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Abstract

Background: Acute cellular rejection (ACR) remains a common complica-

tion causing significant morbidity post-liver transplantation. Non–human

leukocyte antigen (non-HLA) mismatches were associated with an increased

risk of ACR in kidney transplantation. Therefore, we hypothesized that

donor-recipient non-HLA genetic mismatch is associated with increased

ACR incidence post-liver transplantation.
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Methods: We conducted an international multicenter case-control genome-

wide association study of donor-recipient liver transplant pairs in 3 inde-

pendent cohorts, totaling 1846 pairs. To assess genetic mismatch burden,

we calculated sum scores for single-nucleotide polymorphism (SNP) mis-

match based on all non-HLA functional SNPs, specifically SNPs coding for

transmembrane or secreted proteins as they more likely affect the immune

system. We analyzed the association between the non-HLA mismatch

scores and ACR in a multivariable Cox regression model per cohort, followed

by a weighted meta-analysis.

Results: During the first year post-transplantation, 90 of 689 (13%), 161 of

720 (22%), and 48 of 437 (11%) recipients experienced ACR in cohorts 1–3,

respectively. Weighted meta-analyses showed that higher mismatch in

functional non-HLA SNPs was associated with an increased incidence of

ACR (HR 5.99; 95% CI: 1.39–20.08; p=0.011). Moreover, we found a larger

effect of mismatch in SNPs coding for transmembrane or secreted proteins

on ACR (HR 7.54; 95% CI 1.95–28.79; p=0.003). Sensitivity analyses

showed that imputed HLA mismatch did not affect the associations between

both non-HLA mismatch scores and ACR.

Conclusions: Donor-recipient mismatch of functional non-HLA SNPs

overall and, especially, of SNPs encoding transmembrane or secreted pro-

teins correlated with 1-year ACR post-liver transplantation. Identifying high-

risk immunological burdens between pairs may prevent early graft rejection

and aid in personalizing immunosuppressive therapy. Future studies are,

however, needed to validate our findings using a genotyped HLA cohort.

Keywords: clinically relevant acute rejection, functional single-nucleotide
polymorphisms, genetics, mismatch score, transmembrane and secreted
proteins

INTRODUCTION

Despite the inherent tolerogenic capacity of the liver
graft, 15%–25% of recipients of liver transplants develop
acute T-cell–mediated cellular rejection (ACR), which
necessitates additional immunosuppressive treatment
and may lead to graft loss.[1,2] Several studies have
identified risk factors for the development of ACR after
liver transplantation. These include primary liver dis-
eases with an autoimmune etiology, high preoperative
aspartate transaminase level, low recipient age, high
donor age, prolonged cold ischemia time, low tacrolimus
trough levels, and donor-recipient mismatches of the
human leukocyte antigen (HLA), also known as major
histocompatibility complex (MHC).[3,4]

HLA matching is standard practice in kidney trans-
plantation but is not routinely performed in liver
transplantation as the association with rejection is
controversial. The impact of non-HLA genetic mismatch

on rejection after any solid organ transplant, however,
had until recently not been investigated. A study in a
kidney transplant cohort found that mismatches in
genes coding for transmembrane or secreted proteins
were associated with an increased risk of functional
graft loss, independently of the degree of HLA
compatibility.[5] Furthermore, a study reported that the
presence of mismatched single-nucleotide polymor-
phisms (SNPs), determined by exome sequencing,
was associated with an increased risk of rejection in
kidney transplantation recipients.[6] In addition to
genome-wide mismatch approaches, studies have
investigated the impact of a single variant mismatch
between donors and recipients of a kidney transplant,
thereby linking mismatch in LIMS1 and CFHR1-3
deletion to ACR.[7,8] In the field of liver transplantation,
however, the contribution of non-HLA genetic mismatch
between donor and recipient to ACR has not been
investigated to date.
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Based on the profound effect of non-HLA mismatch
on graft patency and rejection after kidney transplanta-
tion, as shown in recent literature, we aimed to
investigate whether non-HLA mismatches between
donor and recipient pairs are associated with an
increased incidence of biopsy-proven ACR after liver
transplantation.

METHODS

Study design and patients

A post hoc multicenter analysis was performed of 3
observational cohort studies consisting of patients who
underwent liver transplantation in the University Medical
Center Groningen, Groningen, the Netherlands, between
1993 and 2019 (“UMCG” cohort 1), in the Baylor
University Medical Center, Dallas, TX, between 1998
and 2010, and were enrolled in the Annette C. and Harold
C. Simmons Transplant Institute biorepository and liver
transplant research database, between 1998 and 2010
(“Baylor,” cohort 2),[9] and in the Penn Medicine
Transplant Institute, Philadelphia, PA, between 2012
and 2017, and enrolled in BioTIP (Biorepository of the
Transplant Institute at Penn) study (“BioTIP” cohort 3).[10]

Characteristics of the donor and recipient pairs were
collected from institutional databases. All postoperative
transplant care, including the immunosuppression regi-
men, was according to the center standard protocol.
Detailed information on immunosuppression regimen per
cohort is described in the studies from Li et al[11] (cohort
1) and Shaked et al[10] (cohorts 2 and 3).

