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Abstract. At the outset of solid organ transplantation, genetic variation between donors and recipients was recognized
as a major player in mechanisms such as allograft tolerance and rejection. Genome-wide association studies have been
very successful in identifying novel variant-trait associations, but have been difficult to perform in the field of solid organ
transplantation due to complex covariates, era effects, and poor statistical power for detecting donor-recipient interac-
tions. To overcome a lack of statistical power, consortia such as the International Genetics and Translational Research
in Transplantation Network have been established. Studies have focused on the consequences of genetic dissimilarities
between donors and recipients and have reported associations between polymorphisms in candidate genes or their regula-
tory regions with transplantation outcomes. However, knowledge on the exact influence of genetic variation is limited due
to a lack of comprehensive characterization and harmonization of recipients’ or donors’ phenotypes and validation using an
experimental approach. Causal research in genetics has evolved from agnostic discovery in genome-wide association stud-
ies to functional annotation and clarification of underlying molecular mechanisms in translational studies. In this overview, we
summarize how the recent advances and progresses in the field of genetics and genomics have improved the understanding

of outcomes after solid organ transplantation.
(Transplantation 2022;106: 1548-1557).

J

INTRODUCTION

Genetic factors have been established as major players
in mechanisms such as transplant tolerance and rejec-
tion after solid organ transplantation. Previously, hypoth-
esis driven candidate-gene studies, focusing on genes of
which prior knowledge regarding their function is present,
have led to the identification of genetic variants that are

associated with clinical traits. In the past decade, genome-
wide association studies (GWAS), which use an agnostic
approach, have shown that millions of disease-associated
variants lie in noncoding regions of the genome."* In the
field of solid organ transplantation, complex outcomes
such as rejection or allograft dysfunction are likely influ-
enced by multiple genetic polymorphisms that individually
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only contribute to a small proportion of the overall risk.?
Therefore, a GWAS, which screens cohorts for millions of
single-nucleotide polymorphisms (SNPs), is an appealing
approach to identify genetic variants related to posttrans-
plantation outcomes in an unbiased manner.

In this scoping review, we will provide an overview of
the recent advances in genetics which have led to improve-
ments of outcomes after transplantation, with a special
focus on GWAS. A glossary of important methodological
terminology can be found in the Table 1. We foresee that
in the future personalized treatment based on knowledge
of the donor’s and recipient’s genetic background will
increase long-term quality of life posttransplantation. This
goal can be reached by integrating knowledge obtained by
current GWASs in solid organ transplantation with transla-
tional steps in post-GWAS analyses that are currently being
undertaken.

HLA GENOTYPING IN SOLID ORGAN
TRANSPLANTATION—THE CLASSIC GENETICS
STUDY

The HLA complex, located on the short arm of chromosome
6, is the most polymorphic region of the human genome and
includes the most immunologically relevant regions in the
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field of transplantation.* The HLA is fundamental to the
adaptive immune response and plays a critical role in the
cellular and humoral response.’ In the field of kidney trans-
plantation, the prevention of graft rejection, and subsequent
graft dysfunction and loss, largely depends on minimizing
the immunological variation between donors and recipients,
by matching the recipient and their donor’s HLAs.®” In a
series of 30564 patients receiving a first deceased kidney
transplant between 1984 and 1990, Held et al® identified
the importance of matching specific HLA types in improv-
ing allograft survival. Williams et al’ found for pediatric
recipients of a primary kidney transplantation that, com-
pared to zero mismatches, 1 mismatched HLA increased the
allograft failure risk with 30%, and 6 HLA mismatches with
92%. Recent studies by Wiebe et al”'* have identified sin-
gle molecule eplet HLA-DR/DQ mismatch between donors
and recipients as a prognostic biomarker for primary allo-
immunity in kidney transplantation recipients, and subse-
quently report a correlation between single eplet HLA-DR/
DQ mismatch and an increased risk of T-cell mediated rejec-
tion. Both studies emphasize the potential of eplet HLA-DR/
DQ mismatch as a prognostic biomarker in the develop-
ment of more personalized immune suppression regimes.
The impact of HLA eplet mismatch is, however, still debat-
able in liver transplantation.!’"3

TABLE 1.

Glossary of important methodological terminology

eQTL

Expression quantitative trait loci are genetic variants associated with changes in gene expression and are identified by linking

variations in transcript abundance with variations in genotypes. An eQTL is a locus that explains a fraction of the genetic
variance of a gene expression phenotype. eQTL analysis is conducted to identify functional effects of GWAS-identified variants.

