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Abstract

In kidney transplantation, short-term allograft survival has improved due to improvements in acute
rejection episodes without corresponding improvements in long-term survival. While current organ
allocation algorithms take into account human leukocyte antigen (HLA) matching to reduce anti-
donor allo-immune responses, it is likely that genomic variation at non-HLA loci (i.e. non-HLA
donor-recipient (D-R) pair mismatches) play a role in the “non-self” responses and ultimately
affect long-term allograft survival. Existing data from both animal models and human studies
suggest an association between non-HLA D-R mismatches and kidney allograft outcomes. In this
minireview, we examine existing and emerging data and discuss putative mechanisms on the role
of non-HLA D-R mismatches on long-term allograft outcomes in kidney transplantation.

Introduction

Allo-immune responses that cause kidney allograft damage arise from T-lymphocytic “non-
self” recognition, when recipient T-cells recognize donor antigens via the direct pathway
(donor major histocompatibility complex (MHC) plus peptide on donor cells), indirect
pathway (donor-derived antigens presented by recipient antigen presenting cells (APC)), or
the semi-direct pathway (presentation of self-peptides by donor MHC on recipient APC via
membrane transfer). Fundamentally, alloreactivity is based on specific peptide/MHC
differences between the host (recipient) and donor cells. At the level of the genome, the
processes that recognize the donor organ as non-self and culminate in acute rejection (AR)
are largely determined by the human leukocyte antigen (HLA) region of the donor-recipient
(D-R) pair. AR itself has been repeatedly shown to be associated with decreased allograft
survival (1,2). In current organ allocation algorithms and clinical care, we attempt to take
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into account HLA mismatching at the A- B- and DR-loci. Though other HLA loci (i.e. DP,
DQ) are not factored into organ allocation, mismatches at these loci have also been shown to
associate with kidney transplant outcomes (3,4). In spite of these and other measures,
improved long-term allograft survival remains an elusive goal in kidney transplantation -
though acute cellular rejection episodes have been significantly reduced (5).

Putative Mechanisms of Non-HLA Loci in Transplantation

Less is known whether variations at non-HLA regions of D-R genomes impact allograft
survival independent of or additive to HLA variation. Variants in non-HLA regions could
impact outcomes depending on their presence in donor organs, recipients, or their presence
as “mismatches” between given D-R pairs. Hypothesis-based, targeted analyses have
primarily identified single nucleotide polymorphisms (SNPs) that have been associated with
predefined phenotypes (e.g. acute allograft rejection, graft survival) (6,7). Recent unbiased
examinations of non-HLA genomic sequence variations via genome wide association studies
(GWAS) in donors or recipients have reported novel loci associated with graft outcomes (8-
11). Of note, only one of these three studies included both donor and recipient variation (8)
while the other two included only kidney transplant recipients. Besides SNPs, the relevance
of inter-individual non-HLA variations from copy number variants (CNVs) which can span
exons or entire genes has been previously reported in bone marrow transplantation (BMT)
(12).

Intronic or intergenic variants may impact regulation of gene expression or splicing without
directly altering protein sequences. In fact, a summary of GWASs for complex traits
identified that most GWAS loci localize to non-coding regions (13). Results from the
Encyclopedia of DNA elements (ENCODE) project have attributed regulatory functions to
such GWAS-identified non-coding loci within the human genome, annotating these SNPs as
expression quantitative trait loci (eQTL)(14). Cis- or trans- eQTLs in the recipient or donor
genomes could therefore alter expression of proinflammatory cytokines or profibrotic
proteins by acting as regulatory elements and promoting inflammation or histologic damage.
Unfortunately, the identified loci from these GWASs have not been independently validated
for the tested transplant phenotypes (rejection or graft survival) (8), and the altered
expression of cytokines remains speculative. The lack of validation of these loci could relay
heterogenous ancestral background in study populations or lack of uniform reporting of
phenotypes (e.g. cellular vs humoral rejection, subclinical vs clinical rejection).

