 37L, which were invariably related as mis-

matched eplets in our cohorts (JI = 1.0), were significantly 

associated with DR-DSA development (aHR-ag = 19.5 [95% 

CI, 4.3–89.8], p = 1.3 × 10− 4) (Figure 3C; Table S3). The DQB1 

mismatched eplets that were significantly associated with DQ- 

DSA development included 45EV (aHR-ag = 5.6 [95% CI, 2.4– 

13.2], p = 6.1 × 10− 5), 55PP, 55PPD, 9Y, and 84QL3 

(Figure 3D; Table S3).

In the kidney transplant cohort from Akita University Hospital 

(266 donor-recipient pairs), none of the DRB1 and DQB1 mis-

matched eplets achieved statistical significance (Figures 3E 

and 3F). We opted not to perform this analysis on the kidney 

transplant cohort from Kyoto University Hospital due to the 

extremely low incidence of DSA development (event number = 

2 [DR-DSA] and 2 [DQ-DSA]).

These findings showed that certain eplets demonstrate a 

markedly potent correlation with DSA development, while others 

show a comparatively weaker association, thereby underscoring 

a hierarchical structure in the influence of eplet mismatches on 

DSA emergence. Eplet mismatches that were initially associated 

with DSA development but did not retain statistical significance 

after Bonferroni correction are listed in Table S4.

Overall consistency in the hierarchy of eplet 

mismatches across five cohorts of liver, lung, and kidney 

transplantations

While mismatched eplets significantly associated with DSA 

development were not always consistent across cohorts 

(Figure 4A), this analysis discarded information of most mis-

matched eplets. Therefore, we conducted a weighted correlation 

analysis of the β coefficients obtained through the Cox propor-

tional hazards model. Notably, significant positive correlations 

surfaced among diverse cohorts, regardless of whether they 

involved the same organ (Figure 4B) (e.g., liver-pediatric vs. 

liver-adult, Pearson correlation coefficients [rp] = 0.31, p = 

4.3 × 10− 4; lung, living-donor vs. lung, deceased-donor rp = 

0.59, p = 8.2 × 10− 9) or different organs (e.g., liver-pediatric 

vs. lung, living-donor, rp = 0.39, p = 2.2 × 10− 4 [Figure 4C]; 

liver-adult vs. lung, deceased-donor, rp = 0.37, p = 5.3 × 10− 5; 

lung, deceased-donor vs. kidney, living-donor [Akita University 

Hospital], rp = 0.50, p = 1.8 × 10− 7 [Figure 4D]).

These observations suggested that the hierarchical associa-

tion between eplet mismatches and DSA development was 

conserved across the five cohorts, highlighting the universal 

importance of the hierarchy among eplet mismatches across 

different types of organ transplantations. Nevertheless, the 

observed non-concordance among mismatched eplets signifi-

cantly associated with DSA development also raised the possi-

bility of organ-specific variations.

Quantification of the degree of eplet mismatching and 

its relationship with DSA development

To measure the overall risk of DSA development in each trans-

plant pair while accounting for the hierarchy among eplet mis-

matches, a machine learning approach was employed, 

combining the Cox proportional hazards model with penalized 

regression models.35,36 The eplet mismatches in HLA-DRB1 

and HLA-DQB1 were used to construct the model for DR-DSA 

and DQ-DSA development, respectively. The pediatric living- 

donor liver transplant cohort (173 donor-recipient pairs, follow- 

up = 6.5 years [interquartile range (IQR), 3.4–9.2]; event number = 

49 [DR-DSA] and 55 [DQ-DSA]) was chosen as the derivation 

cohort because it had the largest event number (i.e., DSA devel-

opment) of all our cohorts. Of the three penalized regression 

models, we selected the ridge model because it demonstrated 

better accuracy in the derivation cohort than the lasso and 

elastic net models (Table S5). We then calculated the score for 

each transplant pair, termed as the ‘‘ERS for DR-DSA’’ (DR- 

ERS) and the ‘‘ERS for DQ-DSA’’ (DQ-ERS), by applying 

the weighted sum of individual eplet mismatches, with 

weights determined using the ridge model (Figures 5A and 5B; 

specific weights are presented in Table S6). Additionally, 

we have made a web-based application available for 

easy ERS calculation at https://erscalculator.shinyapps.io/ers_ 

application_deploy/.

In the derivation cohort, even after adjusting for the number of 

eplet mismatches, DR-ERS accurately predicted DR-DSA devel-

opment (HR adjusted for age, gender, and the number of eplet 

mismatches for one point increase [aHR-agen] = 7.9 [95% CI, 

4.7–13.4], p = 1.7 × 10− 14) (Figure 5C), and DQ-ERS accurately 

predicted DQ-DSA development (aHR-agen = 6.3 [95% CI, 3.7– 

10.6], p = 6.2 × 10− 12) (Figure 5D). Post hoc analyses suggested 

that, based on the 1-year cumulative event incidence rates 

calculated via Kaplan-Meier analysis—0.10 for DR-DSA and 

0.13 for DQ-DSA—the estimated cumulative outcome incidence 

CIs were calculated to be 0.114 for DR-DSA and 0.118 for 

Figure 1. Study overview 

The study is structured around three primary steps. Step 1 aims to identify the hierarchy of eplet mismatches within cohorts and to evaluate its reproducibility 

across different cohorts. Step 2 is dedicated to the development and validation of the eplet risk score (ERS). Step 3 involves experimentally validating the ERS and 

examining the immunogenicity of eplet mismatches identified through clinical analysis as potential drivers of donor-specific antibody risk. HLA, human leukocyte 

antigen; PBMC, peripheral blood mononuclear cell; CFSE, carboxyfluorescein diacetate succinimidyl ester. The figure was created with BioRender.com.
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DQ-DSA, which we consider to be within an acceptable range.37

To validate the ERS in independent pediatric living-donor liver 

transplant cases, we evaluated it in 38 pediatric cases who un-

derwent liver transplantation at Kyoto University Hospital prior 

to the recruitment period of the original cohort (Figure S1; 

Table S1). Since this cohort predated the implementation of 

routine anti-HLA antibody testing, many patients did not undergo 

pre-transplant anti-HLA antibody testing. Nevertheless, the ERS 

demonstrated robust predictive power with both DR-ERS and 

DQ-ERS effectively forecasting DR-DSA and DQ-DSA, 
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C DLiver-pediatric, living-donor transplantation, DR-DSA Liver-pediatric, living-donor transplantation, DQ-DSA

E FLiver-adult, living-donor transplantation, DR-DSA Liver-adult, living-donor transplantation, DQ-DSA
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Figure 2. Intricate relationships among eplet mismatches and their association with donor-specific antibody development in liver trans-

plants 

We clustered 105 HLA-DRB1 and 55 HLA-DQB1 eplet mismatches using the hierarchical clustering based on the Jaccard index (JI) between each pair of 

mismatched eplets. Complex relatedness between mismatched eplets was visualized using dendrograms with triangular matrixes (A and B). A higher JI value, 

approaching 1, indicates a higher likelihood of concurrent detection of the paired mismatched eplets. Survival analysis results, assessed via the Cox proportional 

hazards model accounting for age and gender, are represented in Manhattan-style plots (C–F). Eplets without associated dots were never identified as mis-

matched in patients who developed DSA in the respective cohorts. The graph has been inverted around the y = 0 horizontal line, so eplet mismatches linked to a 

lower risk of DSA development (i.e., hazard ratio [HR] < 1) are depicted below the y = 0 horizontal line. The red dotted line indicates the threshold for statistical 

significance in each cohort, and eplets reaching statistical significance are highlighted in red. Eplets with a high JI generally exhibited similar p values (y axis) and 

age-gender adjusted HR (indicated by dot size). Donor-recipient pairs, n = 173 (pediatric living-donor liver transplant cohort) and 159 (adult living-donor liver 

transplant cohort). p values were derived using the Wald test, calculated by dividing the β coefficient by its standard error.
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respectively (DR-DSA, aHR-agen = 5.8 [95% CI, 1.7–19.3], p = 

4.3 × 10− 3; DQ-DSA, aHR-agen = 2.5 [95% CI, 1.3–5.0], p = 

7.0 × 10− 3) (Figures S2A and S2B).