Genotype

A genotype is an individual’s collection of genes. The genotype is expressed when the information encoded in the genes’ DNA is used to

make protein and RNA molecules. The expression of the genotype contributes to the individual’s observable traits, called the phenotype.

GWAS

An approach used in genetic research to associate specific genetic variations with particular diseases. Identified genetic markers

can be used to understand how genes contribute to the disease and develop better prevention and treatment strategies.

GTEx

A comprehensive public resource to study tissue-specific gene expression and regulation. Samples were collected from 54

nondiseased tissue sites across nearly 1000 individuals, primarily for molecular assays including whole genome sequencing,

whole-exome sequencing, and RNA sequencing.
Imputation

Genotype imputation is the term used to describe the process of predicting or imputing genotypes that are not directly assayed in

a sample of individuals. Imputation has been used widely in the analysis of genome-wide association studies to boost power,
fine-map associations, and facilitate the combination of results across studies using meta-analysis.

LD Refers to the nonrandom association of alleles at 2 or more loci in a general population. LD is the correlation between nearby variants
such that the alleles at neighboring polymorphisms are associated within a population more often than if they were unlinked.

Manhattan plot

A specific type of scatter plot widely used in genomics to visualize the association of genetic variants with given trait or disease as

statistical significance in terms of P on a genomic scale. Each point represents a genetic variant.

Meta-analysis

Meta-analysis is a statistical procedure for combining data from multiple studies. Meta-analysis of genome-wide association

datasets can increase the power to detect association signals by increasing sample size and by examining more variants

throughout the genome than each dataset alone.

Mendelian A method of using measured variation in genes of known function to examine the causal effect of a modifiable exposure on disease
randomization in observational studies, which relies on the natural, random assortment of genetic variants during meiosis yielding a random
distribution of genetic variants in a population.

PRS A score reflecting the sum of all known risk alleles, weighted by how much risk for an outcome each variant carrier. PRS provides
an overall estimate of the genetic propensity to a trait at the individual level which was, developed using genome-wide
association study data.

SNP A type of genetic variant involving variation of a single base pair. The advantage of using SNPs in population genetic studies lies in
their abundance in the genome—approximately 85% of the human genetic variation can be attributed to SNPs.

WES A genomic technique for sequencing all protein-coding regions of genes in a genome-wide manner. WES strategy starts by

narrowing down the details of variants to be studied by filtering against databases, consisting of approximately 3.5 million SNPs,
which enables a simpler way for discovery and validation of causative genes and common and rare variants.

eQTL, expression quantitative trait loci; GTEX, genotype-tissue expression; GWAS, genome-wide association study; LD, linkage disequilibrium; PRS, polygenic risk score; SNP, single nucleotide

polymorphism; WES, whole-exome sequencing.
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The major progress in genetic analysis methods in the
past 15 years have made high throughput genetic analysis
an attractive way to perform detailed HLA typing. HLA
typing can for example be enriched in silico, using predic-
tion methods based on reference panels, as shown in a study
combining data from the Scientific Registry of Transplant
Recipients and HaploStats frequency statistics. They gen-
erated partial predictions of kidney transplant outcomes,
based on refined HLA typing.'* In addition, multiple meth-
odologies using low ambiguity rates (with 2 genotyping
digits) have been developed to perform efficient typing and
direct high-throughput of HLA genes. These HLA genes
can be obtained by second-generation sequencing (SGS)
and achieve substantially increased efficiency.'>!® Over
the last few years, SGS panels targeted at HLA loci have
become routinely available in the clinic, which is partially
due to a reduction in the cost of these technologies to a
level comparable to that of Sanger sequencing, as well as
to the availability of commercial SGS HLA typing kits.'”!®
These developments stimulate the need for reevaluation of
the relevance of HLA mismatch in transplantation of solid
organs where classically HLA matching is not considered
clinically relevant, such as in liver transplantation.

