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1 Abstract

1.1 Introduction

Kidney dysfunction is a highly significant disease, both in the United Kingdom and globally.
Human leukocyte antigens (HLA) are thought to be associated with kidney function; this study
aims to collate all previously reported associations between HLA and renal function, and to
identify novel associations (and replicate previous findings) by analysing a cohort of subjects
recruited in the UK. Secondary analysis investigated whether there is a link between Covid-

19 and either HLA or renal function.
1.2 Methods

A systematic review was performed to identify all studies that had looked for associations
between HLA and renal function. Additionally, regression analyses were performed to test for
HLA associations with renal function in a cohort of around 500,000 UK Biobank subjects aged
39-73. Seven different ethnic groups and 362 HLA types were included. The primary outcome
was estimated glomerular filtration rate (eGFR), with clinical outcomes used in secondary
analyses. Finally, regression analysis was performed to test for associations between Covid-
19, HLA, and renal function in cohorts of up to 6,000 Covid-19 positive subjects aged 50-86.

1.3 Results

35 papers investigating the link between HLA and renal function were identified, with over 100
HLA types and haplotypes reported to be associated with kidney function. These findings were

collated and published.

This study revealed 33 HLA types that were linked to kidney function in white British subjects
(11 hazardous and 22 beneficial). Studies of other ethnicities revealed nine significant

associations, e.g., four alleles were linked to decreased function in Black African subjects.

The findings relating to Covid-19 were limited. Previously reported associations were
replicated (e.g., increased age and male sex were linked to increased mortality), but there

were no associations found between Covid-19 and either HLA or renal function.
1.4 Discussion

This thesis provides a list of all previously reported associations between HLA and renal
function, and also presents a number of novel associations. Many of the associated alleles
are commonly inherited together as haplotypes: HLA-A*01:01, B*08:01, C*07:01,
DRB1*03:01, DQB1*02:01 has 9.5% frequency in England and each allele was associated



with decreased renal function in white British subjects. This may have clinical applications and

could affect the UK’s organ allocation algorithm.
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5 Preface

| graduated from the University of Sheffield in 2013 with a BA in Philosophy. Since 2015, |
have worked as Data & Audit Manager for the Transplantation Laboratory at Manchester
University NHS Foundation Trust. The trust performs around 300 kidney, pancreas, and islet
transplants each year, and has data on over 7,500 transplants performed in Manchester dating
back to the 1960s. Part of my role involves analysis of this data for audit purposes and to
identify trends in transplantation activity and outcomes. When | started, | was able to perform
some basic analysis, but further study and skills were needed to get the best out of this rich

data source.

In 2017, | began studying part-time for a PhD at the University of Manchester. The plan was
to acquire a large dataset and look for associations between HLA (immune-related genes
which are known to be important in many aspects of nephrology) and renal function. The
results of this work are presented in this thesis. Using data provided by UK Biobank, |
published two peer-reviewed original articles which found HLA associations with renal function
in a variety of ethnic groups. | also published a systematic review of previous research in this
area. During the Covid-19 pandemic, | investigated the relationship between Covid-19, HLA,
and renal function. Although this work was never published, | believe it is a useful contribution

which replicated many observations that were already known or suspected about Covid-19.

To some extent, this research project is a “means to an end”. It has provided me with the
ability to perform more sophisticated analysis of the clinical data available at MFT. This will be
useful for future audits and research projects, for example to identify factors that affect
transplant outcomes and to better understand the causes and pathways of renal failure. The

applications of this, for patients and for healthcare providers, are clear.

However, | believe the work also stands alone as a valuable source of information about the
relationship between HLA and renal function. The systematic review compiles all discoveries
made in this field, allowing people to see the results of dozens of studies in a single place.
The two original articles present novel findings which help to explain why certain people are

susceptible to kidney dysfunction and others are not.

| intend to continue researching genetic associations with kidney function and transplantation
in the future, building on the skills, findings, and connections that | acquired throughout my

time working on this project.
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6 Introduction

6.1 Kidney function
6.1.1 Measures of kidney function

The function of the human kidney is to filter toxins out of the blood and to process waste into
urine!. A kidney, which is composed of nephrons, is functioning well when it has a high
glomerular filtration rate (GFR). GFR is the rate at which each nephron is filtering toxins,
multiplied by the number of nephrons present in the kidney?. Low GFR (and therefore poor
kidney function) could be due to an overall lack of nephrons, or the nephrons not performing

effectively, or a combination of these factors.