We proceeded to validate the DR-ERS and DQ-ERS with other 

cohorts from liver, lung, and kidney transplant cases enrolled 

from two transplant centers. The deceased-donor lung trans-

plant cohort exhibited a higher ERS distribution (Figures 6A 

and 6B), likely due to receiving organs from non-blood relatives. 

In the adult living-donor liver transplant cohort (159 donor-recip-

ient pairs, follow-up = 6.2 years [IQR, 3.4–9.1], event number = 6 

[DR-DSA] and 24 [DQ-DSA]), both DR-ERS and DQ-ERS accu-

rately predicted the development of DR-DSA and DQ-DSA, 

A BLung, living-donor transplantation, DR-DSA Lung, living-donor transplantation, DQ-DSA

C DLung, deceased-donor transplantation, DR-DSA Lung, deceased-donor transplantation, DQ-DSA

E FKidney (Akita), living-donor transplantation, DR-DSA Kidney (Akita), living-donor transplantation, DQ-DSA
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Figure 3. Association between individual eplet mismatches and donor-specific antibody development in lung and kidney transplants 

The results of survival analysis, evaluated using the Cox proportional hazards model adjusting for age and gender, are displayed in Manhattan-style plots (A–F), as 

described in the legend for Figure 2. Eplets that exhibited a high Jaccard index (JI) typically presented similar p values (as shown on the y axis) and hazard ratios 

(HRs) adjusted for age and gender (as indicated by the size of the dots). p values were calculated using the Wald test, dividing the β coefficient by its standard 

error. Donor-recipient pairs, n = 182 (living-donor lung transplant cohort), 151 (deceased-donor lung transplant cohort), and 266 (kidney transplant cohort from 

Akita University Hospital). p values were derived using the Wald test, calculated by dividing the β coefficient by its standard error.
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respectively (DR-ERS, aHR-agen = 83.2 [95% CI, 4.0–1745.6], 

p = 4.4 × 10− 3; DQ-ERS, aHR-agen = 7.5 [95% CI, 3.1–18.3], 

p = 9.9 × 10− 6) (Figures 6C and 6D). The applicability of the 

ERS to adult living-donor liver transplant cases was further 

confirmed by evaluating it in 26 adult cases who underwent liver 

transplantation at Kyoto University Hospital prior to the recruit-

ment period of the original cohort (DR-DSA, aHR-agen = 10.0 

[95% CI, 1.8–55.6], p = 8.3 × 10− 3; DQ-DSA, aHR-agen = 6.7 

[95% CI, 1.3–35.0], p = 2.5 × 10− 2) (Figures S1, S2C, and S2D; 

Table S1).

A similar pattern emerged in the living-donor lung transplant 

cohort (182 donor-recipient pairs, follow-up = 4.5 years [IQR, 

1.8–7.2], event number = 5 [DR-DSA] and 11 [DQ-DSA]), with 

both DR-ERS and DQ-ERS showing significant predictive capa-

bility for DR-DSA and DQ-DSA development, respectively (DR- 

DSA, aHR-agen = 8.7 [95% CI, 1.2–61.9], p = 0.03; DQ-DSA, 

aHR-agen = 5.0 [95% CI, 1.7–15.0], p = 3.8 × 10− 3) 

(Figures S2E and S2F). In the deceased-donor lung transplant 

cohort (151 donor-recipient pairs, follow-up = 3.1 years [IQR, 

1.6–5.0], event number = 8 [DR-DSA] and 22 [DQ-DSA]), the 

-2
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Figure 5. Eplet risk score derivation using pediatric living-donor liver transplant cohort 

We employed the ridge model to assess the relationship between individual eplet mismatches and donor-specific antibody (DSA) development. Manhattan-style 

plots illustrate β coefficients, which served as the weights in the final model to compute the ERS for DR-DSA (DR-ERS) (A) and DQ-DSA (DQ-ERS) (B). These are 

(legend continued on next page) 
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DR-ERS did not achieve statistical significance in predicting DR- 

DSA development (aHR-agen = 3.4 [95% CI, 0.8–15.0], p = 0.11) 

(Figure S2G), likely due to large CIs resulting from scarce event 

occurrence. Yet, the DQ-ERS significantly predicted DQ-DSA 

development (aHR-agen = 2.9 [95% CI, 1.4–6.1], p = 

3.5 × 10− 3) (Figure S2H). When the two lung cohorts were com-

bined, the predictive accuracy remained consistent (DR-DSA, 

aHR-agen = 3.3 [95% CI, 1.1–9.4], p = 0.03; DQ-DSA, aHR- 

agen = 3.4 [95% CI, 1.9–5.9], p = 3.3 × 10− 5) (Figures 6E and 6F).

In the living-donor kidney transplant cohort from Akita Univer-

sity Hospital (266 donor-recipient pairs, follow-up = 7.5 years 

[IQR, 3.9–11.9], event number = 7 [DR-DSA] and 14 [DQ-DSA]), 

the predictive power of the DR-ERS did not reach statistical sig-

nificance (aHR-agen = 2.8 [95% CI, 0.7–12.0], p = 0.15) 

(Figure S2I), likely due to an insufficient number of events. Mean-

while, the DQ-ERS significantly predicted DQ-DSA development 

(aHR-agen = 2.7 [95% CI, 1.0–6.9], p = 0.04) (Figure S2J). When 

the living-donor kidney transplant cohort from Kyoto University 

Hospital (47 donor-recipient pairs, follow-up = 5.8 years [IQR, 

4.3–8.7], event number = 2 [DR-DSA] and 2 [DQ-DSA]) was com-

bined, the predictive ability of DR-ERS reached statistical signif-

icance (aHR-agen = 3.5 [95% CI, 1.0–11.9], p = 0.048) 

(Figure 6G). DQ-ERS was consistent in significantly predicting 

DQ-DSA (aHR-agen = 3.4 [95% CI, 1.3–8.8], p = 0.01) 

(Figure 6H).

Importantly, the ERS consistently displayed stronger associ-

ations with DSA development compared to the traditional 

method of assessing epitope mismatch via the number of eplet 

mismatches in all cohorts studied. Upon adjusting for the ERS, 

the number of eplet mismatches was not significantly associ-

ated with an increased risk of DSA development in any of the 

cohorts (Table S7). Additionally, including variables such as 

the number of acute rejection episodes during the follow-up 

period, the number of acute rejections within the first year 

post-transplant, the number of immunosuppressive drugs (at 

the time of DSA onset for those who developed DSA and at 

the last follow-up for those who did not), the number of immu-

nosuppressive drugs at the 1-year mark post-transplant, the in-

clusion of calcineurin inhibitors among these drugs, and the 

number of HLA antigen mismatches—along with age, gender, 

and the number of eplet mismatches—did not significantly 

impact the predictive ability of the ERS for DSA development 

(Table S8).

Collectively, our findings demonstrated that both DR-ERS and 

DQ-ERS offered a more precise quantification of DSA develop-

ment risk per transplant pair compared to a conventional method 

of counting eplet mismatches. This affirmed the presence of a hi-

erarchy in eplet mismatch’s predictive power for DSA develop-

ment, a principle applicable across various organ transplants.

Additionally, after finding that statistically significant eplets 

were significantly more likely to be ‘‘antibody-verified’’ eplets 

(Figures S3A and S3B), we analyzed whether confining the 

model to ‘‘antibody-verified’’ eplets would enhance the predic-

tive performance of our ERS. Contrary to expectations, however, 

this confinement reduced the predictive ability of our ERS 

models (Figures S3C and S3D).

ERS is associated with alloreactive T cell proliferation in 

MLR

To verify the significance of ERS in alloimmune reaction, we next 

examined whether ERS correlates with activation of responder 

T cells in in vitro MLR. We isolated peripheral blood mononuclear 

cells (PBMCs) from two of a pool of HLA-mismatched 

healthy volunteers (Table S9) and used them as stimulator and 

responder cells in MLR (see STAR Methods); 11 pairs of stimula-

tors and responders were selected at random (Table S9). 