NON-HLA GENOTYPING IN SOLID ORGAN
TRANSPLANTATION—CANDIDATE-GENE STUDIES

Differences in genetic variants between donors and
recipients can range between 3.5 million and 10 million,
depending on ancestral and admixture differences.'” The
first report on non-HLA genetic research in solid organ
transplantation originates from 1998.2° To further explore
the role of genetic polymorphisms and mismatched alleles
in outcomes after solid organ transplantation, an increas-
ing amount of research has been conducted over the years.
Variants in non-HLA regions could impact outcomes
depending on their presence in donors or recipients, or as
mismatches between a donor-recipient pair. A prospective
GWAS reported that genetic mismatches of non-HLA hap-
lotypes, coding for transmembrane or secreted proteins,
was associated with an increased risk of functional graft
loss in kidney transplant recipients, independent of HLA
incompatibility.?**  Furthermore, allo-antibodies were
shown to be directed against a number of these peptide
differences in the sera of the same transplant recipients
from this study.

Most studies investigating the effect of donor genetics
are conducted for outcomes after kidney transplantation,
and focus on specific candidate genes or gene varia-
tion for which an effect on transplantation outcome was
expected.”®> As a landmark discovery, a candidate-gene
study identified the caveolin-1 rs4730751 SNP in kidney
donors to be associated with an accelerated rate of fibrosis
and risk of allograft failure.”* A candidate-gene approach
focusing on deletion polymorphisms found that kidney
recipients with 2 copies of a deletion near the LIMS1 gene
had a significantly higher risk of developing allograft rejec-
tion than when the donor kidney had at least 1 full-sized
version of the same gene.”> Another study focusing on
transmembrane proteins estimated all possible cell surface
antigen mismatches, independent of HLA matching, for
kidney recipients and their living donor. These cell surface
antigen mismatches were used to generate an allogeneic
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mismatch score, which was associated with long-term graft
function.”® Finally, a study using the complement pathway
as a starting point, found that donor polymorphisms in the
promoter regions including CD46 (rs2796267) and CD59
(rs147788946) showed a protective effect on developing
acute rejection.

For solid organ transplantation other than kidney trans-
plantation, research into the influence of genetic varia-
tion on outcomes is still in its infancy: study populations
are small and replication cohorts are often not available.
In studies focusing on liver- and lung transplantation, it
was found that matching of donors and recipients could
potentially help optimize allograft outcome. The presence
of polymorphism mismatches in lectin pathway genes,
such as MBL2, FCN2, and MASP2, between the donor
and recipient conferred a 2-fold higher risk of infection
after liver transplantation.”® A small liver transplanta-
tion cohort study showed that donor polymorphisms of
1-carbon metabolism play an important role in posttrans-
plant hepatocellular carcinoma recurrence, as the enzymes
involved in 1-carbon metabolism are considered to play a
part in carcinogenesis.”’ In the field of lung transplanta-
tion, a study on local complement3 (C3) production by
donor lung cells found that the presence of a single C3
SNP in recipients affects postoperative short-term out-
comes, while this SNP in donors has an opposite effect on
long-term outcome.>”

GENOME-WIDE ASSOCIATION STUDIES IN SOLID
ORGAN TRANSPLANTATION

GWASs have been very successful in identifying novel
variant-trait associations and have been performed in solid
organ transplantation cohorts with increasing frequency
over the past years. For this overview, we used MEDLINE
(PubMed) and Embase databases to search for relevant
literature including GWASs with clinical outcomes after
solid organ transplantation (search strategy including the
terms “transplantation,” “genome wide association study,”
and their synonyms and related terms). An overview of all
performed GWASs in the field of solid organ transplanta-
tion is shown in Table 2.