Aside from individual donor or recipient variants that have been associated with allograft
function, “D-R mismatches” at non-HLA loci or “minor antigen” mismatches are known to
influence non-self responses to allografts in experimental models (15-18). In humans, non-
self responses directed at targeted loci have been reported in rejection phenotypes
independent of HLA (19-21). Non-self responses also arise from D-R mismatches in
specific CNVs in kidney transplantation (22). Recent work has interrogated non-HLA
mismatches in human transplantation in a quantitative yet genome-wide basis (19,23). These
data have identified global non-HLA mismatch signals that significantly impact allograft
rejection phenotypes and survival, independent of HLA. Thus, non-HLA variation in donors
and recipients may have donor-organ- or recipient-specific effects respectively, while
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combined donor-recipient mismatches could impact non-self responses in transplantation
(19,24) (Figure 1). As several excellent reviews have tabulated associations of donor and
recipient SNPs with allograft outcomes (1,25), we focus our review on recent literature
regarding non-HLA “mismatches” reported in D-R pairs and their associations with allograft
rejection and survival.

Donor-Recipient non-MHC “minor antigen” mismatches in kidney transplantation:

Minor antigen mismatch in animal models of transplantation: Animal models
have repeatedly demonstrated the importance of non-MHC (or “minor”) antigen mismatch
in transplantation. A role for the male antigen (H-Y) in mice was evident as early as 1955,
where males tolerated female skin grafts while females rejected skin homografts from males
(26). The significance of Y-chromosome coded antigens has also been confirmed in
subsequent rodent models (27). In multiple inbred strains of rats, skin grafts were
transplanted into syngeneic but sex-mismatched recipients. While female skin grafts in
female recipients survived, male grafts were rejected by female recipients. In humans, small
series have detected anti-H-Y antibody responses in male-to-female transplants (28), and
larger epidemiologic investigations suggest worse outcomes for such allografts compared to
other D-R gender combinations (29).

In an aortic graft transplant model of mice the following D-R combinations were examined:
Animals which were disparate at 1) both MHC and non-MHC loci, 2) MHC loci only, and 3)
non-MHC loci only. Only female animals were used to control for Y-chromosome coded
antigens. Grafts from fully disparate (combination 1) or non-MHC (combination 3) disparate
donors showed more severe intimal lesions (and allograft arteriosclerosis) than grafts
disparate at MHC only (combination 2) at all time points, highlighting the role of non-MHC
antigens in this histologic response (15). In a miniature swine transplantation model, MHC-
matched, minor-antigen mismatched recipients rejected both skin and heart allografts at 11
and 35 days, respectively (16). Interestingly, minor-antigen mismatched corneal transplants
in mice presented more of a barrier to successful transplant than MHC mismatches (17).
Bone marrow transplant models in miniature swine have also supported the importance of
non-MHC-antigen mismatch (18).

Non A/B/DR HLA-mismatches in clinical renal transplantation: HLA-DQ and DP
genes are expressed at lower levels on the cell surface and are less polymorphic, although
shown to be important in graft-vs-host disease and mortality in allogenic bone marrow
transplant (30). In BMT, HLA DQ and DP mismatches impacted mortality only when at
least one HLA-A, B, C or DR mismatch coexisted between D-R pairs. In kidney
transplantation, analysis of deceased donors from the Australian and New Zealand
Transplant Registry (ANZDATA) showed an association between DQ-mismatches and all
rejection episodes, antibody mediated rejection (ABMR) episodes, 1- and 5-year graft
function, and overall graft survival. These associations were independent of HLA-A and B
mismatches and clinico-demographic factors, but additive to the presence of DR-mismatches
(31). Recent analysis from the US UNOS reaffirmed the importance of DQ mismatches
independent of A-, B-, and DR-mismatches for acute rejection (<1-year) and graft loss (3).
We recently showed from UNQS data that among ~ 96,000 deceased donor kidney
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transplants, HLA-matching better correlated with kidney graft survival and rejection
phenotype than HLA-mismatching (4). Examination of DQ loci among D-R pairs in this
cohort showed that HLA-matching at A-, B-, and DR-loci was a better surrogate of matching
at DQ-loci (by linkage) than mismatching. HLA-DP mismatches have been associated with
increased risk of graft loss in re-transplants, only suggesting the need for prior allo-
sensitization and antibody formation to have occurred for such mismatches to impact clinical
outcomes (32). These data also suggested that mismatches at loci outside of routinely
measured A-, B-, and DR-loci could impact graft outcomes in clinical kidney
transplantation.