Notably, even after adjusting for the number of eplet mis-

matches, the total ERS—calculated by combining DR-ERS and 

DQ-ERS—remained strongly correlated with CD4+ T cell activa-

tion status, as indicated by the percentage of carboxyfluorescein 

diacetate succinimidyl ester (CFSE)low CD4+ T cells (partial 

Spearman’s rank correlation coefficient [rhop] = 0.75, p = 

0.014) (Figures 7A and 7B). Correlations between total ERS 

and the percentages of CFSElow CD8+ T cells were less evident 

(rhop = 0.29, p = 0.42). By contrast, there were no significant as-

sociations between the number of eplet mismatches and all 

examined MLR parameters (Table S10).

Blocking a DSA-associated eplet suppresses 

alloreactive T cell proliferation

Finally, antibody blocking experiments were performed to deter-

mine whether eplet mismatches associated with DSA develop-

ment are indeed potent triggers for alloimmune reactions. The 

55PP in HLA-DQB1 was targeted because this mismatch was 

strongly associated with DSA development in our cohorts (i.e., 

pediatric living-donor liver transplant and the deceased-donor 

lung transplant cohorts; Figures 2D and 3D). PBMCs from one 

pair of HLA-mismatched healthy volunteers (pair #4; Table S9), 

which had a 55PP mismatch on HLA-DQB1, were selected as 

stimulators and responders in the MLR. A monoclonal antibody 

against 45EV was also selected as control as this eplet was 

not mismatched in this stimulator-responder pair. Notably, the 

anti-55PP antibody significantly decreased the percentage of 

CFSElow CD4+ T cells in a dose-dependent manner (Figure 7C), 

when used at concentrations above 1 × 102 ng/mL (Figure 7D). 

In contrast, the anti-45EV antibody did not affect CD4+ T cell pro-

liferation (Figure 7E).

Collectively, these results provide compelling experimental 

evidence of the hierarchy among eplet mismatches in 

triggering alloimmune reaction and demonstrate that a DSA- 

associated eplet mismatch itself can causes alloreactive 

T cell proliferation.

represented on the y axis. The dot size corresponds to the log10-transformed p value, and color indicates the log-transformed hazard ratio (HR) from the primary 

analysis. Kaplan-Meier analysis verified that both DR-ERS and DQ-ERS accurately predicted DR-DSA and DQ-DSA development, respectively, in the pediatric 

living-donor liver transplant cohort (C and D). For ease of visualization, patients were stratified into three groups based on ERS tertiles: the DR-ERS tertile values 

were 0.22 and 0.87, and the DQ-ERS tertile values were 0.00 and 1.22. Donor-recipient pairs, n = 173 (pediatric living-donor liver transplant cohort). p values in the 

Kaplan-Meier analysis were derived from the log rank (Mantel-Cox) test, while those for HR came from the Wald test of the Cox proportional hazard model. In the 

Kaplan-Meier plots, vertical lines represent censored cases.
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Figure 6. Eplet risk score validation in independent cohorts from liver, lung, and kidney transplantations across two transplant centers 

Boxplots show the distribution of the DR-ERS (A) and the DQ-ERS (B) values in six distinct cohorts compiled in this study. Participants were stratified into three 

groups according to their DR-ERS and DQ-ERS tertile values derived from the pediatric living-donor liver transplant cohort for Kaplan-Meier analyses. These 

(legend continued on next page) 
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DISCUSSION

In this study, we executed a comprehensive analysis that ranged 

from large clinical datasets acquired from two Japanese trans-

plant centers to in vitro validation. This allowed us to identify a 

cross-organ hierarchy of HLA eplets, which determined the sus-

ceptibility of DSA development following organ transplantation, 

regardless of the organ type. Crucially, our application of ma-

chine learning to leverage this HLA eplet hierarchy resulted in a 

significant improvement in the accuracy of DSA development 

prediction. Moreover, our in vitro findings corroborated the exis-

tence of this eplet hierarchy and affirmed the immunological sig-

nificance of eplets highly associated with DSA development as 

potent inducers of alloimmune reactions. Importantly, we pro-

vide a web-based application to easily calculate ERS, available 

at https://erscalculator.shinyapps.io/ers_application_deploy/.

We believe that the clinical relevance of our findings is sub-

stantially high, given the established clinical importance of DSA 

development in solid organ transplantation. Prior studies have 

hinted at differential immunogenicity of eplet mismatches,30–34

yet the concept of quantifying these variations has been largely 

unexplored. Our results call for a paradigm shift toward acknowl-

edging the need to quantify these immunological variations and 

leveraging them to accurately estimate each recipient’s suscep-

tibility to DSA development. We want to emphasize that one of 

the major strengths of our study lies in the unique characteristics 

of each cohort, with each cohort consisting of a homogeneous 

Japanese population and undergoing consistent immunosup-

pressive protocols and surgical procedures, attributable to being 

derived from the same institution and department (see STAR 

Methods). From the planning phase of our study, we recognized 

that variations in immunosuppressive protocols and surgical 

procedures could significantly impact DSA development,8

though these differences are challenging to quantify accurately 

as variables. Therefore, when estimating the risk of individual ep-

lets, we focused our analyses within same-organ/same-center 

cohorts (Figures 2 and 3). Similarly, for the derivation of the 

ERS, we limited our analysis to a single-organ, single-center 

cohort (the pediatric liver transplant cohort at Kyoto University 

Hospital) (Figure 5). Additionally, we also validated the ERS 

exclusively within same-organ cohorts and, in most cases, within 

the same-center cohorts (Figure 6); we believe that this design 

has been pivotal in achieving the unprecedented resolution in 

estimating the differential immunogenicity of each eplet 

mismatch and DSA development. Importantly, this level of reso-

lution has allowed us to reveal a consistent hierarchy of differen-

tial immunogenicity across various solid organs (Figure 4B). This 

finding of universality likely stems from the fact that HLA mole-

cules are universally expressed by all organs.38 However, we 

acknowledged that certain components of the eplet hierarchy 

still varied between organs (Figure 4A). Collectively, these results 

indicate that the hierarchy of eplets driving DSA risk comprises 

both organ-shared and organ-specific components. Admittedly, 

while it was possible to observe overall trends in effect sizes, 

some cohorts lacked sufficient sample sizes and/or event 

numbers to identify ‘‘statistically significant’’ mismatched eplets 

(Figures 2 and 3). Therefore, larger sample sizes are warranted 

for further exploration to determine the extent to which organ- 

shared and organ-specific components contribute to DSA risk 

in different organs.

Interestingly, we observed notable differences in both the inci-

dence and pattern of DSA development across the organ co-

horts (Figures 5 and 6). In terms of incidence, the pediatric liver 

transplant cohort showed a higher DSA incidence than the other 

cohorts, which is consistent with previous reports.39,40 We as-

sume that this increased incidence could be attributed to the 

lower levels of immunosuppression maintained in our pediatric 

liver transplant cohort, as immunosuppression in pediatric recip-

ients at our institution is minimized to mitigate long-term side ef-

fects, particularly those affecting growth, development, and 

fertility.41 Regarding DSA development patterns, both the adult 

and pediatric living-donor liver transplant cohorts exhibited a 

gradual onset over time. In contrast, in the deceased-donor 

and living-donor lung transplant cohorts, DSA development 

was concentrated in the early post-transplant period, especially 

in deceased-donor transplants. We believe that inflammation in 

the graft, due to ischemia-reperfusion injury and prolonged 

ischemic times, may contribute to this earlier onset of DSA in 

the lung transplant cohorts.42,43 In contrast, in our living-donor 

kidney transplant cohort, DSA development was observed only 

in the late post-transplant period. This delayed onset of DSA in 

the kidney transplant cohort might be likely due to the typically 

stronger immunosuppressive regimens, including induction 

therapy, administered to kidney transplant recipients (see 

STAR Methods). Importantly, similar patterns have been re-

ported in previous studies across liver, kidney, and lung 

transplants,9,28,44,45 suggesting that our findings align with es-

tablished trends. While we have discussed several possible rea-

sons, we acknowledge that there are likely yet undefined univer-

sal factors contributing to the observed differences in the 

incidence and pattern of DSA development across organ co-

horts. Further research is needed to clarify these factors.