Most GWASs in solid organ transplantation were per-
formed in kidney transplantation, focusing on graft related
outcomes (ie, acute rejection or graft loss), and patient
related outcomes (ie, immunosuppressive concentrations
or cutaneous squamous cell carcinoma). The first GWAS,
which used pooled DNA data, that investigated acute
rejection in a cohort of 778 kidney transplant patients
was published in 2017. It identified 2 loci associated with
T-cell mediated rejection, which were replicated in an inde-
pendent cohort.* One of these loci encompasses PTPRO
(rs7976329), which encodes a receptor-type tyrosine
kinase that is essential for B cell receptor signaling. This
signal could not be replicated in a systematic meta-anal-
ysis, indicating the possibility of it being a false-positive
association. On the other hand, this result was restricted
to GWASs and meta-analyses, which could overlook the
effect of gene-gene or gene-environment interactions on
the risk of acute graft rejection.*” Another large-scale
GWAS including 2094 kidney transplant pairs and 5866
replication pairs reported no convincing donor or recipient
genetic factors contributing to short- or long-term graft
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Summaries of genome-wide association studies in the solid organ transplantation.
Study Gene Variants Outcome Sample size Graft Ethnicity
O’Brien ZNF516, TRA rs6565887,rs3811321  5-y creatinine variance 326 transplant recipients Kidney Irish
eta® and long-term allograft
function
McCaughan  ATP5F1PG, rs10484821, rs7533125, New-onset diabetes after 529 individuals consisting  Kidney United Kingdom
etal® DNAJC16, 152861484, transplantation 57 NODAT patients
CELAZ2B, AGMAT, rs11580170,
CASP9, NOX4, rs2020902,
NPPA, INPP5A rs1836882, rs198372,
rs4394754
Sanders CACNA1D, CSMD1  rs3774611, 1513270945  Cutaneous squamous cell 71 kidney- and 17 heart- ~ Kidney ~ American
etal* carcinoma developed recipients as discovery; and
after transplantation 265 kidney- and 35 heart
heart-recipients as
controls
Oetting et a** ¢YP3A5*6, 1510264272, rs41303343 Tacrolimus trough 197 adult transplant Kidney African
CYP3A5 7 concentrations in blood  recipients and 160 American
recipients for validation
Ghisdal et al®'  PTPRO, CCDC67 rs7976329, rs10765602  Acute renal rejection 275 cases and 503 controls  Kidney European
as discovery, 313 cases
and 531 controls as
replication
Hernandez- - None donor or recipient  Long- or short-term 2094 transplant pairs as Kidney United Kingdom
Fuentes genetic variant allograft survival discovery and 5866 pairs
eta® as replication
Oetting etal® CYP3A4*22 r$35599367 TAC concentrations 1345 adult recipients Kidney European
American
Pihlstrgm 27-SNP genetic risk  rs9818870, rs17609940, Cardiovascular diseases 1640 participants Kidney European
etal” score 1S4977574, 1s4773144
Liu et al®’ - rs1927321,rs1057192  Tacrolimus concentration 115 donors and 115 Liver Chinese
(donors) in convalescence matched recipients
period
Liu et al® CYP3A5 776746, rs2667662,  Tacrolimus concentration 115 donors and 115 Liver Chinese
rs7980521, rs4903096 in stabilizing period matched recipients
(donors) and
rs7828796, rs776746
(recipients)
Stapleton Polygenic risk eGFR at 1-y 10844 donors and Kidney ~ European
etal® scores posttransplant recipients from 5 cohorts
Stapleton Polygenic risk Squamous cell carcinoma, 889 transplant recipients,  Kidney European
etal® scores basal cell carcinoma 239 developed NMSC
and nonmelanoma skin -~ with 106 developed BCC
cancer and 150 developed SCC
Zhang et al®®  Proportion of Death-censored allograft 385 donor-recipient pair Kidney United States
genome-shared loss transplants
identity-by-
descent
Li et al** AK4, RGS5 rs11208611-T, Thrombosis after 1085 donors of 775 for Liver European

rs10917696-C

transplantation

adult recipients and 310
for paediatric recipients

BCC, basal cell carcinoma; eGFR, estimated glomerular filtration rate; NMSC, nonmelanoma skin cancer; NODAT, New-onset diabetes after transplantation; SCC, squamous cell carcinoma; TAC, tacrolimus.

survival. Importantly, the authors did not replicate any
proposed findings from previous candidate-gene studies.™
Recently, other outcomes after kidney transplantation have
been investigated using GWAS with varying sample sizes.
Several studies reported that 3 allelic variants of CYP3AS
(rs776746 with CYP3A5*3;rs10264272 with CYP3AS5*6
and rs41303343 with CYP3A5%*7) could explain a great

proportion of the variability in levels of tacrolimus blood
concentrations. CYP3A4*22 and CYP3AS*3 were associ-
ated with tacrolimus metabolism in the European popula-
tion.>*% The CYP3AS5*1 allele, preponderant in African
Americans, was reported to be associated with rapid
metabolism, subtherapeutic concentrations, and higher
dose requirements for tacrolimus.***® The clearance of
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tacrolimus in patients with the CYP3AS5*1 allele was 2.5-
fold greater compared to those with the CYP3A5*3/*3
genotype.”” A recent study identified a novel association
between CYP1AT1 rare variants and Tacrolimus pharma-
cokinetic variability in CYP3AS nonexpressers by targeted
sequencing of 114 absorption, distribution, metabolism,
and excretion or pharmacogenomics genes. These studies
show the potential of pharmacogenetic research for the
optimization of treatment with immunosuppressive medi-
cation.’®¥ Another GWAS with a modest cohort size of
388 kidney and heart transplant recipients, focusing on
cutaneous squamous cell carcinoma, a long-term compli-
cation, found no genetic variants that reached a genome-
wide significant association probably due to the size of the
study cohort.*