Ethical approval

Cohort 1 was registered in the Netherlands Trial Register
(www.trialregister.nl – Trial NL6334) and was conducted
within the TransplantLines cohort study,[12] which was
approved by the institutional research board (METc 2014/
077). Cohorts 2 and 3 were approved by the Institutional
Review Boards at the respective institutions (Baylor: FWA
00004415/00003358, protocol 013-065; UPenn: FWA
00004028, protocol 820091). The participants signed
informed consent prior to transplantation. All study
protocols adhered to the Declaration of Helsinki and were
in concordance with the principles of the Declaration of
Istanbul on Organ Trafficking and Transplant Tourism.
STrengthening the REporting of Genetic Association
studies (STREGA) guidelines were adhered to.[13]

Transplantation outcomes

We defined clinically relevant ACR as Banff grade 2
(moderate) or Banff grade 3 (severe) histologically

proven rejection within 1-year after liver transplantation.
The biopsies were assessed by specifically trained
pathologists. As it was clinical practice in all cohorts to
not perform biopsies without clinical indication, we
cannot with certainty exclude grade 1 cases in all
patients when there was no routine biopsy performed.
This is because grade 1 rejection can present without or
with minimal symptoms and can be missed. We
therefore focused on grade 2 and 3 rejections and
excluded all recipients with clinically suspected rejec-
tion (without biopsy) or grade 1 biopsy-proven ACR.
Additionally, we recorded all instances of graft loss in
each cohort. Graft loss was defined as the need for
retransplantation or the occurrence of patient death.

Sample collection and DNA extraction

Blood for DNA extraction was collected at the time of
transplantation for both donors and recipients. Genomic
DNA was extracted from whole blood or peripheral blood
mononuclear cells using standard procedures and stored at
−80 °C. DNA quality was assessed for all samples using
agarose gel electrophoresis. DNA concentrations were
estimated using a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific Inc., Asheville, NC). DNA
samples were diluted to 50 ng/μL with nuclease-free water.

Genotyping and imputation

In cohort 1, genotyping was performed using the
Infinium Global Screening Array-24 v1.0 (Illumina Inc.,
San Diego, CA), a genotyping array that measured
494,059 SNPs, including both rare and common SNPs.
In cohorts 2 and 3, genotyping was performed using the
Affymetrix Axiom Transplant Array, which measured
767,203 SNPs, including both rare and common SNPs.
Genotype data were clustered using the GenomeStudio
software,[14] and quality control was performed using
PLINK.[15] Normalized intensities for all samples were
called using Optical clustering.[16]

Raw genotypes were imputed using the TOPMed
reference panel (version r2, hg38), which is a diverse
panel including information from 97.256 human
genomes.[17–19] SNPs in the MHC region were
excluded. Postimputation quality control was performed
with an estimated imputation accuracy of at least
0.4.[5,20] Markers with a call rate < 99%, a MAF<5%,
or with significant deviation from Hardy-Weinberg
equilibrium (p < 1× 10−6) were also excluded.

SNP selection and mismatch calculation

We accounted for the genetic mismatch between
donors and recipients by including sum scores for
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SNP mismatch based on non-HLA nonsynonymous
SNPs as estimated by Ensembl (GRCh38) annotation
using SnpEff (version 5.0). Selected nonsynonymous
SNPs included frameshift variants, protein-altering
variants, and missense variants (ie, stop gained, stop
lost, start lost, splice acceptor variant, splice donor
variant, splice region variant, missense variant); here-
after called “functional” SNPs. We calculated the
amount of SNP mismatches for all donor and recipient
pairs. The mismatch score for each SNP was either 0
(no mismatch), 1 (one mismatched nucleotide), or 2 (2
mismatched nucleotides). To address the heterogeneity
of the 3 cohorts and possible differences in functional
SNPs and to account for varying SNP coverage of the
different genotype arrays, we checked in a sensitivity
analysis the overlap of the functional non-HLA SNPs
between the 3 cohorts and calculated a separate
mismatch score for all donor-recipient pairs in all
cohorts using only the overlapping SNPs.

Secreted and transmembrane SNPs

To further reduce noise, and in an effort to replicate the
results shown in the study by Reindl-Schweighofer et al,[5]

we selected solely the SNPs coding for transmembrane
or secreted proteins, as these have a higher likelihood to
affect the immune system. For each cohort, we con-
structed a separate list of SNPs for mismatch calculation
which only included functional SNPs that coded for
transmembrane or secreted proteins. Transcripts from
UniProt database were used to select SNPs coding for
transmembrane or secreted proteins.[21]

HLA imputation and mismatch calculation

HLA class l and ll genotypes of all donor-recipient pairs
were imputed by the HLA-dedicated imputation algo-
rithms CookHLA[22] (cohort 1; v1.0.1) and SNP2HLA[23]

(cohorts 2 and 3; v1.0) against the reference panel from
the type 1 diabetes Genetics Consortium.[24] For both
CookHLA and SNP2HLA, we used unphased plink GSA
data in build hg18 as input, specifically selecting SNPs
located within the 29–34Mb region of chromosome 6,
which encompasses the MHC region. The class l and ll
4-digit alleles at HLA-A, HLA-B, HLA-C, HLA-DRB1,
HLA-DQB1, HLA-DQA1, HLA-DPB1, and HLA-DPA1
were included in the mismatch calculation, which was
done using HLA-matchmaker.[25]