Non-HLA mismatches in human kidney transplantation: In human kidney
transplantation involving HLA-identical D-R pairs, clinical observations have reported the
occurrence of graft losses from antibody mediated rejection (33,34), implying development
of antibodies directed at proteins coded outside HLA or arising from non-HLA D-R
“mismatches”. Relevance of antibodies against non-HLA proteins have also emerged in
heart (35) and lung (36) transplantation as an extension of auto-immune phenomena.
However, when D-R mismatches exist at non-HLA loci, non-HLA antibody development is
an allo-immune response, and not part of auto-immunity (37). In either case, non-HLA
antibody development and maturation must require a T-cell mediated immune response
providing B-cell help, and therefore amenable to generic immunosuppression.

The impact of these antibodies against non-HLA antigens have been best reported in two
instances in kidney transplantation — MHC class I-related chain A (MICA) and
Angiotensin-11 type-1 receptor (AT1R). MICA is polymorphic in humans (allowing D-R
mismatches), expressed on endothelial cells but not on lymphocytes, and involved in innate
immune activation (38). Anti-endothelial antibodies including anti-MICA are not picked up
on routine cross matching if the antigens are cell-specific and not expressed on B- or T-cells.
Especially in HLA-matched transplants, the presence of anti-MICA antibodies was
associated with poorer 1-year graft survival (20), while the combined presence of antibodies
against HLA and MICA were associated with the lowest 3-month estimated glomerular
filtration rate (eGFR) (39). However, other work has suggested anti-MICA antibodies in
recipient sera may not be specific to donor MICA antigens, and ~36% recipients had anti-
self MICA antibodies (40). Antibodies directed against extracellular epitopes of AT1R were
associated with C4d-negative ABMR with a unique phenotype — malignant hypertension,
anemia, and response to angiotensin receptor blockade (ARB) therapy (21). While MICA is
highly polymorphic, only few polymorphisms in AT1R have been associated with anti-AT1R
antibodies (41). Such pre-transplant antibodies must form as a result of prior sensitizing
events (e.g. anti-AT1R via pregnancy) or heterologous immunity and cross-reactivity with
the donor. In the latter circumstance, mismatches between donor and recipient sequences at
these non-HLA loci allow allo-reactivity without auto-immunity.