GFR can be measured or estimated in a number of ways. Most of these involve the
measurement of biomarkers in the blood or urine of a subject; the presence (or prevalence, or
concentration) of these biomarkers gives an indication of how well the nephrons are
functioning®. Inulin is considered the “gold standard” biomarker when measuring GFR because
its prevalence in the urine of a subject is affected only by the subject's GFR. That is, no factors
other than GFR contribute to how much inulin is present in urine. For this reason, it is a very
reliable way of measuring the GFR of a subject. However, inulin is exogenous to humans (that
is, it does not occur naturally) so must be injected prior to measurement. This means the
subject must be present for several hours while the inulin is injected, absorbed, filtered, and
passed in urine. Also, inulin is not always readily available and can be expensive. These
limitations mean that inulin is not appropriate to be the standard biomarker used to measure

GFR in the clinical setting?.

Creatinine is a practical alternative to inulin as it is easy to measure in a subject’s serum, it is
inexpensive, and it is endogenous to humans (that is, it occurs naturally). It is not a perfect
measure of GFR as it is affected by muscle mass (which in turn is related to age, sex, race,
diet, and lifestyle, among other factors). Also, creatinine is not exclusively filtered by the
kidneys so its prevalence in serum is not a perfect representation of how well the nephrons

are filtering?.

Cystatin is a potential alternative to creatinine, especially for subjects whose GFR is in the
normal range®. It is endogenous to humans, and it is thought not to be related to muscle mass?.
However, it may be associated with age, gender, weight, and height. It is also not excreted in
urine, meaning measurements must be carried out using serum?. Albumin is a protein that can
be measured in urine to test kidney function. In clinical settings, the ratio of albumin to

creatinine in urine is used to test for kidney disease®.
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Urea was used as a marker for kidney function even before the concept of GFR was
established?. However, it is no longer used (either in serum or in urine) because both its
generation and its excretion by the kidney are subject to non-renal factors which vary between
individuals, such as age and dietary protein®. This means that measuring a subject’s urea does

not give a reliable indication of the function of the subject’s kidney.

Healthy GFR levels vary between people. Generally, it is normal for young adults to have GFR
between 120-130ml/minute/1.73m2 of height, and this rate declines with age. Over a quarter

of people over 70 years old have GFR under 602.

Formulae have been developed to produce an “estimated GFR” (eGFR), usually based on
serum creatinine levels and other factors. These give a more accurate indication of kidney
function than the biomarkers alone because they control for other factors which affect the
biomarker’s prevalence. For example, the Cockcroft-Gault equation controls for age, weight,
and sex’, while the Modification of Diet in Renal Disease (MDRD) study equation controls for
age, sex, and ethnicity?.

A limitation of these eGFR formulae is that they are often developed with reference to groups
which do not adequately represent the general population. For example, Cockcroft-Gault was
developed using a group of 249 males, so applying the formula to the general population may
not give accurate results. MDRD was developed using a group of predominantly white subjects
with chronic kidney disease (CKD), though it has since been validated in other groups such
as African Americans and kidney transplant recipients®. The use of these formulae also
requires that the creatinine measurement technigue used must be the same as the technique
used by the laboratory which developed the formula. According to Stevens?, Cockcroft-Gault
is used most often but MDRD gives a more accurate estimation of GFR. Cockcroft-Gault

systematically overestimates GFR.
6.1.2 Effects of poor kidney function

There are many health risks associated with poor kidney function. Decreased kidney function
is associated with increased mortality?, increased hospitalisation!!, and increased risk of

cardiac events such as myocardial infarction!2.

In extreme cases, poor kidney function requires renal replacement therapy (RRT), usually in
the form of dialysis or transplantation. These often have a significant effect on the patient’s
quality of life due to pain, fatigue, inconvenience, and risk of surgical complications. At the end
of 2019, over 68,000 adults in the UK were either transplant recipients or were on dialysis,
and the rate of RRT (1,293 per million population) was increasing by 2.0% per year®. It

remains to be seen how the Covid-19 pandemic will affect these figures, though a 2020 study
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(to which | contributed) estimated that at least 700 kidney transplant opportunities would be

lost in the UK, and that the dialysis population would increase accordingly*4.

CKD is a diagnosis which refers to structural or functional damage to the kidney. At its most
severe, CKD is known as end-stage renal disease (ESRD), which requires RRT. There are
five stages of CKD, which are based on the patient's GFR as well as the physical state of their
kidneys (i.e., whether they are damaged or not). Table 1 summarises the definitions of the five

stages.