Statistical analyses

Characteristics of patients were described using medi-
ans and interquartile ranges (IQRs) for continuous
variables and frequencies and percentages for

categorical variables. For each cohort, we individually
assessed the association with ACR and 5-year graft
loss for (1) total non-HLA mismatch burden, and (2)
mismatch burden in SNPs coding for transmembrane or
secreted proteins, using a multivariable Cox propor-
tional hazards model. Possible confounders were
selected by performing univariable regression analyses,
in which we only included variables from donor and
recipient pairs with > 80% valid data. Variables with a p-
value < 0.1 in the univariable analysis were, in addition
to transplantation indication, included in the multi-
variable analysis and were accounted for as possible
confounders. To ensure sufficient power, we performed
a weighted random effects meta-analysis, in which we
included the hazard and SE of the association between
non-HLA mismatch score and ACR or 5-year graft loss.
The non-HLA mismatch scores were log-transformed to
allow for better interpretability. Restricted cubic spline
models were used to visualize the nonlinear relationship
between non-HLA mismatch score and risk of ACR. To
account for the fact that there was a varying number of
functional SNPs between cohorts, we performed a
sensitivity analysis in which we only selected the
functional SNPs that overlap between all cohorts.
Additionally, we performed a sensitivity analysis in which
HLA mismatch was included as a possible confounder in
the Cox regression analyses that tested the association
between both non-HLA mismatch scores and ACR or 5-
year graft loss. Correlation analyses between HLA and
non-HLA mismatch were done using the Spearman
correlation test. Two-sided p<0.05 were considered
statistically significant. All calculations and statistical
analysis were done using R (versions 4.1.2 and 4.3.1)
and SPSS software (v28; IBM, Chicago, IL).

RESULTS

Patient characteristics

We included phenotypic and genotypic data of 1846
donor-recipient pairs who underwent liver transplanta-
tion for a variety of indications from 3 medical centers
(Figure 1A). Donor, recipient, and surgical character-
istics are described in Table 1. The median follow-up
was 10.3 years (IQR, 5.1–17.0) in cohort 1, 7.2 years
(IQR, 4.7–10.0) in cohort 2, and 2.3 years (IQR,
1.2–3.8) in cohort 3. Ninety recipients (13%) in cohort
1, 161 recipients (16%) in cohort 2, and 48 recipients
(11%) in cohort 3 experienced grade 2 or 3 ACR, which
occurred after a median of 10 (IQR, 7–25), 14 (IQR,
6–52), and 38 (IQR, 14–131) days, respectively. In total,
190 (28%), 164 (23%), and 64 (15%) recipients
experienced graft loss within the first 5 years after
transplantation, which occurred after a median of 90
(IQR, 9–678), 471 (IQR, 44–1090) and 954 (IQR,
543–1470) days in cohorts 1–3, respectively.
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Non-HLA mismatch score calculation

To assess the donor-recipient genetic mismatch burden,
we calculated sum scores for SNPmismatches based on
11,122, 17,136, and 17,203 non-HLA functional SNPs
(Figure 1B) in respectively cohorts 1, 2, and 3, with a
mismatch score of 0, 1, or 2 for each SNP (Figure 1C).
The median non-HLA mismatch score for all donor-
recipient pairs was 3191 (IQR 3111–3265) in cohort 1,
5345 (IQR 5143–5798) in cohort 2, and 5084 (IQR
4965–5741) in cohort 3. Of the 11,122 functional SNPs in
cohort 1, 10,528 SNPs (95%) were also present in
cohorts 2 and 3. The median mismatch score of
overlapping functional non-HLA SNPs was 3082 (IQR
3008–3158) in cohort 1, 3321 (IQR 3226–3434) in cohort
2, and 3312 (IQR 3218–3437) in cohort 3.

We then selected solely the SNPs coding for
transmembrane or secreted proteins, which were 4509
in cohort 1, 6707 in cohort 2, and 6711 in cohort 3
(Figure 1B). The median mismatch score of SNPs
coding for transmembrane or secreted proteins for all
donor-recipient pairs was 1313 (IQR 1266–1360) in
cohort 1, 2113 (2027–2262) in cohort 2, and 2088
(1996–2281) in cohort 3.

Risk factors for ACR

We calculated the risk of ACR within the first year after
transplantation in relation to donor, recipient, and
surgical characteristics. Using univariable regression
models, we identified cold ischemia time and

Recipients genotyped in LT cohort

946

Recipients that passed quality control

1,043 586

899 1,037 584

Donor and recipient pairs

Final pairs after exclusion of grade 1 rejection

798 982 464

689 720 437

Cohort 1 Cohort 2 Cohort 3

1,846

(A)
Genetic variants from GSA/Axiom platform

494,059

Non-HLA variants considered with high confidence

767,203 767,203

5,451,491 6,519,218 6,578,423

Functional non-HLA variants for further analyses

SNPs coding for transmembrane or secreted proteins

Mismatch 0

11,122 17,136 17,203

4,509

Liver
Donor

Liver
Recipient

AG G GC CT TTA A
AG G GC CT TTA A

AG G GC CT TTA A
AG G GC CT TTA A

6,707 6,711

(B)