Genome-wide non-HLA mismatches in kidney transplantation: Aside from
targeted examinations of individual antigens, the relevance of mismatches between D-R
pairs at polymorphic non-HLA sequences and their impact on transplantation has recently
been reported on a genome-wide basis. Leveraging whole-exome sequencing of 28 D-R
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pairs and simultaneous gene expression data, Pineda et al, identified that non-HLA loci
mismatches were significantly enriched in rejection phenotype or AR (T-cell mediated
rejection (TCMR) or ABMR) vs no rejection, while mismatches at 28 variants were
associated specifically with ABMR (23). Using known cell-specific gene expression data, as
well GTEX eQTL database, the authors identified that high proportions of predictive SNPs
associated with ABMR were annotated as non-synonymous or as eQTLs in genes expressed
in kidney or vascular endothelial cells. In this study, while HLA-mismatches correlated with
non-HLA mismatches in D-R pairs, a significant association between HLA matching and
AR was not identified. On the other hand, whether ABMR-associated non-HLA mismatches
were also associated with anti-HLA donor-specific antibodies (DSA) or other anti-donor
antibodies was not investigated. A more recent thorough analysis of 477 deceased-donor D-
R pairs of European ethnicity from Austria & Czech republic, identified that genome-wide
non-HLA mismatches associated with death-censored graft survival (19). The authors
annotated the mismatched SNPs as intronic & exonic (the latter as synonymous and non-
synonymous variants), and further using Uniprot database to annotate variants within genes
that encode transmembrane or secreted proteins vs all other cellular locations. Most
interestingly in adjusted analysis, only the normalized total number of mismatched SNPs
that were non-synonymous and within transmembrane/secreted proteins had significant
impact on death-censored graft survival. Finally, in a subset of transplants with chronic
ABMR, recipient serum showed significantly increased non-HLA anti-donor antibodies
detected using specially designed peptide arrays based on mismatched loci. Notably, this
association identified was with chronic ABMR, suggesting a smoldering injury from non-
MHC mismatches. Mesnard et al calculated an “allogenomics mismatch score” (AMS),
which reflected the number of amino acid D-R mismatches in transmembrane proteins. In
this exome sequencing study of 34 living donors and 34 kidney transplant recipients, the
AMS was significantly associated with eGFR up to 3 years after transplantation (42). These
data suggest that in modern transplantation non-HLA mismatches may drive alloimmune
phenomena leading to ABMR, renal function, and survival.

An exciting study led by Kiryluk et al, revealed a novel association between allograft
rejection and D-R mismatch at L/MS1 gene locus (rs894304). The authors
discovered,rs894304 from a genome-wide survey of CNVs through CNV-tagging SNPs (i.e.
SNPs in high linkage disequilibrium with nearby CNVs). The SNP rs894304 tags a 1.5
kilobase intronic deletion downstream of the LIMS1 gene, and was identified as an eQTL of
L/MS1 in multiple datasets. At rs894304, genotype corresponding to homozygous deletion
in recipients was associated with acute kidney rejection (i.e. ABMR or TCMR), in a time-to-
event analysis. LIMS1 protein was shown as expressed across multiple renal cell types. In
D-R pairs across 3 validation cohorts (n=2004), the authors then identified that the effect
sizes became larger when accounting for donor genotypes or when the locus existed a “D-R
mismatch”. Such a D-R mismatch at this locus was then shown to be associated with
allograft rejection as well as the production of anti-LIMS1 immunoglobulins. Hence, LIMS1
deletion in the recipient may reduce the expression of this surface protein, which is
associated with focal adhesion complexes, and predispose them to an anti-LIMS1 immune
response when encountering a high-expression donor (22). It should also be noted that this
multinational study included multiethnic D-R cohorts as opposed to the restricted

Am J Transplant. Author manuscript; available in PMC 2021 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farouk et al.

Page 6

Caucasian-to-Caucasian, deceased-donor cohort in the Austrian study. On the other hand,
the LIMS1-locus mismatch associated with any-AR, which is a heterogenous outcome,
while the aggregated global D-R mismatch of non-synonymous SNPs in genes coding
transmembrane and secreted proteins was associated with the hard outcome of graft loss.