Mismatched donor HLA molecules are processed into donor- 

derived peptides by the antigen-presenting cells of the recipient. 

These peptides are subsequently presented to CD4+ T cells by 

HLA class II molecules. It has been widely assumed that this 

so-called ‘‘indirect’’ allorecognition by CD4+ T cells, which in-

duces the subsequent activation and differentiation of B cells, 

is the main pathway implicated in DSA development.46–49 It 

should be noted that this dogma of the T cell allorecognition is 

based on limited experimental evidence and has been recently 

reconsidered because of the complexity of the alloimmune reac-

tion.48,50,51 Moreover, several studies have reported that path-

ways other than the indirect pathway, such as the direct 

analyses confirmed the association between ERS and DSA development in the adult living-donor liver transplant cohort (C and D), lung transplantation cohort 

(E and F), and kidney transplantation cohort (G and H). Donor-recipient pairs, n = 159 (adult living-donor liver transplant cohort), 333 (lung transplant cohort), and 

313 (kidney transplant cohort). p values in the Kaplan-Meier analysis were calculated using the log rank (Mantel-Cox) test, while those for the hazard ratio (HR) 

were derived via the Wald test in the Cox proportional hazards model. In the boxplots, thick solid lines represent medians, boxes represent interquartile ranges 

(IQRs), and the error bars extending from the boxes represent the data within 1.5 × IQR. Vertical lines in the Kaplan-Meier plots denote censored cases.
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pathway, also play a critical role in DSA development.52–54 We 

acknowledge that the MLR assay used in this study is more 

apt for assessing the direct rather than the indirect pathway; 

however, precise assays for alloimmune reactions remain unde-

veloped. We showed that the ERS, but not the number of eplet 

mismatches, correlated with the activation status of CD4+ 

T cells in the MLR. Furthermore, we demonstrated that a mono-

clonal antibody targeting an eplet that was significantly associ-

ated with DSA development attenuated CD4+ T cell activation 

in a dose-dependent manner. We, therefore, maintain that our 

use of the MLR was appropriate for elucidating the immunolog-

ical significance of eplet mismatches in this study. In this 

context, our in vitro work confirmed that ERS could quantify 

the degree of alloimmune reactions potentially elicited in each 

transplant pair and that an eplet mismatch itself triggered these 

alloimmune reactions. However, future studies dedicated to un-

derstanding the underlying mechanisms of AMR, and creating a 

faithful in vitro model of it, remain a vital need.

We consider experimental verification to be critical, especially 

for identifying therapeutic targets, as the complex LD among ep-

lets makes it statistically challenging to pinpoint the specific ep-

let truly driving the risk, distinguishing it from others that may 

appear significant due to strong LD.55 Our analyses revealed 

that, while statistically significant eplets were significantly more 

likely to be so-called ‘‘antibody-verified’’ eplets (Figures S3A 

and S3B), ERS models derived using only the information from 
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Figure 7. Examination of eplet mismatch immunogenicity in mixed lymphocyte reactions 

The association between the eplet risk score (ERS) and the activation status of responder CD4+ T cells was analyzed. Representative scattergrams are shown in 

(A), and aggregated scatterplots are shown in (B). Each stimulator-responder pair was analyzed with 3–6 biological replicates. The effect of an anti-55PP antibody 

(Ab) or an anti-45EV Ab on the percentage of CFSElow CD4+ T cells in the MLR was assessed using a stimulator-responder pair (pair #4, see Table S9). 

Representative scattergrams are shown in (C), and aggregated data are shown in (D) and (E). Each antibody concentration group was analyzed with 4–12 

biological replicates. *p < 0.05. p values were determined using the Wilcoxon rank-sum test, which compared the value at 0 ng/mL Ab with those at 1 × 102 and 

1 × 103 ng/mL Ab. EMn, the number of eplet mismatches; FSC, forward scatter; stim, stimulator. In the scatterplot shown in (B), large dots represent the median 

value of each stimulator-responder pair, small dots represent values obtained from each individual experiment, vertical lines represent ranges, and the gray area 
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antibody-verified eplets surprisingly performed worse than 

those derived using information from all eplets (Figures S3C 

and S3D), despite the expectation that antibody verification 

would enhance predictive performance.33 Therefore, while ep-

lets with large effect sizes driving de novo DSA development 

are often ‘‘antibody verified,’’ information from non-antibody- 

verified eplets also plays a significant role in enhancing predic-

tion accuracy of the ERS. This finding implies that some 

genuine DSA-driving eplets may be hidden among the non- 

antibody-verified eplets56 and that eplets with individually low 

DSA-driving risk can still play a critical role in refining DSA 

risk prediction, for example, through synergy with genuine 

DSA-driving eplets (likely to be ‘‘antibody verified’’). Therefore, 

experimental verification efforts should ideally consider all rele-

vant eplet mismatches comprehensively and, if possible, simul-

taneously. Given this, we acknowledge that, while our MLR re-

sults represent an important first step, they are not sufficient to 

adequately validate the hierarchy of eplet mismatches, neces-

sitating further careful and rigorous experimental validation to 

establish a definitive hierarchy among eplet mismatches and 

to identify the genuine risk-driving eplets. Although this path 

is undoubtedly challenging, we remain optimistic that, through 

experimental validation, we can ultimately refine the ERS and 

identify therapeutic targets.

We have successfully identified and leveraged a previously 

unidentified hierarchy among mismatched HLA eplets in DSA 

development following organ transplantation, a principle that is 

universally applicable across various organ types. Our findings 

underscore the differential immunological significance of mis-

matched HLA eplets, thereby paving the way for optimized 

immunosuppressive strategies in organ transplantation and the 

development of therapeutics targeting highly immunogenic mis-

matched eplets.

Limitations of the study

First, we only focused on HLA class II eplets because the major-

ity of DSAs target HLA class II. However, the impact of HLA class 

I eplets on clinical outcomes has also been reported and should 

be further explored.28,57 Second, in our study, we measured only 

HLA-DRB1 for HLA-DR and HLA-DQB1 for HLA-DQ due to cur-

rent clinical practices in Japanese transplant settings, where 

routine testing is limited to HLA-A, HLA-B, HLA-C, HLA-DRB1, 

and HLA-DQB1. Our approach is partially justified by the 

following: (1) information from HLA-DRB1 allows us to impute 

HLA-DRB3/4/5 due to strong LD58 and (2) the literature suggests 

that most DSAs against HLA-DQ target HLA-DQB1.59 However, 

we acknowledged that, ideally, both HLA-DRB3/4/5 and HLA- 

DQA1 should be directly genotyped. For example, certain eplets 

are shared between the HLA-DRB3/4/5 and HLA-DRB1 loci. 