(C) Mismatch 1

AG T GC CT TTA A
AG G GC CT TTA A

AG G GC CT TTA A
AG G GC CT TTA A

Mismatch 2

AG T GC CT TTA A
AG T GC CT TTA A

AG G GC CT TTA A
AG G GC CT TTA A

F IGURE 1 Flowchart of data management. (A) Inclusion of donor-recipient pairs after genotyping quality control. (B) Quality control, impu-
tation, and non-HLA functional SNP selection from SNPs genotyped by Global Screening Array-24 v1.0 (Illumina, San Diego, CA) and Affymetrix
Axiom Transplant Arrays. (C) The non-HLA SNP mismatch score is calculated by comparing allele overlap between the donor and recipient for
each functional variant. Abbreviations: GSA, Global Screening Array; HLA, human leukocyte antigen; LT, liver transplantation; SNP, single-
nucleotide polymorphism.
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transplantation era (time in years since transplantation)
as potential risk factors for ACR (p<0.1) in cohort 1,
and recipient age, recipient sex, and transplantation era
as potential risk factors for ACR (p<0.1) in cohort 2.
Subsequently, these factors were included in the
multivariable Cox regression analysis in addition to
transplantation indication, overall functional non-HLA,
and transmembrane or secreted protein mismatch
score (Table 2 and Supplemental Table S1, http://
links.lww.com/HC9/B784). In the individual cohorts, the
association between overall functional non-HLA mis-
match score and ACR did not pass the significance
threshold after adjusting for possible confounders in a
multivariable Cox regression model. However, when
looking at the nonlinear association between genetic
mismatch and ACR using a restricted cubic spline, we
see a trend toward a higher HR for developing ACR for
patients with a higher mismatch score in our largest
cohort (Supplemental Figure S1, http://links.lww.com/
HC9/B785 and Supplemental Table S1, http://links.lww.
com/HC9/B784). The association between mismatch in
SNPs coding for transmembrane or secreted proteins
and ACR was significant in the multivariable Cox
regression analysis in cohort 2 (HR 7.67; 95% CI:
1.14–51.8; p= 0.036). In cohorts 1 and 3, we observe a
higher HR for patients with a higher mismatch in SNPs
coding for transmembrane or secreted proteins; how-
ever, this association does not reach statistical

significance (cohort 1: HR 12.95; 95% CI:
0.60–278.97; p=0.10 and cohort 3: HR 5.24; 95% CI:
0.47–57.9; p= 0.18; Supplemental Table S1, http://
links.lww.com/HC9/B784).

ACR meta-analysis

We performed weighted meta-analyses to assess the
association with ACR for both overall functional non-
HLA mismatch as well as mismatch in SNPs coding for
transmembrane or secreted proteins. The meta-analy-
ses combined the individual multivariable Cox regres-
sion results of each cohort. Due to the increased power,
we show that a higher (log-normalized) overall func-
tional non-HLA mismatch score, as well as higher (log-
normalized) mismatch score of SNPs coding for
transmembrane or secreted proteins, is significantly
associated with an increased incidence of ACR after
liver transplantation (HR 5.99; 95% CI: 1.51–23.57;
p= 0.011) and (HR 7.54; 95% CI: 1.95–28.79;
p= 0.003), respectively (Figure 2 and Supplemental
Table S1, http://links.lww.com/HC9/B784). We per-
formed a sensitivity analysis in which we only included
functional SNPs present in all cohorts. The association
of mismatch burden of overlapping SNPs with ACR lost
its statistical significance in the individual cohorts as
well as in the meta-analysis due to loss of power.

TABLE 1 Demographics of all donor-recipient pairs

Cohort 1 Cohort 2 Cohort 3
N=689 N= 720 N= 437

N/median (%/IQR) N/median (%/IQR) N/median (%/IQR)

Recipient age, y 46 (16–58) 52 (47–58) 59 (52–64)

Pediatric recipients 183 (26.6) 0 0

Recipient sex, male 391 (56.7) 465 (65) 313 (72)

Recipient BMI, kg/m2 23.3 (19.2–26.9) 27.9 (24.3–32) 27.1 (24.2–30.8)

Transplantation indication

PBC/AIH 69 (10.0) 68 (9.4) 33 (7.6)

PSC 102 (14.8) 33 (4.6) 26 (5.9)

Metabolic 95 (13.8) 8 (1.1) 7 (1.6)

Congenital biliary disease 108 (15.7) 0 0

Alcoholic liver disease 67 (9.7) 84 (11.7) 76 (17.4)

Viral hepatitis 67 (9.7) 385 (53.5) 174 (39.8)

MASLD 40 (5.8) 9 (1.3) 45 (10.3)

Acute liver failure 32 (4.6) 19 (2.6) 6 (1.4)

Other 109 (15.8) 114 (15.8) 70 (16.0)

Donor age, y 45 (30–55) 41 (24–55) 43 (28–55)

Donor sex, male 362 (52.5) 423 (59) 245 (56)

Donor BMI, kg/m2 24 (22–26) 25.8 (22.4–29.8) 27.2 (23.8–32.7)

Cold ischemia time, min 472 (389–589) 475 (356–595) 301 (241–382)