Studies using a polygenic risk score (PRS) have emerged
the last few years, which estimate the genetic propensity
to the trait at an individual level. A PRS is calculated by
integrating an individual’s genotype profile and known
relevant GWAS data and can be used as an estimate of the
genetic liability to a disease phenotype. PRSs have been
used as a determinant of the risk of certain outcomes in
transplant cohorts, based on the current GWAS findings
(Table 1). The first composite PRS was calculated based
on 27 SNPs that were reported to predict the risk of car-
diovascular events in the general population. This PRS
was evaluated in kidney transplant recipients, confirming
a high predictive value in recipients with an increased car-
diovascular risk.*' A study conducted by the International
Genetics and Translational Research in Transplantation
Network (iGeneTRAIN) consortium analyzed the impact
of eGFR associated PRSs on postoperative eGFR to exam-
ine the composite effect of risk variants on kidney function
in the general population. They found that 32% of the var-
iability in eGFR at 1-y posttransplant could be explained
by the donor-recipient PRS, combined with clinical covari-
ates including the weights for death/graft loss.** There are
several potential limitations to be overcome in the con-
struction of PRS that could affect how they perform in
transplantation populations, such as a lack of diversity in
the transplant individuals recruited for genetic studies and
a strong ascertainment bias coming from the commercial
SNP genotyping arrays for GWAS.*’

Unlike in kidney transplantation, only few studies have
been conducted with relevant postoperative outcomes
in liver transplantation. Our research team conducted 2
GWASs in adults and pediatrics, focusing on early post-
operative thrombosis after liver transplantation and per-
formed a meta-analysis with a total of 1085 liver transplant
recipients. We identified 2 candidate risk loci (AK4 and
RGSS) but also found that previously associated thrombo-
philia risk loci in donors did not increase the thrombosis
risk in liver transplant recipients.** Another study assessed
4 separate genetic matching scores, which were utilized to
calculate differences between transplant donors and recipi-
ents, for liver transplant outcomes with robust statistical
power. This study showed joint testing could help with
detecting SNPs significantly associated with acute rejection
in liver transplantation.*> Much still remains to be done to
identify bona fide causal variants, particularly those with
low allele frequency and small effect size in the current
transplantation-GWAS results, which require large cohorts
for potential replication. Performing further GWASs in
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additional solid organ transplantation cohorts is not only
relevant for increasing power for variant replication; it
can also help to gain insight into mechanisms underlying
transplantation complications or drug metabolism. Such
insights potentially benefit future patient care greatly. For
instance, SNPs in the CYP3A4 and CYP3AS genes, which
encode the main tacrolimus-metabolizing enzymes, have
been strongly linked to varying levels of drug metaboliza-
tion, which helps determine the interindividual differences
in tacrolimus pharmacokinetics after transplantation, so
that dosing can be adjusted accordingly.*®

ADVANCING POST-GWAS ANALYSIS: FROM
CORRELATION TO CAUSALITY

The first step of a proper GWAS study design is selecting
an appropriate trait/disease and dividing the study cohort
into case and control groups (Figure 1A). GWAS loci often
implicate genes of unknown function or of previously
unsuspected relevance. Functional characterization of iden-
tified genetic variants is often required to move from sta-
tistical association to functional investigation (Figure 1B).
Experimental follow-up of such loci can lead to the discov-
ery of novel biological mechanisms that underlie diseases
(Figure 1C)."*” Thousands of SNP associations throughout
the genome that link common genetic variations to complex
diseases have been identified. However, only a small frac-
tion of these statistical associations has been thoroughly
investigated to determine (1) which variant(s) are causal,
(2) which genes or pathways are impacted by the causal
variants, and (3) how changes in the regulation or function
of the causal genes lead to a disease risk.*® Causal inves-
tigations in genetics have propelled the field from agnos-
tic discovery in GWAS towards functional annotation and
instrumental variable informed inference.