Table 1: Stages of chronic kidney disease

Stage | Description GFR Notes
1 Normal or increased GFR >90 Kidney damage also
2 Mild decrease in GFR 60-89 | required
3 Moderate decrease in GFR 45-59 | Stage 3a
30-44 | Stage 3b
4 Severe decrease in GFR 15-29
5 Kidney failure, usually requiring RRT | <15 Also known as ESRD

This table summarises the definitions of the five stages of chronic kidney disease. It was
adapted from Assessing Kidney Function — Measured and Estimated Glomerular Filtration®.
GFR - glomerular filtration rate; RRT — renal replacement therapy; ESRD - end-stage renal
disease

Stage 1 refers to evidence of kidney damage but a GFR =90 (that is, normal or increased
GFR). Stage 2 is defined as GFR between 60-89 (a mild decrease) with evidence of kidney
damage, which can progress to stage 3 (GFR 30-59, a moderate decrease in GFR), stage 4
(GFR 15-29, a severe decrease), and ultimately stage 5 (GFR <15, which usually requires
renal replacement). Stages 3, 4 and 5 can be diagnosed without evidence of kidney damage.
Stage 5 is synonymous with ESRD. Stage 3 is often split into stage 3a (GFR 45-59) and stage
3b (GFR 30-44).

CKD affects over 1.8m people in England, and it is estimated that over 40,000 of these people
die prematurely each year'®. The cost of treating CKD in England in 2009/10 was around
£1.45bn, or around 1.3% of all NHS expenditure. CKD is associated with decreased quality of
life, increased risk of stroke and myocardial infarction, increased hospital stays, and increased
risk of infection. In addition to increased healthcare spending, kidney failure may also be linked
to increased social care and social welfare costs, as well as decreased productivity and tax

revenue due to sufferers and (in some cases) their carers being unable to work?*®.

A number of studies have linked renal dysfunction to adverse health outcomes. Go et al.1
studied over 1.1m adults who had not undergone dialysis or kidney transplant. They found
that as GFR decreased, risk of death increased. Adjusted hazard ratio for death was 1.2 times

higher for subjects with eGFR between 45-59 (stage 3a CKD), 1.8 times higher for subjects
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with eGFR 30-44 (stage 3b CKD), 3.2 times higher for subjects with eGFR 15-29 (stage 4
CKD), and 5.9 times higher for subjects with eGFR <15 (stage 5 CKD or ESRD). The hazard
ratio for hospitalisation and cardiovascular events also increased as eGFR decreased.
Tonelli*® performed a systematic review of 16 studies (including Go) which had similar findings

to Go’s study.

Weiner!? combined data from four different studies (totalling over 22,000 subjects) and found
that CKD was an independent risk factor for cardiovascular disease and all-cause mortality.
Outcome measures were myocardial infarction, fatal coronary heart disease, stroke, and
death. CKD (defined as subjects having a GFR between 15-60) had a hazard ratio of 1.2 for
a composite of these outcomes. For black subjects (who comprised 18% of the study group),
the hazard ratio was 1.8, while it was only 1.1 in white subjects.

Fried et al.'® studied over 4,000 subjects aged over 65 and found that increased cystatin was
associated with increased mortality from non-cardiovascular causes, even after adjustment
for several factors. They concluded that kidney function is a predictor of non-cardiovascular
mortality in the elderly. Finally, Hemmelgarn!’ studied over 900,000 subjects in Canada. The
majority had healthy levels of GFR. They found that worse kidney function (as measured by
proteinuria or albumin-creatinine ratio) was linked with increased mortality and myocardial

infarction.
6.2 History of genome-wide association studies

Genome-wide association studies (GWAS) analyse the genetic information of a group of
people and identify single nucleotide polymorphisms (SNPs — small differences in DNA
between individuals) which can be associated with traits like disease susceptibility or
responsiveness to drugs!®. Associating SNPs with particular diseases or outcomes is useful
as it can help to diagnose symptoms, predict the development of diseases before they occur,

identify novel drug development targets or help with effective treatment pathways.

Before GWAS became prevalent in medical research, inheritance studies of genetic linkage
were used to identify genes associated with diseases. This was effective for single gene

disorders but less so for complex diseases?®.

Since 2003, when the Human Genome Project successfully mapped human DNA at a cost of
around $2.7bn?, the price of determining a subject’'s DNA sequence has reduced dramatically.
Genome sequencing can now be performed for under $1000 depending on resolution?L.

Affordable genome sequencing has helped make genetic association studies prevalent.

The first ever GWAS discovered a susceptibility gene for myocardial infarction??. This 2002

study of 3,011 Japanese subjects (1,133 with myocardial infarction, and two control groups
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totalling 1,872 people) looked at 92,788 SNP markers and found five SNPs on chromosome
6p21 to be associated with higher risk of myocardial infarction. Since then, GWAS have
advanced considerably in terms of sample size, genetic scope, and precision. They typically
cover the entire genomes of hundreds of thousands of subjects (often encompassing 1m
SNPs or more), and over 3,700 GWAS have been published, identifying over 89,000 SNP-

trait associations?.