Note: categorical variables are presented as numbers and percent (%), continuous variables are shown in median and interquartile range.
Abbreviations: AIH, autoimmune hepatitis; BMI, body mass index; HLA, human leukocyte antigen; MASLD, metabolic dysfunction–associated steatotic liver disease;
PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.
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However, the direction and magnitude of the HR were
similar to the analysis with all functional SNPs (HR 4.39,
95% CI: 0.94–20.74, p=0.060; Supplemental Table S2,
http://links.lww.com/HC9/B786)

The association between non-HLA
mismatch and graft survival

To investigate whether non-HLA mismatch has an effect
beyond ACR, we performed the same analyses with 5-
year graft survival as the outcome. First, we calculated
the risk of 5-year graft loss in relation to donor, recipient-
and surgical characteristics. We identified donor age,
cold ischemia time, transplantation era, and transplanta-
tion indication as potential confounders in cohort 1; donor
age and BMI, transplantation era, and transplantation
indication in cohort 2; and donor age and transplantation
era in cohort 3. In the individual cohorts, the association
with 5-year graft survival for both overall functional non-
HLA mismatch score and mismatch in SNPs encoding
transmembrane or secreted proteins did not pass the
significance threshold after adjusting for possible con-
founders in a multivariable Cox regression model
(Supplemental Table S3, http://links.lww.com/HC9/
B787). We then performed weighted meta-analyses to

assess the association with 5-year graft loss for both
overall functional non-HLA mismatch as well as a
mismatch in SNPs coding for transmembrane or
secreted proteins. The meta-analyses combined the
individual multivariable Cox regression results of each
cohort. Due to the increased power, we show that a
higher (log-normalized) overall functional non-HLA mis-
match score, as well as higher (log-normalized) mis-
match score of SNPs coding for transmembrane or
secreted proteins, is significantly associated with higher
rates of graft loss after liver transplantation (HR 6.75;
95% CI: 1.93–23.57; p=0.003) and (HR 3.97; 95% CI:
1.25–12.55; p=0.020), respectively (Figure 3 and
Supplemental Table S3, http://links.lww.com/HC9/B787).

Adjusting for imputed HLA mismatch

Of 1772 pairs (96% of the total study group) HLA eplet
data were available through imputation with either
CookHLA or SNP2HLA. For these pairs, we were able
to calculate their HLA mismatch and perform the
subsequent analyses. The median HLA mismatch
score, calculated by HLA-matchmaker, for donor-
recipient pairs in cohort 1 was 37 (IQR 26–48), 56
(IQR 44–67) in cohort 2, and 55 (IQR 43–67) in cohort

TABLE 2 Univariable Cox regression analysis for ACR

Cohort 1 Cohort 2 Cohort 3
90 rejection 599 control 161 rejection 559 control 48 rejection 389 control

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Recipient age, y 0.99 (0.99–1.01) 0.83 0.98 (0.97-0.99) 0.04 1.00 (0.97–1.03) 0.88

Recipient sex, male 1.25 (0.83–1.89) 0.30 0.73 (0.54–1.00) 0.05 1.20 (0.62–2.30) 0.59

Recipient BMI, kg/m2 0.98 (0.94–1.02) 0.32 0.99 (0.97–1.02) 0.59 0.98 (0.93–1.04) 0.48

Transplantation indication

Alcoholic liver disease (ref) 1.00 (1.00–1.00) NA 1.00 (1.00–1.00) NA 1.00 (1.00–1.00) NA

PBC/AIH 2.54 (0.98–6.60) 0.06 2.95 (1.34–6.49) 0.007 0.41 (0.09–1.83) 0.24

PSC 2.99 (1.23–7.29) 0.016 2.80 (1.11–7.06) 0.03 1.15 (0.36–3.60) 0.82

Metabolic 1.10 (0.39–3.08) 0.86 2.52 (0.54–11.66) 0.24 0.00 (0.00–0.00) NA

Congenital biliary disease 1.16 (0.42–3.19) 0.78 NA NA NA NA

Viral hepatitis 2.37 (0.90–6.24) 0.08 2.43 (1.23–4.82) 0.01 0.74 (0.35–1.56) 0.43

MASLD 1.10 (0.31–3.91) 0.88 2.16 (0.47–10.01) 0.32 0.72 (0.25–2.07) 0.54

Acute liver failure 0.72 (0.15–3.56) 0.68 1.94 (0.52–7.16) 0.32 4.58 (1.28–16.45) 0.02

Other 0.78 (0.26–2.31) 0.65 2.20 (1.02–4.74) 0.04 0.39 (0.12–1.21) 0.10

Donor age, y 0.99 (0.99–1.01) 0.45 1.01 (1.00–1.01) 0.20 1.01 (0.99–1.03) 0.44

Donor sex, male 1.37 (0.90–2.07) 0.14 0.97 (0.71–1.33) 0.85 1.62 (0.89–2.96) 0.11

Donor BMI, kg/m2 0.99 (0.94–1.04) 0.61 1.00 (0.98–1.03) 0.91 1.01 (0.98–1.05) 0.52

Cold ischemia time, min 1.001 (1.000–1.002) 0.08 1.000
(0.999–1.002)

0.25 0.998
(0.996–1.001)