Consequently, without direct measurement, the misclassifica-

tion of these eplets is sometimes unavoidable. Third, this study 

did not determine the specific eplets to which each detected 

DSA bound. Therefore, future studies that precisely identify the 

antigenic targets of DSAs are essential to confirm the immuno-

genicity of the DSA-associated eplets revealed by the machine 

learning approach in this study. Fourth, we only focused on B 

cell epitopes. However, the role of T cell epitopes is garnering in-

terest, with current research seeking to estimate how HLA mis-

matches might act as T cell epitopes. Although experimental 

confirmation of T cell epitopes is presently sparse, incorporating 

their evaluation into future analyses is an intriguing prospect.60

Fifth, we acknowledge that the potential impact of maintenance 

immunosuppression on the derivation of the ERS has not been 

fully accounted for. We believe that our approach of utilizing 

same-organ/same-center cohorts separately for the derivation 

and validation of the ERS minimizes the risk of the ERS 

being strongly influenced by differences in immunosuppressive 

protocols. In addition, adjustments for maintenance immuno-

suppression, based on the choice and number of immunosup-

pressive agents, did not alter the predictive ability of the ERS 

(Table S8). Nonetheless, we acknowledge that our study proto-

col and the variables used for may not fully account for the 

impact of the immunosuppressive regimen on the risk of DSA 

development. Other factors, such as drug handling, pharmaco-

kinetics, pharmacodynamics, adherence, and clinical issues un-

related to rejection that necessitated immunosuppressant re-

ductions—which were not quantified in this study—are also 

likely to play roles. Sixth, the limited number of events, particu-

larly DR-DSA events in cohorts other than the pediatric living- 

donor liver transplant cohort, may lead to sparse-data bias, as 

evidenced by the unusually large HR estimates.61 Seventh, as 

HLA allele frequencies vary significantly among ethnic groups, 

the extrapolation of our results, obtained from a Japanese 

cohort, to other populations should be approached with 

caution.62 LD is one of the most significant sources of noise 

that complicates the estimation of the absolute risk of DSA for 

each eplet. Therefore, recruiting a relatively homogeneous Jap-

anese population with a relatively consistent LD pattern un-

doubtedly significantly reduces noise caused by LD variability, 

enabling us to derive a highly predictive model even with a rela-

tively small sample size (i.e., pediatric living-donor liver trans-

plant cohort). However, in populations with different LD patterns, 

it is conceivable that the weights assigned to each eplet may 

change, raising uncertainty about whether the ERS model 

derived from the Japanese population can be directly applied 

to other populations. This challenge is similar to what has been 

observed in polygenic risk score (PRS) studies in population ge-

netics.55 Therefore, as in PRS research, the ultimate goal should 

be to develop models adaptable to multi-ancestry populations 

by increasing the sample size to a level that can overcome the 

noise introduced by LD variability across populations.55 Eighth, 

we must acknowledge that, following internal validation in a 

small, older pediatric living-donor liver transplant cohort without 

pre-transplant anti-HLA antibody testing (Figures S1E, S2A, and 

S2B), standard external validation using pediatric living-donor 

liver transplant cohorts from external centers could not be con-

ducted due to the unavailability of such cohorts. While we recog-

nize this as an important limitation of our study, we wish to 

emphasize that, instead, validation was performed using cohorts 

that were understandably more challenging to validate. These 

included adult liver transplant cohorts and multi-organ transplant 

cohorts from both internal and external centers, encompassing a 

total of five cohorts: (1) adult living-donor liver transplant cohort, 

(2) living-donor lung transplant cohort, (3) deceased-donor lung 

transplant cohort, (4) living-donor kidney transplant cohort 

(Akita + Kyoto), and (5) older adult living-donor liver transplant 
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cohort. Finally, as this was a retrospective study involving two 

centers, our results should also be prospectively validated in a 

multicenter prospective cohort study.
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Antibodies

Anti-CD4 PE-Cy7 antibody (clone SK3) Becton, Dickinson and Company Cat#348789; RRID:AB_400379

Anti-CD8a PerCP-Cy5.5 antibody (clone RPA-T8) Biolegend Cat#301032; RRID:AB_893422

Mouse monoclonal IgM antibodies against HLA-DQB1 Thermo Fisher Scientific (One Lambda) N/A

Biological samples

Peripheral blood mononuclear cells Healthy volunteers N/A

Chemicals, peptides, and recombinant proteins

CFSE Thermo Fisher Scientific Cat#C34554

RPMI 1640 Nacalai Tesque Cat#30264-56

Critical commercial assays

WAKFlow HLA Typing kit Wakunaga Pharmaceutical Co. Ltd. N/A

Luminex xMAP Technology Luminex Corporation N/A

Pierce IgM Purification Kit Thermo Fisher Scientific Cat#44897

LABTypeTM SSO Thermo Fisher Scientific (One Lambda) Cat#RSSO1A

LABScreen Mixed Thermo Fisher Scientific (One Lambda) Cat#LSM12

LABScreen PRA Thermo Fisher Scientific (One Lambda) Cat#LS1PRA

LABScreen Single Antigen Thermo Fisher Scientific (One Lambda) Cat#LSA1A04

Deposited data

Raw flow cytometry data and R scripts This paper https://doi.org/10.17632/ 

6xbdr4f9nn.1

ERS calculation application This paper https://erscalculator.shinyapps.io/ 

ers_application_deploy/

Software and algorithms

HLA Matchmaker Class I/II Reference File 2017.08 Thermo Fisher Scientific (One Lambda) https://www.thermofisher.com/ 

onelambda/us/en/home.html

FACSLyric Becton, Dickinson and Company N/A

FlowJo software Becton, Dickinson and Company RRID:SCR_008520

One Lambda Incorporated Fusion 

Matchmaker software, version 4.4

Thermo Fisher Scientific (One Lambda) https://www.thermofisher.com/ 

onelambda/us/en/home.html

(Cat# FUSPGR)

R, version 4.0.5 The R foundation https://www.r-project.org/; 

RRID:SCR_001905

survival R package, version 3.4.0 The R foundation https://cran.r-project.org/ 

package=survival; 

RRID:SCR_021137

weights R package, version 1.0.4 The R foundation https://CRAN.R-project.org/ 

package=weights

glmnet R package, version 4.1.4 The R foundation https://cran.r-project.org/ 

package=glmnet

ppcor R package, version 1.1 The R foundation https://cran.r-project.org/ 

package=ppcor
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statements

This study was approved by the Institutional Review Board of Kyoto University (R2584-4 and G0697) and was performed in accor-

dance with the institutional guidelines and the Declaration of Helsinki. The use of deceased-donor data in this study was requested to 

Japan Organ Transplant Network (JOT), and was approved by the Institutional Review Board in JOT.

Cohort details

This retrospective study encompassed six distinct cohorts of liver, lung, and kidney transplantations from two Japanese transplant 

centers (Kyoto University Hospital and Akita University Hospital). Patients who did not meet the exclusion criteria (as detailed below) 

were consecutively enrolled within the specified study period. For liver transplantation, two cohorts from Kyoto University Hospital 

(total n = 592) were used, comprising pediatric cases (recipient age at transplant <18 years) and adult cases (≥18 years), who all 

received transplants from living donors. For lung transplantation, two cohorts from Kyoto University Hospital (total n = 276) were 

used, consisting of cases from living donors and cases from deceased donors. As for kidney transplantation, two cohorts were 

used, one from Kyoto University Hospital (n = 69) and the other from Akita University Hospital (n = 428). The following exclusion 

criteria were applied to all cohorts: transplants that had no allele-level HLA typing data, had preformed DSA, and had no pre- or 

post-transplant anti-HLA antibody test data. As a note, re-transplant cases were not excluded from the study because, although 

they involve the same recipient, each represents a unique donor-recipient pair with distinct eplet mismatch profiles.

Finally, this study included 173 cases of pediatric living-donor liver transplantation and 159 cases of adult living-donor liver trans-

plantation, out of a total of 517 cases (including 207 pediatrics and 310 adults) performed at Kyoto University Hospital between 

January 2010 and February 2022. Liver transplant recipient follow-up was censored at March 1, 2022. Additionally, this study enrolled 

97 cases of living-donor lobar lung transplantation and 151 cases of deceased-donor lung transplantation out of 276 cases of lung 

transplantation (including 104 cases from living donors and 173 cases from deceased donors) performed at Kyoto University Hospital 

between January 2010 and February 2022. One case who received a hybrid lung transplant using grafts from a deceased donor and a 

living donor was placed in both the living- and deceased-donor cohorts according to the graft origin. Among the 97 living-donor lung 

transplant cases, 85 cases received lung grafts from two different donors, resulting in 182 donor-recipient pairs. Lung transplant 

recipient follow-up was also censored at March 1, 2022. Furthermore, this study included 266 cases out of 414 cases of living-donor 

kidney transplantation performed at Akita University Hospital between February 1998 and June 2022. Additionally, 47 cases were 

enrolled out of 53 cases of living-donor kidney transplantation performed at Kyoto University Hospital between January 2010 and 

February 2022. Kidney recipient follow-up was censored at December 31, 2022.