The discrepancy between acute rejection episodes and long-term allograft survival
encountered in the current era could reflect that distinct pathogenetic events may be
contributing to these two outcomes. For instance, a common histological entity, allograft
fibrosis or interstitial fibrosis and tubular atrophy (IF/TA) of unclear etiology has accounted
for 30-40% of cases of allograft loss in large studies(43,44). In our own analysis from the
GoCAR study using a multiethnic mixed deceased and live-donor cohort, genome-wide D-R
differences expressed quantitatively (as a continuous variable) were associated with
development of chronic allograft damage (Ci, Ct, and Cv scores, IF/TA) after excluding the
MHC region in its entirety (45). These global non-HLA differences were not associated with
cellular rejection (i, t scores). Very interestingly, non-HLA global differences in our data
were best associated with vascular intimal fibrosis scores, similar to prior experimental data
(15). Ongoing efforts are validating these findings in independent D-R cohorts. Together,
these interesting findings raise the need to promote genome-wide efforts to understand the
impact of non-HLA D-R differences in allograft outcomes in the current era. Potential
clinical implications for such non-HLA “compatibility” data could include improved donor
selection (such as for recipients with >1 potential live donors) or in post transplant risk
stratification (categorizing high or low level mismatched D-Rs) and management
(surveillance biopsy strategies or immunosuppression levels).

In the analysis by Pineda et al, non HLA D-R differences that were associated with ABMR
also correlated with ancestral differences between given D-R pairs, which they adjusted for
in subsequent analysis (23). In our analysis genome-wide D-R differences using
quantitatively derived genetic ancestry (based on the 1000-genome project) were also
associated with graft survival (45). Similar data wherein quantitative genome-wide SNP-
based ancestry measures associated with graft loss have been subsequently reported (46).
These data also highlight the relevance of non-MHC loci informative of ancestry and D-R
mismatches thereof may impact graft survival.

Alternate mechanisms of non-self responses independent of HLA: Aside from
eliciting a classical allo-response via T- and B-cells, innate immune cells have recently been
shown to have non-self recognition capacities (4). In elegant data from mice, non-self
recognition via innate immune mechanisms were also shown to involve unique monocyte-
APC, ligand with non-self-receptor, activating recipient monocytes and promoting T-cell
mediated rejection when encountering the donor cell surface antigen (24,47). In this report
in a bone marrow plug transplantation model, activating interaction between recipient-
monocyte and donor-APC was independent of MHC mismatches and dependent on a single
locus mismatch (e.g. CD47 (receptor) & SIRPa (ligand), both of which are cell-surface
proteins in the D-R combination). Both recent published human D-R data identified
enrichment of non-HLA mismatched loci that localized within cell-surface proteins (19,23).
Such unique ligand-receptor interaction between surface-expressed antigens altering cell-
signaling in specific D-R pairs is a further putative mechanism for the impact of non-HLA
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mismatches on transplantation. For instance, SIRPa gene is polymorphic in humans, and

similar mechanisms should be explored in kidney transplantation. However, since several

data point to the association of global D-R differences with graft survival, it is less likely

that any single locus mismatch will account for the impact of non-HLA loci in the current
clinical paradigm.

Conclusions:

Existing and emerging data in D-R pairs provide evidence that taking into account HLA
mismatches alone does not completely account for current long-term allograft outcomes.
The identification of increased prevalence of non-HLA antibodies in the presence of global
or locus-specific non-HLA mismatches is suggestive that ABMR may mediate the effect of
D-R mismatches via classical adaptive allo-immune responses. Intriguing, albeit
preliminary, human data also suggest a dichotomous impact of MHC mismatches — leading
on to AR, vs non-MHC mismatches — reflecting chronic allograft damage and vascular
fibrosis as a manifestation of chronic rejection. Further mechanistic data are warranted to
examine exact mechanisms of selected D-R mismatch loci or groups of such loci that impact
allograft rejection, histology, function and survival. Identifying ancestry from genome-wide
data are likely to be relevant in customizing future testing for unique variants that may be
relevant exclusively in certain D-R combinations.

Further human studies recruiting heterogeneous populations and larger numbers of patients
are required to better elucidate how information regarding non-HLA D-R mismatches may
be incorporated to inform organ allocation, personalization of immunosuppression and
surveillance. The global non-HLA signals identified in human data are a reminder of the
genetic variation governing complexity of the non-self responses in humans which lie
enroute to achieving optimal allograft survival.
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Figure 1.
Mechanisms of Non-HLA variation and impact on transplant outcomes
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