0.12

Transplantation era (time since
transplantation in years)

1.07 (1.04–1.10) <0.001 1.10 (1.04–1.17) 0.001 1.07 (0.89–1.28) 0.47

Note: Univariable Cox regression analyses were performed with ACR as a binary outcome (presence or absence). Data are presented as HRs with confidence ratios
and corresponding p-values. Variables in bold will be included as possible confounders in the multivariable Cox regression analyses.
Abbreviations: AIH, autoimmune hepatitis; BMI, body mass index; HLA, human leukocyte antigen; MASLD, metabolic dysfunction–associated steatotic liver disease;
PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; SNPs, single-nucleotide polymorphisms.
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3. We show, in univariable Cox regression analyses,
that there is no significant association between HLA
mismatch and ACR (cohort 1: HR: 1.02; 95% CI:
0.90–1.16; p=0.77, cohort 2: HR: 1.00; 95% CI:
0.99–1.01; p=0.52, cohort 3: HR: 1.00; 95% CI:
0.99–1.02; p= 0.55). After incorporating HLA mismatch
into the meta-analyses of all multivariable Cox regres-
sion analyses linking overall functional non-HLA SNP
mismatch and mismatch in SNPs coding for trans-
membrane or secreted proteins to ACR risk, our results
remained significant with unchanged direction and
magnitude of association (overall functional SNP
mismatch: HR: 4.95, 95% CI: 1.16–21.11, p= 0.030;
transmembrane or secreted SNP mismatch: HR: 6.11,
95% CI: 1.48–25.03, p=0.013; Figure 4 and

Supplemental Table S4, http://links.lww.com/HC9/
B788). Similarly, correcting for HLA mismatch did not
affect the association between non-HLA mismatch and
5-year graft loss (overall functional SNP mismatch: HR:
6.82, 95% CI: 1.79–26.31, p=0.005; transmembrane or
secreted SNP mismatch: HR: 3.86, 95% CI:
1.13–13.20, p=0.032; Figure 4 and Supplemental
Table S5, http://links.lww.com/HC9/B789).

Living donor liver transplantations–related
donor-recipient pairs

In cohort 1, there are 27 liver transplant recipients who
received their graft from a related living donor. Of these

5.99

*

*

Meta (N=1846)

Cohort 1 (N=689)

Cohort 2 (N=720)

Cohort 3 (N=437)

0 1 5 10 15 100 400

(A)

7.54

Hazard ratio (95% Cl)

*
Meta (N=1846)
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Cohort 3 (N=437)

0 1 5 10 15 100 400

(B)

F IGURE 2 Forest plot depicting the results of regression analyses for acute T-cell-mediated cellular rejection, presented for individual cohorts
as well combined using a meta-analysis. This graph depicts for each cohort the results of the associations found with acute T-cell mediated cellular
rejection in a proportional hazard Cox regression model for (A) overall functional non–human leukocyte antigen mismatch score and (B) mismatch
in single-nucleotide polymorphisms coding for transmembrane or secreted proteins. The top line in both panels shows the results of the meta-
analysis of all 3 cohorts, with individual cohorts as random effects.
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27 pairs, 22 living donors were first-degree relatives,
with the remaining 5 pairs being second-degree related.
These 27 related donor-recipient pairs had a median
non-HLA mismatch score of 1767 (IQR: 1720–2133),
and a median HLA mismatch score of 19 (IQR: 16–27).
The median non-HLA and HLA scores of related donor-
recipient pairs were significantly lower than those of
nonrelated donor-recipient pairs in cohort 1 (non-HLA:
3195 (IQR: 3119–3267, p<0.001); HLA: 38 (IQR:
27–48, p<0.001). In the related group, non-HLA
mismatch is significantly correlated to HLA mismatch
(r2: 0.602, p< 0.001, Supplemental Figure S2, http://
links.lww.com/HC9/B785). However, in the nonrelated
group, non-HLA mismatch is not correlated to HLA
mismatch (r2: 0.056, p=0.15, Supplemental Figure S2,

http://links.lww.com/HC9/B785). Interestingly, just 1
recipient of a related donor experienced clinically
relevant ACR, with the donor being a second-degree
relative. Moreover, none of the recipients of a related
donor graft experienced graft loss within the first 5 years
after transplantation.

DISCUSSION

In this multicenter, genome-wide meta-analysis, we
show that genetic non-HLA mismatch between donors
and recipients is an important predictor of ACR after
liver transplantation. Our genome-wide association
study (GWAS), including data from an unparalleled

6.75
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F IGURE 3 Forest plot depicting 5-year graft survival Cox regression analyses results of individual cohorts and all combined using a meta-
analysis. This graph depicts for each cohort the results of the associations found with 5-year graft survival in a proportional hazard Cox regression
model for (A) overall functional non–human leukocyte antigen mismatch score, and (B) mismatch in single-nucleotide polymorphisms coding for
transmembrane or secreted proteins. The top line in both panels shows the results of the meta-analysis of all 3 cohorts, with individual cohorts as
random effects.
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1846 donor-recipient pairs, represents the largest
genotyped paired-liver transplantation cohort to date.
We demonstrate that liver transplant recipients who
receive grafts from donors with a higher non-HLA
mismatch in crucial functional genetic regions have an
increased risk to develop ACR. Furthermore, we show
that beyond its impact on ACR risk, a higher non-HLA
mismatch is linked to lower 5-year graft survival rates.
This study demonstrates the nuanced interplay of
genetic factors in transplantation outcomes. By discern-
ing between low-risk and high-risk immunological
burden, our findings have the potential to improve
current clinical practice by tailoring immune suppression
strategy and thereby optimizing patient care.