Moreover, two independent additional cohorts of pediatric and adult living-donor liver transplantation performed at Kyoto Univer-

sity Hospital in an earlier era (total n = 1437), preceding the original cohort, were used to validate the established model. Among the 

1,420 cases of living-donor liver transplantation performed between June 1990 and December 2009, 38 pediatric and 26 adult cases 

were included after excluding transplants that had no allele-level HLA typing data and had no post-transplant anti-HLA antibody test 

data. This cohort included recipients who did not undergo pre-transplant anti-HLA antibody testing. The recipient follow-up was 

censored at December 31, 2022. The age and gender of the study participants are summarized in Table S1. The cohort consisted 

of 99.8% Japanese individuals. Gender was not found to be associated with the outcomes of this study.

As an additional note, the physicians who conducted the follow-up for each cohort were different from those who collected the data 

and those who analyzed it. The results of the evaluation of our datasets and analyses in relation to the recommendations outlined by 

the Banff Antibody-Mediated Injury Working Group are presented in Table S11.63

In vitro experiment

PBMCs were isolated from six randomly selected healthy volunteers. All donors were Japanese, and their age and gender are sum-

marized in Table S9. Using these PBMCs, a total of 11 random donor–recipient pairs were generated, and MLR assays were 

performed.

METHOD DETAILS

HLA genotyping and HLA matching between donors and recipients at epitope level

Allele-level genotyping of HLA-A, -B, -C, - DRB1, and -DQB1 was performed by PCR, using sequence-specific oligonucleotide 

probes, the WAKFlow HLA Typing kit (Wakunaga Pharmaceutical Co. Ltd.), and Luminex xMAP Technology (Luminex Corporation). 

LABType SSO (One Lambda, Inc.) was also used at Akita University Hospital. HLA incompatibility (in the rejection direction) between 

donors and recipients at epitope level was evaluated following allele-level HLA typing using the One Lambda Incorporated Fusion 

Matchmaker software (v4.4).64 The list of eplets was provided by One Lambda as an HLA Matchmaker Class I/II Reference File 

2017.08 (https://www.thermofisher.com/onelambda/us/en/home.html), based on data from the HLA Eplet Registry (https://www. 

epregistry.com.br). All eplets, including antibody-verified eplets, were used for analysis. The HLA-DRB1 and HLA-DQB1 mismatched 

eplets were highlighted, in addition to the number of eplet mismatches at each HLA locus. In transplants that involved two donors, 

such as some of the living-donor lung transplants, HLA incompatibility between each donor-recipient pair was evaluated. Some of 
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lung transplant recipients previously received allogeneic hematopoietic stem cell transplantation. Their HLA genotyping was per-

formed after hematopoietic stem cell transplantation but before lung transplantation, which reflected hematopoietic stem cell trans-

plantation donors’ genotypes.

Anti-HLA antibody testing and monitoring

Regarding serum handling and DSA assignments, we made every effort to ensure consistency across organs and centers. Impor-

tantly, both institutions (Kyoto University Hospital and Akita University Hospital) participate in a quality control workshop organized 

by the Japanese Society for Histocompatibility and Immunogenetics (https://jshi.smoosy.atlas.jp/ja) and are certified for reliable his-

tocompatibility testing, including HLA typing and anti-HLA antibody assays. In this study, antibodies against HLA-A, -B, -C, -DRB1/3/ 

4/5, and -DQB1 were screened periodically using LABScreen Mixed (One Lambda, Inc.) at Kyoto University Hospital and LABScreen 

PRA at Akita University Hospital, respectively. When anti-HLA antibodies were detected, their specificities were identified using the 

LABScreen Single Antigen (One Lambda, Inc.) at both institutions. The DSA result was considered positive when the normalized 

mean fluorescence intensity was more than 1,000. In this study, we focused on the DSA against HLA Class II. For DSA against 

HLA-DR (DR-DSA), the associations between DSA against HLA-DRB1/3/4/5 and HLA-DRB1 eplet mismatches were evaluated. 

Meanwhile, for DSA against HLA-DQ (DQ-DSA), the associations between DSA against HLA-DQB1 and HLA-DQB1 eplet mis-

matches were evaluated. We utilized the HLA Fusion Matchmaker software, a tool that identifies eplet mismatches by processing 

information pertaining to each HLA allele of the donor and recipient. This software allowed us to extract information about 142 

DRB1 and 60 DQB1 independent eplets. Because our cohorts predominantly comprised Japanese donors and recipients 

(99.8%), the DSA against untyped HLA-DRB3/4/5 was determined based on its robust linkage on allele level with HLA-DRB1 

(97.7%) within the haplotype of a Japanese population.58 We assumed that, due to this strong linkage disequilibrium, the develop-

ment of DSA against HLA-DRB3/4/5 could also be predicted by HLA-DRB1 eplet mismatches. DSA against HLA-DQA1 was not 

screened because the majority of DSA against HLA-DQ target HLA-DQB1.59 The DSA was routinely measured preoperatively and 

was checked annually after transplantation, in addition to when the recipient presented with symptoms or had abnormal findings. 

Specifically, within one year after lung transplantation, screening was routinely performed 1 week, 1 month, 3 months, and 6 months 

after transplantation. In cases of kidney transplantation performed at Akita University Hospital prior to the initiation of anti-HLA anti-

body testing in 2014, the presence of DSA was examined through the analysis of collected and stored serum samples.

Perioperative management and immunosuppression protocol

The selection criteria for donors and recipients, the surgical procedures, and the immunosuppression regimens employed have been 

previously described in detail.7,13,65–69 For the selection criteria, living donors were selected from immediate family members.

As for the immunosuppression regimens, in pediatric liver transplantation, tacrolimus (TAC) and steroids were used as the standard 

immunosuppressive regimen without induction therapy. TAC was administered immediately after transplantation, with a target 

trough level of 10–12 ng/mL for the first two weeks, 8–10 ng/mL for the first month, 6–8 ng/mL for the first year, and 4–6 ng/mL there-

after. Steroids, administered as methylprednisolone at 10 mg/kg intravenously during surgery before graft reperfusion, were 

continued postoperatively and tapered until discontinuation after three months. Mycophenolate mofetil (MMF) was added at a 

dose of 10–20 mg/kg as needed, typically in response to rejection episodes. In adult liver transplantation, TAC and MMF comprised 

the standard immunosuppressive regimen, with steroids limited to a single intraoperative dose of methylprednisolone at 10 mg/kg, 

and induction therapy was not used. TAC administration protocol was consistent with that used in pediatric cases. MMF was initiated 

post-transplant at 1,000–2,000 mg/day and reduced to 500-1,000 mg/day after three months for maintenance. For recipients with 

autoimmune-related liver diseases, steroids were continued postoperatively at 2.5–5 mg/day beyond three months. Recently, in 

cases with renal impairment, everolimus (EVR) was added one month post-transplant to reduce TAC dosing, with target trough levels 

set at 3–8 ng/mL for EVR and 4–6 ng/mL for TAC. For adult cases prior to January 2011, TAC and low-dose steroids were the standard 

immunosuppressive regimen, with MMF added in cases of steroid-resistant rejection or when side effects from TAC occurred. In 

ABO-incompatible cases, rituximab was administered 2–3 weeks before transplantation at a dose of 375 mg/m2 for pediatric patients 

aged two years and older, and 500 mg/body for adults. TAC (target trough level 3–5 ng/mL) and MMF (1,000 mg/day for adults and 

10 mg/kg/day for pediatric patients) were started one week before transplantation. Plasma exchange or exchange transfusion (in 

pediatric cases) was performed as needed. Post-transplant, steroids were continued following intraoperative administration and 

tapered until discontinued after six months.

In lung transplantation, a standard immunosuppressive regimen consisting of TAC, MMF (or azathioprine), and steroids was used, 

without induction therapy. TAC was administered immediately post-transplant, with a target trough level of 10–15 ng/mL maintained 

for the first six months, then reduced to 8–10 ng/mL thereafter. MMF was started immediately post-transplant at 1,000–1,500 mg/day 

and continued at this dose. If azathioprine was used, it was initiated post-transplant at 2 mg/kg and maintained at this dosage. For 

steroids, methylprednisolone was administered intraoperatively at 500 mg for adult patients and 125 mg for pediatric patients intra-

venously before graft reperfusion, followed by continued use post-transplant at a dose of 0.4 mg/kg/day for the first six months, then 

tapered to 0.1 mg/kg/day. The immunosuppressant protocol was the same for both deceased-donor and living-donor lung 

transplants.