Many genetic-focused companies, charities, academic institutions, and other organisations
map genomes, which means data is more plentiful and accessible than before. The rise of
biobanks (discussed in section 6.6) which share genetic and phenotype data means that
individual research projects may not need to collect data themselves, which may have been
prohibitively expensive. Instead, researchers can apply for access to existing samples and
data from a third party which may reduce overall costs. Biobanks may also be publicly or
charitably funded, which can reduce costs further. HapMap, for example, was a collaborative
biobank project that looked at one million individuals from four populations?*. It looked for
differences between individuals and blocks of low haplotype diversity (that is, areas of the
genome where people are generally similar). These can highlight other genomic areas which

may be influential in determining traits and disease.

Findings from GWAS tend not to be useful on an individual diagnostic level as they are often
relatively weak associations that have been discovered due to the high power of GWAS
studies. The SNPs identified in these studies tend to have odds ratios of around 1.1-1.2%°,
This is not large enough that the presence or absence of a particular SNP can be used as a
sole diagnostic tool. The SNP may have no detectable effect (or only a very small effect) on

one individual but may be associated with a particular outcome at a population level.

The large sample sizes of GWAS also mean that it is often impossible for all subjects in the
study to have all their genotype and phenotype data checked and verified, so some of it may
be inaccurate. In case-control studies, this can lead to subjects being included in the control
group when they should be in the study group, leading to less accurate findings. Gathering
data from multiple sources can lead to study heterogeneity?®, with consequences such as
inconsistent or inaccurate definitions and classifications (for example, of ethnic groups or of

diseases).

GWAS do not generally isolate causation: the variant genetic marker may be associated with
a disease but may not be the cause of it. They are also at risk of finding false positives®®
(though of course this problem is not unique to GWAS). This is because they often investigate
a large number of SNPs and outcomes, so apparent associations can be found which are

merely due to chance. This problem can be largely mitigated by using a low P value for
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significance (though if the adjusted P value is too stringent, there is an increased risk of false

negatives), increasing sample size or using an independent replication cohort.

Despite these limitations, GWAS have uncovered many significant, replicated findings?’. For
example, they have revealed thousands of genetic variants associated with diabetes?®, auto-
immune diseases?, educational attainment®°, depression®, and many other conditions and

outcomes.
6.3 Major histocompatibility complex: organisation of HLA genes

The major histocompatibility complex (MHC) is a genetic region of chromosome 6p21
containing a series of immune-related genes which encode molecules or structures found on
cell surfaces that are instrumental in the identification and destruction of foreign molecules or
pathogens. In humans, these structures are known as human leukocyte antigens and form
part of the adaptive immune system?2. There are two primary types of MHC antigens: class |,
and class II. There is also a class lll region, but no class Il antigens.

The HLA genes are encoded on chromosome 6 in the MHC genetic region. There are three
classical class | loci (HLA-A, -B, and -C) and three class Il loci (HLA-DR, -DQ, and -DP) which
are involved in graft acceptance, and therefore have an impact on transplantation. These are
highly polymorphic, meaning there are many different forms or “alleles” they can take®. The
genes are inherited in a co-dominant fashion from parents, with every individual having two
genes for each locus. As of March 2022, 24,308 class | alleles and 9,182 class Il alleles have

been identified®.

Class | antigens have a four-part structure and are displayed on the surface of most nucleated
cells® associated with B2 microglobulin, which is encoded outside the MHC. They facilitate
the recognition of antigens or foreign bodies by leukocytes. To do this, during its synthesis,
the class | protein binds a peptide from within the cell into a cleft within its structure. If the cell
is healthy, the protein will be a “self-antigen”, but if the cell is infected with a pathogen, a
pathogen-derived peptide could be displayed by the cleft. During immune surveillance, the
leukocyte approaches the cell; if it recognises the protein as a self-antigen it takes no action.
If, however, it recognises a pathogen, it will bind to the cell and destroy it. Figure 1 shows the

structure of class | antigens.
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Figure 1: Structure of HLA class | antigens
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This figure shows the structure of HLA class | antigens. It was adapted from Immunobiology:
the Immune System in Health and Disease®.