Graft rejection, subdivided into hyperacute, acute, or
chronic has conventionally been understood as a
process mediated through the direct and indirect path-
ways of allorecognition. This intricate mechanism
involves the processing and presentation of donor
antigens to the cells of the recipient.[26] ACR can occur
where genetic disparities exist between donors and
recipients, which may lead to the presentation of
polymorphic peptides that the recipient’s immune
system recognizes as abnormal.[27] There is a compel-
ling need for identification of immunogenic epitopes

that, when mismatched between donor and recipient,
can cause an antibody or alloreactive T-cell
response.[28] GWAS, through the examination of a wide
diversity of common genetic variations, have unveiled
more than a thousand associations of SNPs with
diseases and traits across the genome. A number of
GWASs have yielded insight into the genetic architec-
ture of ACR.[29–32] Several genes not located on the
HLA, otherwise known as MHC, region were observed
to play a role in recipients of kidney transplants with
ACR, supporting the hypothesis of immune-accessible
epitopes. Sindhi et al[33] reported a family-based
association study, which identified the minor allele of
rs9296068, near HLA class II region, to be significantly
associated with enhanced B-lymphocyte participation in
pediatric liver transplant rejection. Our team has,
however, not been able to link specific SNPs to ACR
through GWAS, either because of insufficient sample
size or the inability to properly investigate SNP-to-SNP
interaction through GWAS. We believe that it is likely
that multiple SNPs, both from the donor and recipient,
have a combined effect on ACR risk. We therefore
focused, as did the team of Reindl-Schwaighofer et al,[5]

on the combined effect of mismatches in functional
SNPs between donor and recipient pairs.
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F IGURE 4 Forest plot depicting the results of human leukocyte antigen mismatch-corrected Cox regression analyses for acute T-cell
mediated cellular rejection and 5-year graft survival, shown for individual cohorts and combined through a meta-analysis. This graph depicts for
each cohort the results of the associations found with acute T-cell mediated cellular rejection (A and B) and 5-year graft survival (C and D) in a
proportional hazard Cox regression model for overall functional non–human leukocyte antigen mismatch score (A and C), and mismatch in SNPs
coding for transmembrane or secreted proteins (B and D). The top line in both panels shows the results of the meta-analysis of all 3 cohorts, with
individual cohorts as random effects.
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To allow for a more functional interpretation of our
results, we furthermore performed an analysis in which
we only selected functional SNPs coding for trans-
membrane or secreted proteins, like was done in the
study by Reindl-Schwaighofer et al.[5] Transmembrane
proteins, embedded within cellular membranes, contrib-
ute to vital cellular functions like signal transduction and
molecule transport across membranes, influencing
immune responses. Secreted proteins, ie, cytokines,
chemokines, or complement proteins, produced within
cells and released into the extracellular environment,
actively engage in intercellular communication, playing
essential roles in immune system modulation and
various physiological processes. Mismatches in SNPs
in a region coding for these proteins are therefore more
likely to have a downstream effect on the immune
system,[34–36] For example, there have been studies that
investigate the impact on graft patency of polymor-
phisms in individual secreted proteins. One study
identified donor-recipient mismatch of complement
factor H-related 3,1 deletion as a risk factor for kidney
graft rejection.[8] Another study found that specific
polymorphisms in IL6 and IL10 are associated with
reduced risk of graft loss.[37]

GWAS in the field of liver transplantation have been
notoriously difficult to perform due to a limited availa-
bility of genotyped cohorts, complex covariates, and era
effects, resulting in poor statistical power for detecting
donor-recipient interactions.[38] To overcome a lack of
statistical power, we performed a weighted meta-
analysis, with the cohorts as random effects, in which
we included the hazard and SE of the association
between non-HLA mismatch score and ACR. The
collaboration of 3 independent cohorts has resulted in
sufficient power to identify a significant association
between functional genetic variant mismatch and higher
risk of both ACR and 5-year graft loss (overall functional
SNP mismatch, ACR: HR of 5.99, 5-year graft loss: HR
of 6.75; mismatch in SNPs coding for transmembrane or
secreted proteins, ACR: HR of 7.54, 5-year graft loss:
HR of 3.97). We chose to only select functional SNPs to
reduce noise, as was done in the study by Reindl-
Schwaighofer et al.[5]

One significant advantage of contemporary genetic
testing lies in its capacity to construct a comprehensive
genetic risk profile, enabling preemptive screening to
predict the likelihood of graft rejection. Leveraging our
SNP-based array, we meticulously identified the genetic
signals linked with ACR and graft loss across crucial
functional genetic regions. However, it is crucial to
acknowledge the influence of nongenetic factors, such as
highly intricate multifactorial covariates and phenotypes,
which have historically impeded investigations into the
genetic architecture underlying various morbidities
impacting graft rejection. To address this challenge, we
corrected for potential confounders in our analyses.
For instance, the evolution of immunosuppression

management over time may manifest as a gradual decline
in the incidence of rejection. The management of immuno-
suppressive medication is therefore tied to the year of
transplantation, which varies significantly in cohorts 1 and 2.
Consequently, we have included the transplantation era in
all multivariable Cox regression models for these cohorts.
By adjusting for transplantation era, we also aim to account
for any changes in surgical techniques or improvements in
post-surgical hospital care. By accounting for such
confounding variables, we aimed to disentangle the
genuine genetic associations from outside influences,
thereby enhancing the robustness and reliability of our
findings.