Although GWASs are not usually directly informative
with respect to disease mechanisms, post-GWAS functional
experiments reveal novel targets for therapeutic interven-
tion (Figure 1B and 1C). To understand the specific biolog-
ical effects of genetic variants in cells, the field of human
genetics has extensively studied expression quantitative
trait loci. An expression quantitative trait is an amount of
a mRNA transcript or a protein. Expression quantitative
trait loci (eQTL) are genomic loci that explain the vari-
ance of expression of mRNA. Detection of eQTLs is help-
ful when trying to connect the genetic trait with the disease
pathogenesis. With available public resources like GTEx,
eQTL analysis could be applied to hundreds of individuals
with dozens of tissues retrieved by the expression levels of
given SNPs.*” Another methodological approach to iden-
tify the genetic variant that is most likely causal to a dis-
ease association identified in GWAS analysis is Mendelian
randomization. Mendelian randomization uses genetic
variation as a natural experiment to estimate the causal
relations between potentially modifiable risk factors and
outcomes in observational data.’® This method makes it
possible to estimate the causality using a putative causal
SNP that is linked to an intermediate biomarker (instru-
ment) for transplantation outcomes. However, because of
the multiple phenotypic effects associated with transplant
outcomes and lack of suitable polymorphisms for studying
modifiable exposures of interest, functional follow-ups are
needed to validate genetic results from earlier studies.’!



© 2021 The Author(s). Published by Wolters Kluwer Health, Inc. Lietal 1553

s N
A Genome wide association B Functional Characterization
Transplantation
Study Cohort Tissue/ Cell
Enrichment
Cases Controls
7 !Z‘_ o
Genotyping /ﬁgjj N Expression a1
Methods é_f_ﬁe‘: / quantitative trait - (B e - ] -
loci (eQTL) £ E <
SNP Array Whole exome e . 8 LIRS
Imputation sequencing
o Pathway
Assnmat}on Enrichment &
Analysis Network —
Annotation Disease
Targeting
Linkage
Locus Zoom Disequilibgrium
. VAN J/
( . R )
C validation and Causal Inference U
%, 000000 P N . "
) 000000 G===3X — Y ' ‘ D
» 000000 . . \_~
000000 “. s "* & g
In vivo model In vitro experiment Mendelian PheWAS Polygenic Risk Pharmacogenetics
randomization Score
. J

FIGURE 1. Genome-wide association studies (GWAS) design and post-GWAS analysis. A, The first step is selecting an appropriate trait/
disease and dividing the study cohort into a case and control group. Genotyping can be performed using single nucleotide polymorphism
(SNP) arrays combined with imputation or by using whole-exome sequencing (WES). Association analysis is used to identify candidate
loci associated with the phenotype of interest at genome-wide significance. Next, a common step is visualizing the statistics of the
tested SNPs using a Manhattan plot and Locuszoom. Causal variants are often not directly genotyped but in linkage disequilibrium with
the genotyped SNPs. B, Functional characterization of identified genetic variants is often required to move from statistical association
to functional investigation. Several advances have aided prioritizing variants for a functional follow-up; for example, databases of gene
expression enable to assess tissue or cell enrichment of candidate genes, databases of genetic variation influencing gene expression aid
in deciding whether candidate risk variants are expression quantitative trait loci, and databases of genetic variation enriched in function
pathways enable to evaluate the enrichment pathway of candidate genes and databases of targeting loci in complex diseases or traits (ie,
GWAS Catalog). C, The validation, causal inference, and determination of clinical significance of GWAS results can be done in a number
of ways. An experimental approach in vivo or in vitro is available to determine the molecular mechanisms. Mendelian randomization (MR),
in coupling with phenome-wide association studies (PheWAS) present a potential way forward by providing necessary and sufficient
conditions to isolate a particular causal effect. Polygenic risk scores generated by GWAS estimate the genetic propensity of the trait at an
individual level. GWAS can aid in the development of new drugs based upon the genetic make-up of patients.

One of the pressing challenges in the field of solid organ
transplantation is to explicate the biological context
through which identified and validated risk alleles impact
function.™*® Such mechanistic studies will be essential to
translate findings from genetic association studies into
actual changes in clinical practice and, finally, to truly
personalized medicine. On the other hand, advanced tech-
niques provide more powerful approaches to investigate
genetic impact on transplantation outcomes. A recent
study performed whole-exome sequencing and single-cell

RNA sequencing of kidney transplant biopsies and defined
precise immune cell chimerism and transcriptional profiles
in donor derived grafts.’