Class Il antigens also have a four-part structure, and support leukocyte communication to
bring about the elimination of pathogens. These antigens do not associate with the (2
microglobulin and all components are encoded within the MHC. Class Il antigens are only
present on specific immune cells known as “antigen-presenting cells”. Examples of these
include monocytes, dendritic cells, and B lymphocytes. When a pathogen is encountered by
one of these cells, it is engulfed and internalised by the cell, then broken down, and part of the
foreign body (a peptide) is inserted into a cleft within the MHC class Il protein. Other immune
cells (T lymphocytes, helper T cells, and B cells) can then learn to recognise that particular
pathogen so it can be destroyed more quickly in the future. They do this by producing
antibodies which specifically target the pathogen®. Figure 2 shows the structure of class Il

antigens.
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Figure 2: Structure of HLA class Il antigens
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This figure shows the structure of HLA class Il antigens. It was adapted from
Immunobiology: the Immune System in Health and Disease®.

Macrophages are directed towards pathogens by cytokines and chemokines, which are
released as part of the inflammatory response. When pathogenic bacteria invade the body,
more peripheral blood (which contains macrophages) is recruited to the infection site.
Macrophages engulf the pathogen, forming a phagosome with the pathogen inside it, and

digesting it to break it down. This is known as opsonisation.

Dendritic cells are found close to the outside environment such as in the skin, the nose, the
lungs, the stomach, and other places. They have spiky projections known as dendrites. They
also engulf pathogens, break them down, and display these for immune recognition through
the HLA class Il proteins. Dendritic cells can move into the spleen and the lymph nodes, which
are rich in B and T cells, amplifying the efficiency of the immune response. They are a bridge

between innate and adaptive immunity.

B lymphocytes are instrumental in promoting and driving humoral immunity, and producing
antibodies rather than using cell-mediated immunity observed in T cells. They identify

pathogens, bind and engulf them, then display their constituent peptides in HLA class Il
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molecules. A CD4+ lymphocyte then causes the B lymphocyte to multiply. This creates B

lymphocytes (memory cells) which are already capable of destroying the particular pathogen.

T lymphocytes are incapable of binding directly to pathogens, but can bind to peptides derived
from the pathogen which are displayed by HLA class Il molecules. When they bind, they
activate helper T and B lymphocytes, and release co-stimulatory molecules which effect the
destruction of the pathogen, without the need to engulf it. These lymphocytes are adaptive,
meaning they must be produced in response to a certain stimulus, rather than innate, meaning
that they already exist in the body. Innate immune cells are quick to generate and can destroy
any pathogen, but they do so slowly. The adaptive immune response takes longer to produce,

and is more efficient, but is highly specialised and only destroys one type of pathogen®.

Each individual’s combination of HLA alleles directs which peptides they are able to present
and mount an immune response to*’. The wide range of polymorphism is essential for humans
as a species as it is unlikely that there could be a single pathogen which evades presentation.
Such an evasion of the immune response by a pathogen could mean that the whole species
could be wiped out by a single disease. However, this polymorphism also means that
individuals vary in their susceptibility or response to certain diseases as a result of their
combination of HLA genes.

6.4 Traditional HLA typing techniques

The number of different HLA loci and the extensive polymorphism of each locus mean that
there is a highly diverse range of HLA phenotypes in humans. Determining an individual’'s HLA
type has clinical applications in terms of donor-recipient matching for transplantation, and

discovering susceptibility to certain diseases®.

Over the years, a number of different techniques have been developed for HLA typing. These
have various benefits and drawbacks in terms of accuracy (the proportion of alleles which are
identified correctly), precision (the resolution to which subjects can be typed), throughput
efficiency (the number of samples which can be tested in a single run), financial cost (the cost
of equipment and other consumables required, as well as the cost of employing staff to
conduct the testing), speed (the time taken to complete the testing), and ease (the skill

required to perform the test or analyse the results).

In terms of precision, there are a number of different levels of resolution possible when typing
HLA%. “Allelic resolution” is the highest possible: this refers to a result which identifies an
individual HLA allele. “High-resolution” typing can identify a set of specific HLA proteins. “Low-
resolution” typing can identify only an allele group. Figure 3 shows the nomenclature of an
HLA allele.
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Figure 3: Nomenclature of HLA
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This figure shows the nomenclature of an HLA allele. It was adapted from Prof. Steven
Marsh*!,

6.4.1 Serological

The first HLA typing method was serological. Developed in the 1960s%?, this method involves
combining a sample (usually T and B lymphocytes isolated from peripheral blood) from the
subject with a number of sera each containing an antibody of known specificity. Some
antibodies will bind to the HLA antigens present on the lymphocytes, and some will not,
depending on the subject’'s HLA type. By observing which antibodies cause a reaction, the

subject’s HLA type can be deduced®.