This study has some limitations, such as its historical
design. Due to changes in management related to
routine biopsies, we cannot definitively determine if a
patient has experienced grade 1 rejection. Therefore,
we focused on grade 2 and 3 rejections, which have
clear clinical implications, are unlikely to be missed in
clinical care, and are therefore consistently biopsied.
Another limitation is the different genotyping arrays
used for the different cohorts. However, we sought to
reduce any further possible bias and differences
between cohorts by using identical cutoff values during
quality control and the same reference cohort for
imputation. Because of this, we believe it is sound to
perform a meta-analysis of the regression analysis of
the 3 cohorts. In addition, in a sensitivity analysis where
we only included the functional non-HLA SNPs present
in all cohorts, we show similar results, albeit not
significant, compared to the analysis with all
functional SNPs.

HLA genes, located on chromosome 6, encode
major histocompatibility complex molecules that are
expressed on the cell surface and coordinate the
adaptive immune system. In kidney transplantation, a
higher number of HLA mismatches increases the risk of
allograft rejection.[39,40] However, the impact of HLA
matching on outcomes in liver transplantation remains
controversial.[41] Liver allografts are believed to exhibit
immunologic inertness similar to that of a native liver,
resulting in a unique immunological status distinct from
other solid organ transplants. Consequently, donor-
recipient pairs in liver transplantation are not matched
based on their HLA type.

Acknowledging the significant role of HLA in immunity
and the fact that some studies suggest an effect of
HLA,[42,43] we investigated whether HLA mismatch, based
on imputed HLA alleles, is associated with ACR and how it
influences the association between non-HLA mismatch
and ACR. Our findings indicate that the mismatch of
imputed HLA alleles is not associated with ACR. After
incorporating themismatch of imputed HLA alleles into our
meta-analysis model, the significant associations between
overall functional non-HLA SNP mismatch and ACR risk
(HR: 4.95, 95% CI: 1.16–21.11, p=0.030) and between
SNP mismatch in transmembrane or secreted proteins
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and ACR risk (HR: 6.11, 95% CI: 1.48–25.03, p=0.013)
remained unchanged. Similarly, correcting for imputed
HLAmismatch did not affect the association between non-
HLA mismatch and 5-year graft loss (overall functional
SNP mismatch: HR: 6.82, 95% CI: 1.79–26.31, p=0.005;
transmembrane or secreted SNP mismatch: HR: 3.86,
95% CI: 1.13–13.20, p=0.032). However, our study is
limited by the use of imputed rather than genotyped HLA
types, as genotyped HLA alleles offer greater accuracy.
Furthermore, we did not incorporate HLA donor-specific
antibodies, which are recognized in the literature as a key
player in developing post-transplant rejection. Although
genotyped HLA types and HLA donor-specific antibodies
would give more precise insights, our analysis using
imputed alleles remains informative and provides valuable
direction for future research. We, however, recommend
that future studies investigate and validate our findings
using a high-resolution HLA-genotyped cohort. This
follow-up study would be worthwhile to further uncover
the immunological pathways involved in post liver
transplant rejection.

Of particular interest is the observation that in a subset
of cohort 1, living-related donor liver transplantation pairs
showed a significantly lower non-HLA mismatch burden.
Moreover, no recipients of a graft from a first-degree–
related living donor developed clinically relevant ACR.
The fact that family members have less genetic
mismatch and less ACR cases supports our finding that
genetic mismatch is associated with the risk of ACR.
Albeit small numbers, this observation merits future
investigation. Furthermore, should larger follow-up stud-
ies find similar results, this information might be useful
when deciding on an immune suppression regimen for
pediatric recipients with a related donor.

In conclusion, our study sheds light on the significant
association between genetic non-HLA mismatch in liver
transplant donor-recipient pairs and clinically relevant
ACR following liver transplantation. This finding under-
scores the importance of considering genetic factors
beyond HLA compatibility in predicting transplant
outcomes. The insights gleaned from our research
pave the way for a more nuanced understanding of the
impact of donor-recipient genetic mismatch burden on
post-transplantation outcomes. By recognizing and
incorporating this crucial factor into clinical decision-
making, we hold the potential to tailor immuno-
suppression regimens to individual patients, thereby
optimizing long-term living donor transplant patency. A
first step could be to closely monitor recipients whose
donor compatibility mismatch falls within the top 5 to
10th percentile.

In essence, our findings not only contribute to the
growing body of knowledge on transplantation genetics
but also offer a tangible pathway toward personalized
medicine in liver transplantation, with the ultimate goal
of improving patient outcomes and enhancing the long-
term success of liver transplantation.
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