In kidney transplantation at Kyoto University Hospital, a standard immunosuppressive regimen of TAC, MMF, and steroids was 

used. Basiliximab was administered as induction therapy at a dose of 20 mg/body intravenously immediately post-transplant and 
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on day four post-transplant. TAC was started 3–5 days before transplantation, with a target trough level of 8–12 ng/mL maintained for 

the first month, 7–9 ng/mL for up to three months post-transplant, and 4–6 ng/mL thereafter. MMF was also initiated 3–5 days pre-

operatively at 2,000 mg/day and continued at this dose post-transplant. For steroids, methylprednisolone was administered at 

500 mg intravenously during surgery before graft reperfusion and was subsequently tapered to 5 mg/day, which was maintained 

beyond three months post-transplant. In ABO-incompatible cases, rituximab was administered at 200 mg/body two weeks prior 

to transplantation. Additionally, TAC (target trough 8–12 ng/mL), MMF (2,000 mg/day), and prednisone (25 mg/day) were initiated 

three weeks prior to transplantation. Double-filtration plasmapheresis (DFPP) was performed three times on alternate days, with 

plasma exchange conducted on the day before surgery. At Akita University Hospital, a standard immunosuppressive regimen of 

TAC, MMF, steroids, and EVR was used. Basiliximab administered as induction therapy was consistent with the protocol used at 

Kyoto University. TAC was started two days before transplantation, with a target trough level of 10–12 ng/mL for the first week, 

8–10 ng/mL for the second week, and 8 ng/mL for the first month, then adjusted to 5–8 ng/mL, and finally reduced to a maintenance 

level of 4 ng/mL. MMF was initiated at 1,500 mg/day two days before transplantation, then reduced to 1,000 mg/day after two weeks 

post-transplant and continued. Methylprednisolone was administered at 500 mg intravenously during surgery before graft reperfu-

sion and gradually tapered to 10 mg/day by one month post-transplant. For patients with chronic glomerulonephritis or autoimmune- 

related diseases, steroids were continued at 5 mg/day, while in patients with diabetic nephropathy, nephrosclerosis, autosomal 

dominant polycystic kidney disease (ADPKD), or reflux nephropathy, steroids were discontinued by six months post-transplant. 

EVR was introduced two weeks after transplantation with a target trough level of 3–5 ng/mL and maintained at this level. In 

ABO-incompatible cases, rituximab was administered at a dose of 200 mg/body three weeks prior to transplantation. 

MMF (1,500 mg/day) was started three weeks before transplantation, while TAC (target trough 10–12 ng/mL) and prednisone 

(80 mg/day) were initiated one week before transplantation. DFPP and plasma exchange were performed as necessary based on 

antibody titers. In cases of any organ transplant where discontinuation of TAC was required due to side effects such as encephalop-

athy, cyclosporine was used as an alternative.

Acute rejection in liver and kidney transplants was diagnosed histopathologically according to the Banff criteria.70–73 In liver trans-

plants, for-cause biopsies was performed in response to clinical findings such as deteriorating graft liver function or increasing as-

cites. Protocol biopsies were conducted 3–5 years post-transplant, or 2–3 years post-transplant in recipients with autoimmune- 

related liver diseases. Follow-up biopsies were performed 3–6 months after immunosuppressive dose reduction or 3–5 years 

post-transplant in DSA-positive recipients. In kidney transplants, for-cause biopsies were performed in response to clinical findings 

such as elevated creatinine, proteinuria, or the emergence of de novo DSA. Regarding protocol biopsies, Kyoto University Hospital 

conducted them at 3 months, 1 year, and 3 years post-transplant, while Akita University Hospital conducted them at 1 month, 

6 months, and 1 year post-transplant. Additionally, at Kyoto University Hospital, follow-up biopsies were performed 6 to 12 months 

after the previous biopsy in cases diagnosed with rejection, including those with borderline changes. In lung transplants, acute rejec-

tion was diagnosed clinically considering patients’ symptom, blood test, bacterial culture test of the sputum, bronchoscopic findings, 

and radiological findings. AMR, specifically cases classified as "clinical possible AMR," was diagnosed according to the criteria out-

lined in the consensus report of the International Society for Heart and Lung Transplantation.6 Across all organ cohorts, steroid pulse 

therapy was employed as the first-line treatment for rejection events. For steroid-resistant rejection, antithymocyte globulin was 

considered depending on the clinical context. In cases of AMR, intravenous immunoglobulin, plasmapheresis, and rituximab were 

administered as appropriate, based on the specific clinical presentation of each case.

Mixed lymphocyte reaction

PBMCs were collected from six healthy volunteers with genotyped HLA alleles, following written informed consent (Table S9). Using 

these PBMCs, 11 stimulator-responder pairs were then randomly formed, and their total ERS were calculated by adding DR-ERS 

and DQ-ERS (Table S9). A mixed lymphocyte reaction (MLR) was then performed using the CFSE labeling technique for evaluating 

immune responses to alloantigens.74 PBMCs were isolated by Ficoll-Hypaque density gradient sedimentation using Lympholyte-H 

(Cedarlane Laboratories). 5 μM CFSE (Thermo Fisher Scientific, C34554) was used to label responder PBMCs, which were then co-

cultured with 20 Gy-irradiated allogeneic stimulator PBMCs in 200 μL of RPMI 1640 (Nacalai Tesque) supplemented with 10% human 

AB serum (Sigma-Aldrich, H4522) in 96-well round bottom plates for 5 days. The stimulator and responder cells (each suspended in 

100 μL media) were then co-incubated in a 1:1 ratio, and the cell density was adjusted to 0.5 × 106 cells per well. T cell activation 

status was assessed using flow cytometry by measuring cell division as dilution of CFSE. Flow cytometric analysis was performed 

using the anti-CD4 phycoerythrin-cyanin 7 (PE-Cy7; clone SK3, Becton, Dickinson and Company) and anti-CD8a peridinin chloro-

phyll protein-cyanin 5.5 (PerCP-Cy5.5; clone RPA-T8, Biolegend) antibodies. Samples were acquired on the FACSLyric (Becton, 

Dickinson and Company) flow cytometer and analyzed using FlowJo software (Becton, Dickinson and Company). A minimum of three 

MLR experiments were performed for each stimulator-responder pair. The correlations between total ERS and the percentage of 

CFSElow CD4+ and CD8+ T cells were then analyzed.

Production and verification of anti-eplet antibodies

Two mouse monoclonal IgM antibodies against HLA-DQB1 molecules, generated by hybridoma technology, were kindly provided by 

One Lambda. The reactivity of these antibodies against eplets was verified using One Lambda Incorporated Fusion Matchmaker soft-

ware through LABScreen Single Antigen (One Lambda, Inc.). One anti-HLA-DQ7/8/9 antibody was specific for the 55PP eplet, 
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whereas the other anti-HLA-DQ7 antibody targeted the 45EV eplet.75,76 The two IgM antibodies were supplied within frozen mouse 

ascites and were subsequently purified using the Pierce IgM Purification Kit (Thermo Fisher Scientific, #44897). The purified IgM an-

tibodies were stored at − 20◦C in glycerol. PBMCs from one pair of HLA-mismatched healthy volunteers (pair #4; Table S9), in which 

the 55PP eplet was mismatched on HLA-DQB1, were selected as stimulators and responders in the MLR. The 45EV eplet was not 

present on any of the HLA alleles belonging to this pair of PBMC donors. The two IgM antibodies were added to the wells containing 

irradiated stimulator PBMCs at the following concentrations: 1 × 101 ng/mL, 1 × 102 ng/mL, or 1 × 103 ng/mL. After 30 min, the 

CFSE-labeled responder PBMCs were added, and the cells were cocultured for 5 days. The percentages of CFSElow CD4+ and 

CD8+ T cells were assessed by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