This method relies on having a high-quality viable sample, which is not always possible (for
example, for trauma victims and those close to death). There is also a possibility of false
negative results, as serological typing is unable to detect some antigens such as null or low-
expressed antigens. Serological typing is somewhat subjective, as the fact of whether a
reaction has occurred is sometimes ambiguous. It is therefore not used for typing deceased

organ donors as the accuracy of typing is of paramount importance.
6.4.2 Polymerase chain reaction

As a result of the drawbacks mentioned in section 6.4.1, serology has been surpassed in
accuracy and precision by molecular typing methods which were developed subsequently.

Some of these DNA-based methods (but not all) also allow many patients to be tested
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simultaneously, which increases efficiency, can type to a higher resolution, can be performed

more quickly, and analysis of results can be more easily automated*.

The development of polymerase chain reaction (PCR) in 1983 led to improvements in HLA
typing. PCR is the process of amplifying a segment of DNA many times, giving thousands or
millions of copies of a DNA sequence. In the case of HLA typing, the segments amplified are
the genetic regions containing HLA class | and Il loci. These can then be analysed to determine
a subject’s type. There are three main applications of PCR used in HLA typing: sequence
specific primers (SSP), reverse sequence specific oligonucleotide probing (SSO), and

sequence based typing (SBT).
6.4.3 Sequence specific primers

In PCR-SSP typing, a number of primers are used to identify which segments of DNA to
amplify*®. A primer is a short strand of DNA (that is, a sequence of genetic code) which is
complementary to a particular sequence of DNA. Primers which allow amplification indicate
that the subject has the allele as their phenotype, while primers do not amplify indicate that
the allele is not present in the subject. When that particular strand or sequence is present in
the subject's DNA, the primer will bind, which gives PCR its starting place, and the
corresponding DNA sequence is amplified. When the sequence is not present, there is no
primer binding and it is not amplified. Each primer matches the genetic code of a particular
HLA allele or group of alleles. By assessing patterns of reactivity, the researcher or scientist

can conclude which HLA alleles are present in the subject.

This method provides high accuracy when compared to serological typing. It is also
comparatively fast, taking under three hours**. However, a single PCR-SSP test is most suited
to single-sample testing, as the capacity of thermal cyclers limits the number of samples which
can be included in a single run*’, even with the introduction of 384-well platforms. PCR-SSP
also does not provide the highest possible resolution, because a different primer pair is
required to test for each possible type and it is not practical to include a separate primer pair
for each of the thousands of HLA specificities. PCR-SSP also cannot detect new or novel

alleles because tests must be designed for a known DNA sequence.
6.4.4 Reverse sequence specific oligonucleotide probing

Reverse PCR-SSO typing also involves amplification using primers, which are specific for
multiple HLA alleles at a particular locus. Specific DNA probes are covalently linked to a
fluorescent microsphere (known as a “bead”) and hybridised with the PCR-amplified DNA.

The test DNA binds to the beads and probes, and a laser detects hybridised product which
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reflects the subject's HLA type for that locus. By performing this process for all loci

simultaneously, the subject’'s complete HLA type can be defined.

A major advantage of PCR-SSO is its efficiency. A single run can simultaneously test 100 or
more subjects, compared to PCR-SSP which can only be carried out for a single subject at a
time. It is also relatively inexpensive. However, PCR-SSO takes approximately one working
day to run*, so is less useful in emergency situations such as typing a deceased organ donor.
PCR-SSO generally produces an HLA type to an intermediate resolution, though high

resolution kits are available®.
6.4.5 Sequence based typing

Another method of HLA typing using PCR is SBT, in which the nucleotide sequence of the
encoding regions of the HLA molecule are defined, whether using Sanger sequencing, or by
next generation sequencing methods (NGS). In Sanger sequencing, encoding regions (known
as exons) for each HLA locus are amplified, and added to a reaction mixture with DNA
polymerase (an enzyme), a supply of nucleotides, and a chain-terminating variant of a
nucleotide. Using capillary gel electrophoresis in a semi-quantitative fluorescent analyser, the
DNA sequence can be deduced. By comparing the DNA sequence obtained with a reference

database of HLA allele sequences, the subject’s type can be found.

The main advantage of SBT is its precision*’. Because it involves analysing the exact
nucleotide sequence, rather than analysing which primers enabled amplification, it can type
subjects to a higher resolution. It is also relatively easy to automate the process, meaning it
can be performed by less skilled technicians. However, PCR-SBT is unable to resolve some
ambiguities as some sequences can be shared by multiple HLA alleles. When this occurs,
more testing is required using specific primers. SBT is also able to identify novel or previously

unidentified alleles, which other typing methods are incapable of achieving.
6.4.6 Next generation sequencing

In the 2000s, a new approach to HLA typing has been commercialised: NGS®. In NGS, a long
PCR-amplified strand of DNA is fragmented into smaller sequences and denatured. The next
step is to sequence the DNA using fluorescent nucleotides. When these nucleotides are added
to a denatured strand of DNA, different fluorochromes are excited, emitting light depending on
which nucleotide is present. By analysing these emission spectra, the DNA sequence can be
deduced.