BIOBANKS AND CONSORTIA: ESSENTIAL
TO OVERCOME FALSE-POSITIVE ASSOCIATIONS
IN GWAS

Many GWASs have the limitation of small cohorts
with subsequently insufficient statistical power when
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performing multiple variable statistical analyses. There is
a need for large cohort sizes to get sufficient power for
robust identification of genetic predictors of posttrans-
plant outcomes.”® For example, in kidney transplant
recipients treated with calcineurin inhibitors, 2 genetic
variants were reported to be associated with impaired
kidney function, using 5-y creatinine levels as a measure
with a genome-wide approach.’* The impact of these 2
SNPs on death-censored graft survival or all-cause mor-
tality was, however, not confirmed in the Assessment of
LEscol in Renal Transplant study with a larger cohort.”
A similar observation was made for 2 SNPs (rs7976329
and rs10765602 harbored in PTPRO and SLC36A4) that
were reported to be associated with acute kidney graft
rejection identified by a GWAS, however, could not be
confirmed in a large meta-analysis.>* Out of 75 common
genetic variants, only 1 variant (rs2910164) was reported
to exhibit a significant association with acute rejection
within the African American replication cohort.’® These
examples illustrate the risk of false-positive associations
in genetic analyses, resulting from having a small sample
size. Cohort sizes and cohort diversity need to be adjusted
to the targeted disease, and the outcome of interest as the
inheritance models and effect sizes will vary regarding the
disease prevalence.’”*®

More research into the identified genetic factors associ-
ated with outcomes posttransplantation may lead to the
discovery of novel pathways or biological processes that
are involved and will lead to a better understanding of pre-
viously known biological pathways. Collaborative initia-
tives such as the Clinical Trials in Organ Transplantation®’
consortium are built up to bring together investigators
and facilitate the collective additions of transplanta-
tion samples from enrolling in clinical trials to biobanks.
TransplantLines, a Dutch initiative, was designed as a
biobank that includes all different types of solid organ
transplant recipients as well as living organ donors.®” In
addition, the iGeneTRAIN consortium (2014, www.igene-
train.org) aims to combine genomic data of multiple inter-
national solid organ transplant recipient cohorts with their
corresponding phenotypic data, to discover and validate
genetic contributors to transplant outcomes.®"**

CURRENT LIMITATIONS FOR GWAS
IN TRANSPLANTATION: REPRODUCIBILITY
AND DISEASE HETEROGENEITY

Current issues with transplantation are the many layers
of potential confounders that impact statistical power to
detect potential effects, including: (1) harmonization of the
effect from covariates or transplant phenotypes; (2) trans-
plant era effects; and (3) interactions between donor and
recipient.

Most solid organ transplant genetic studies used indi-
viduals of European descent (Table 1),°*% and thus the
applicability of their findings to a more diverse patient
population remains to be determined. One source of vari-
ation that strengthens differences in transplant outcomes
between population groups are unique, non-HLA popula-
tion-specific variants from ethnically diverse donor-recip-
ient pairings. The relative risk of kidney graft loss was
reportedly higher between African American donors and
Caucasian recipients (21.3%) than in Caucasian recipients

www.transplantjournal.com

who received from a Caucasian donor.®® Over the past sev-
eral years, APOL1 risk variants have emerged as impor-
tant predictors of kidney allograft failure in individuals of
African descent. However, there is no adequate evidence
for the use of APOLI risk variants in deceased or livin
donor transplantation because of inherent limitations.®”*

Various clinical variables and differences in study
groups may result in inaccurate conclusions and statis-
tical heterogeneity due to limited statistical power.®> An
organ specific manner of effect of a genetic variation on
transplantation outcomes between different allograft types
needs to be investigated further. The APOL1 variants, for
example, predict graft failure and have been implicated in
liver necrosis in mouse studies, but were found to have
only a small effect on outcomes after liver transplanta-
tion.*””° Moving to other types of organ transplantation
and other ancestral groups will be essential in gaining a
full comprehension of transplantation outcomes and their
molecular pathways.

Studies have started to address the “genomic collision”
hypothesis which states that the risk of rejection may be
increased in recipients homozygous for loss-of-function
variants with grafts from nonhomozygous donors. An
example is the reported genomic collision at the LIMS1
locus, which was associated with an increased risk of
rejection in kidney transplantation.”>** Outcomes that
are determined by composite effects of genetic interactions
between a donor and recipient still need further investi-
gation. GWASs have established a basic set of genes and
variants that are associated with independent transplant
outcomes, but not enough follow-up studies to determine
functional effects of polymorphisms have been performed
to date. In conclusion, more diverse cohorts than those in
previous studies will be required in the field of transplanta-
tion, and initiatives such as iGeneTRAIN with GWAS per-
formed for >50000 transplant genomes will be essential
for future variant replication.