From the 142 HLA-DRB1 and 60 HLA-DQB1 eplets listed within the One Lambda Incorporated Fusion Matchmaker software, data on 

mismatched eplets detected in individuals who had developed DSA were extracted. Within our cohort, 105 DRB1 and 55 DQB1 ep-

lets were identified as mismatched at least once in patients who developed DSA. To assess eplet clustering, we calculated the JI 

between each pair of these eplets. Specifically, the number of cases in which two specific eplets were detected as mismatched 

together was divided by the number of cases in which at least one of these two eplets was detected as mismatched. Subsequently, 

based on the Jaccard distance (i.e., 1 − JI), hierarchical clustering was performed using the ‘‘hclust()’’ function of the ‘‘stats’’ R pack-

age (version 4.2.1), specifying ‘‘ward.D2’’ as the clustering method (https://www.R-project.org/). To visualize this intricate eplet relat-

edness, we used dendrograms coupled with triangular matrices. For instance, in the case of DRB1 eplets, a mismatched 181M 

eplet always coincided with a mismatched 181VMP eplet, as indicated by a JI of 1.0. Eplets 4Q, 78V2, 30G, 13FEY, and 28H 

were also frequently identified as mismatched eplets, showing JI values of 0.98, 0.98, 0.91, 0.91, and 0.91, respectively. This illus-

trates a strong tendency for these eplets to be simultaneously mismatched.

To prioritize important eplets in the subsequent DSA development, the effect of each mismatched eplet on time to DSA develop-

ment was estimated using a Cox proportional hazards model, with age and gender as covariates. This analysis was primarily con-

ducted using the ‘‘coxph()’’ and ‘‘Surv()’’ functions of the ‘‘survival’’ R package (version 3.4.0). Statistical significance was assessed 

by testing the null hypothesis that the β coefficients equaled zero using the Wald test. Multiple testing was adjusted using the Bon-

ferroni method. Thus, significant eplets were extracted using the significance level set at 0.05 divided by the number of mismatched 

eplets detected in each cohort.

To compare overall similarities between the β coefficients generated by the Cox proportional hazards model, we calculated 

weighted Pearson correlation coefficients (rp) using the ‘‘wtd.cor()’’ function of the ‘‘weights’’ R package (version 1.0.4); statistical 

significance was assessed by testing the null hypothesis that rp equaled zero using the t-test. Additionally, we examined whether 

eplets significantly associated with DSA development were biased toward ‘‘antibody-verified’’ eplets. Information on whether a spe-

cific eplet is antibody-verified was determined based on the ‘‘Antibody Reactivity’’ column in the HLA Matchmaker Class I/II Refer-

ence File (2017.08). A Fisher’s exact test was used to assess whether these eplets were biased toward antibody-verified eplets and 

those in perfect linkage disequilibrium (JI = 1.0) with them.

We assigned weights to each mismatched eplet by taking the inverse of the sum of its JIs with other mismatched eplets. Complex 

associations between mismatched eplets can bias correlation results, and eplets that are frequently detected as mismatched eplets 

along with other eplets have too large an impact on the correlation results. Therefore, we determined weights by calculating the in-

verse of the sum of JIs with other mismatched eplets.

To aggregate the effect of eplet mismatches on DSA development, a penalized Cox proportional hazards regression model was 

applied in the derivation cohort (i.e., pediatric living-donor liver transplantat cohort), whereby all mismatched eplets were treated as 

variables using the ‘‘survival’’ (version 3.4.0) and ‘‘glmnet’’ (version 4.1.4) R packages. The tuning parameter λ for the penalization was 

chosen by 10-fold cross-validation using the ‘‘cv.glmnet()’’ function of the ‘‘glmnet’’ R package (version 4.1.4). The most accurate 

methodology was selected from the three penalization methodologies (i.e., ridge, lasso, and elastic net); accuracy was based on 

the HR of the value computed from the tuned model, adjusted for age, gender, and the number of eplet mismatches. Then, the value 

computed from the best model was termed the ‘‘ERS’’. To validate the ERS in the validation cohorts, the ‘‘survival’’ R package 

(version 3.4.0) was used to compute the HR, which was adjusted for age, gender, and the number of eplet mismatches via the 

Cox proportional hazards model. In the primary analyses, we adjusted for age, gender, and the number of eplet mismatches. As 

for the sensitivity analyses, we further adjusted for factors known to be associated with DSA development (i.e., acute rejection 

rate, immunosuppressive protocol, and the number of HLA antigen mismatches) to confirm the robustness of our results. Finally, 

we developed an ERS focusing solely on antibody-verified eplets and compared its prediction accuracy with that of the original ERS.

We primarily considered the ERS as a continuous variable and used the HR as the primary metric for evaluating its predictive ac-

curacy. However, for visualization purposes, we divided participants in each cohort into three groups using the tertile values of the 

ERS from the derivation cohort and created Kaplan-Meier plots based on this grouping. For the Kaplan-Meier analysis, statistical 

significance was evaluated using the log rank (Mantel-Cox) test by implementing the ‘‘survdiff()’’ function of the ‘‘survival’’ R package 

(version 3.4.0).

In this study, we prioritized deriving the ERS within a cohort characterized by the same organ type and a consistent immunosup-

pressive protocol—in this case, a single-center, single-department, pediatric living-donor liver transplant cohort. This approach 
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involved accepting a trade-off in sample size to ensure uniformity in immunosuppressive protocols and surgical procedures. From 

the planning phase, we recognized through clinical experience that significant differences exist in both the incidence and pattern of 

DSA development across organ types. We also believed that these differences arise, at least in part, from variations in immunosup-

pressive protocols and surgical techniques, which are difficult to quantify accurately. Therefore, we believed that including multiple 

cohorts to increase sample size could risk creating a machine learning model that is influenced by these complex, difficult-to-quantify 

factors. By focusing on a single cohort where patients were treated by the same team at the same institution, we thought that we were 

able to ensure a relatively uniform immunosuppressive protocol and consistent surgical procedures. Therefore, we believed that 

deriving the ERS in this single-center, single-department, single-organ cohort—specifically a pediatric liver transplant cohort due 

to its higher event rate—would provide a robust foundation for reliable results. Accordingly, we adopted this method in our study 

design.

However, we believe that, even though it was conducted post-hoc, examining whether the sample size is sufficient to create an 

accurate predictive model remains informative. For this purpose, we conducted a post-hoc analysis based on the calculation of 

the sample size required for a precise estimation of the overall outcome probability in the target population, as described by RD Riley 

et al.37 Briefly, this analysis evaluates the precision of the estimated cumulative outcome incidence confidence intervals using the 

following equation, where λ̂ refers to the estimated number of outcome events per person-year, t represents the follow-up duration, 

and T is the total person-years of follow-up.

{

1 − exp
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̅̅̅̅
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√ )
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To assess the significance of correlations between the ERS and the MLR results, the ‘‘ppcor’’ R package (version 1.1) was used to 

calculated rhop between the total ERS (DQ-ERS + DR-ERS) and the median percentage of CFSElow T cells in each healthy volunteer 

pair. The statistical significance was assessed by testing the null hypothesis (i.e., rhop = 0) using the t-test within the ‘‘ppcor’’ R pack-

age (version 1.1). Finally, to assess the effect of anti-eplet antibodies on the percentages of CFSElow T cells in the MLR, we employed 

the Wilcoxon rank-sum test and compared the value at 0 ng/mL with those at 1 × 102 and 1 × 103 ng/mL.

Throughout the study, whether the data were normally distributed was examined using the Shapiro-wilk test. Based on these re-

sults, appropriate statistical methods were selected for the analysis. Two-sided p-values ≤0.05 were considered as a measure of 

statistical significance. Data were presented as medians with IQRs, estimated using 95% CIs or standard error as considered appro-

priate. Although our plan was to exclude cases with missing data from the analysis, there were no missing values in the data used for 

the primary analysis. For patients lost to follow-up, we only used the data available up to the point of loss. Statistical analyses were 

primarily conducted by K.T., who is certified by the Japan Statistical Society (grade2), using self-made R scripts for the statistical R 

software (version 4.0.5, R Foundation for Statistical Computing). All statistical details of experiments can be found in the figure 

legends.
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