A key advantage of NGS is its throughput. It is possible to type 96 patients in a single run. It
also types to a higher resolution than previous PCR-based methods®!, and with higher

accuracy than SBT due to less ambiguity. However, typing by NGS takes a long time to
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complete (generally at least two days), and requires skilled staff at a number of points in the
process. Desighated instruments are also required to process the tests, which, together with

high-cost consumables, makes NGS expensive compared to other typing techniques.
6.5 HLA typing by imputation: history, uses, benefits, how to

Imputation is the process of estimating missing data. It is more reliable and efficient when
more context is available to inform the prediction of the missing values. Imputation is
particularly useful for meta-analysis of GWAS?°, where SNP arrays may not be the same for
each sample. It allows like for like comparison.

In terms of genotyping and HLA, a person’s HLA type can be imputed by comparing SNPs in
their DNA to a reference panel of similar people, whose SNPs and HLA types are known.
People in the reference panel who display a certain nucleotide or combination of nucleotides
may all display a particular HLA allele. In this case, study subjects displaying these nucleotides
can be inferred to also display this allele. In some cases, combinations of nucleotides may be,
for example, 95% likely to express as a particular HLA type and 5% likely to express as a
different HLA type. In this case, subjects with these nucleotides’ HLA types can be imputed

with 95% certainty.

A key benefit of imputation is its low cost. Typing subjects by traditional methods may cost
between $50 per genome (for chip-typing) and $1000 per genome (for high coverage
sequencing), whereas imputation can be done for under $0.50 per genome®2. Imputation is
also less time-consuming than traditional typing, particularly when performed on large

datasets (e.g., 1m subjects).

A key drawback of imputation is its inaccuracy. It may be accurate at a population level (giving
allele frequencies consistent with the reference panel) but be wrong for individuals. Karnes®?
suggested that imputation is good enough for research studies but not sufficiently accurate for

clinical practice.

Another drawback of imputation is that the accuracy of imputed data is dependent on the
guality of the reference panel. If a particular allele is missing in the reference panel, or if the
reference panel is not representative of the study group, alleles may be missing or inaccurately
imputed. Recent papers have mentioned that European Caucasian reference panels are

easily available but it is more difficult to obtain reference panels for other ethnicities®3>4.

There are a number of different programs and methods available to impute HLA information,
including HIBAG®, SNP2HLA%, and HLA*IMP:02%’. Karnes® assessed these three
competing methods by using them to impute data on 3,265 subjects. Outcome measures of

these methods were: concordance (that is, the proportion of imputed values that were the
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same as the results of sequencing); call-rate (the proportion of the time that the imputation
program was able to predict the allele to a certain level of confidence); and number of alleles

imputed.

The best program in terms of call-rate and the number of alleles imputed was SNP2HLA.
Concordance was lower for African Americans (62-93% concordance depending on program
used) than for European Americans (94-98% concordance) for all imputation programs®3. This
may be due to low availability of reference panels for African Americans or greater HLA
diversity in this population. If the reference panel does not closely represent the demographic,
imputed HLA values may appear accurate when in fact they are not (and vice versa). All
methods performed similarly for low frequency alleles. Every method gave more accurate
imputations when using GWAS platforms (either lllumina HumanOmnil-QUAD BeadChip® or
[llumina HumanOmni5-QUAD BeadChip®°, which contain 11,675 and 26,952 SNPs in the HLA
region respectively) compared to lllumina HumanExome BeadChip® (which contains only
2,061 “HLA tagging” SNPs). Most notably, HLA*IMP:02 had a concordance of 89% for lllumina
HumanExome BeadChip compared to 94% for GWAS platforms. This suggests that high

genomic coverage is better for imputation.

Neville®! also recommends the use of SNP2HLA. They used the program to impute HLA types
for 5,553 British people and compared the results to a subset of 70 who were typed using
PCR, as well as to a large US resource of Caucasian people. Imputed allele frequencies were
very similar to frequencies in the reference panel: there was a strong correlation between an
allele’s frequency in the imputed dataset and the allele’s frequency in the reference panel
(r>=0.96-0.99 depending on locus). The level of confidence in the imputed values was good,
especially in HLA class | (where, depending on locus, 88-94% of alleles were imputed with
>95% certainty). DRB1 and DPB1 were imputed with lower confidence (respectively, 67% and
72% were imputed with >95% certainty). Other class Il loci were imputed with >95%
confidence for 95-99% of individuals. Neville concluded that SNP2HLA gives high confidence
at low and intermediate resolution, especially when used for small haplotype blocks (rather
than the entire haplotype). However, they did not use an alternative imputation method as a
control. So, while they conclude that SNP2HLA is sufficient for research purposes, they cannot

comment on whether it is better than any alternatives.