FUTURE PERSPECTIVES: FROM TRANSPLANT-
OMICS TO PERSONALIZED MEDICINE

To make genetic studies in the field of solid organ trans-
plantation clinically useful, the diagnostic assays will need
to discriminate between recipients with relatively good
outcomes and those with unfavorable outcomes. In con-
trast to a variety of clinical prediction models which use
donor-, recipient-, and even operative factors to estimate
posttransplant survival, only few cost-effective diagnostic
assays are available ‘fOI.' commercial use in donor screen-
ing. The transcriptional kidney solid organ response
test and the IFN-y enzyme-linked immunosorbent spot
assay were assessed as predictive probabilities for subclini-
cal kidney acute rejection.”* However, the availability of
more robustly validated assays such as laboratory devel-
oped tests is warranted for more precise patient and graft
monitoring.

Recently, efforts have been made to identify protein
panels for rapid and noninvasive differentiation of differ-
ent causes of unfavorable transplant outcomes, without
requiring invasive diagnostic procedures like biopsies.
These unfavorable outcomes include acute rejection, inter-
stitial fibrosis, tubular atrophy, and BK virus nephropa-
thy.”>® While none are yet ready to replace the standard
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FIGURE 2. Overview of transplant-omics and personalized medicine in solid organ transplantation. A, As the cost of high-throughput
sequencing decreases and computational methods to analyze data improve, various types of omics datasets can now be combined to
gain more in-depth insight into transplantation outcomes based on the biobanks of donor-recipient pairs. B, These omics data can be
analyzed for biomarkers (a single gene, transcript, epigenetic modification, protein, metabolite, or microbiome that is associated with
a transplantation outcome). C, The panels (a combination of multiple biomarkers) or networks (a complex mapping of many signatures
accounting for the relationship between biomarkers within the panel) could be facilitated as diagnostic assays. D, The types of analyses
will be able to guide diagnostic approaches and facilitate the development of personalized immunosuppressive therapies, thereby
providing personalized medicine to help improve patient and graft survival and distinguish high-risk cases from low-risk cases in living

donor screening.

of care, there are several promising, minimally invasive,
blood-derived biomarkers, for example cell free DNA, that
are cost-effective and under intensive research for the diag-
nosis of transplantation outcomes, especially for detection
of acute rejection.”’

With GWAS, although thousands of SNPs have been
identified as associated to complex traits, the functional
implications and mechanisms of the associated loci are
largely unknown.”® In order to attain a deeper understand-
ing of transplant outcomes, an approach that synthesizes
knowledge from genomics, transcriptomics, proteomics,
metabolomics and other -omics approaches are essential
(Figure 2). A study in nontransplant settings (ie, atrial
fibrillation) showed that a risk variant identified by a
multi-omics approach explained a greater disease vari-
ance than those identified by GWAS alone.” The appli-
cation of multi-omics in fields other than transplantation
has steadily increased over the years. Numerous reviews
describing multi-omics approaches to improve diagnostics
or treatment for diseases ranging from ovarian cancer to
inflammatory bowel disease have been published.®** Such
a multi-omics approach in the field of transplantation has
been coined ‘transplant-omics’. As an example, a study
combining proteomics and metabolomics delineates which
key cellular processes are perturbed in the kidney after
brain death.®® We propose that such a broad approach is
essential for achieving the goals of repositioning existing
drugs and developing novel interventional treatments.®®
Key components to biomarker discovery include associ-
ating a specific signature with a phenotype (ie, rejection,
tolerance, graft failure, or response to therapy), and subse-
quently deciding which biospecimens are the most relevant

(ie, blood, urine, or tissue). Importantly, for adequate bio-
marker discovery, independent replication and validation
of an exploratory dataset must be performed.””

The ultimate goal is to use knowledge of genetic archi-
tecture obtained by biobanks from large consortia such as
iGeneTRAIN to improve outcomes for transplant recipi-
ents. Examples include the use of individualized dosing
and selection of immunosuppressive medication and pos-
sibly even risk stratification for adverse outcomes after
transplantation. The ability to link individual genetic
differences to subphenotypes and transplant outcomes
will be vital in gaining a complete picture of transplant
phenomena.
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