The HLA data used in this study was imputed using HLA-IMP:02. Its accuracy has been
estimated to be >96%°. See section 6.6.4 for more details on the methods and accuracy of

this imputation process.
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6.6 UK Biobank

A biobank is a collection of medical data and biological samples which exists for research
purposes®®. They are often large collections which are shared among different groups of
researchers and collaborators, though these are not unanimously considered essential

characteristics of biobanks®.
6.6.1 History and purpose

UK Biobank (UKB) is a health resource and charity based in Greater Manchester, UK which
holds data on over 500,000 participants. Its purpose is to help prevent, diagnose, and treat a
range of illnesses®. Researchers apply to use the data and, if their project is deemed to be in
the public interest, can analyse it to identify genetic and environmental factors that are
associated with particular diseases.

The participants were recruited in the UK between 2006-2010, and were aged between 39-73
years. They completed a questionnaire about their lifestyle and medical history, had physical
characteristics measured, and gave blood, urine, and saliva samples. Subsequent diseases,
drug prescriptions, and mortality information is provided by the NHS and incorporated into the
database. Since the initial recruitment, some extra measures have been added, including
20,000 participants repeating the initial assessments, 200,000 participants providing more
information on their diets and nutrition, and 100,000 wearing an activity monitor for a week.
Hospital inpatient records as well as information from death and cancer registries have also
been included. The initial funding was £62m, and the project has funding to remain active
(including storing samples and making the data accessible online) until at least 2022. There

are also plans to provide some further measurements®.

Researchers have been able to apply for access to the data since 2012. It is open to
researchers worldwide, from the public or private sector, as well as charities and universities.
The research projects must, however, be in the public interest, and findings must be reported
back to UKB so other researchers can benefit. As of June 2022, over 2,800 publications,

abstracts and presentations have been produced using UKB data®®.

UKB is one of the world’s biggest biobanks. It has generally been praised, for example an
independent review panel said when it opened that it had the potential to “support a wide
range of research” in ways that were “not currently available elsewhere”®’. The chief executive
of the Medical Research Council said it would provide “extraordinary information” and would

offer “unprecedented opportunities to improve people’s lives™8,
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6.6.2 Data accuracy and biases

The reliability of UKB data can be assessed by comparing UKB’s measurement of a particular
variable to a well-validated measurement of the same variable. If there is a strong correlation
between UKB’s measurements and the validated measurements, this increases confidence in
UKB’s data. Fawns-Ritchie compared UKB'’s “measure of general cognitive ability” with a
measure created using well-validated cognitive tests, and found good correlation (r=0.83,
P<0.001)%°. They also measured the “test-retest reliability” in cases where subjects had the
same cognitive measurements taken by UKB on separate occasions, four weeks apart. The
test-retest reliability was “moderate-to-high”. They recommended that researchers use the
UKB data fields that were found to have both moderate-to-high test-retest reliability and
moderate-to-high agreement with well-validated measurements. They also noted that
subjects’ self-rated assessments of their own memory were not significantly associated with
their performance on cognitive tests. This suggests that self-reported measures in the UKB
dataset may not be as reliable as more objective measures. This study included only 160
subjects and focused only on measurements of cognitive ability; it may not be possible to
generalise these findings to all subjects and data fields within the biobank. Similarly, Lyall
investigated over 20,000 subjects who had repeated cognitive assessments an average of
four years after their initial assessment’™. They found “reasonable stability” for measures of
reasoning and reaction time, but a measurement of visual memory “did not show good stability
across time”. Nevertheless, they concluded that UKB is a “valuable resource” for future

studies.

The subjects in the UKB cohort may not be representative of the general population. 9.2m
individuals aged 40-69 were invited to enter the cohort, but only 5.5% of these participated in
the baseline assessments. People who died before they reached 40 years old were not
considered, meaning the cohort may suffer from survival bias. Fry found that those included
in the cohort were older, more likely to be female, and less likely to live in a deprived area than
those who did not respond”. When compared with the general population, UKB subjects were
less likely to be obese, less likely to smoke, and less likely to drink alcohol every day. They
also had fewer self-reported health conditions and lower mortality rates when they reached
70-74 years. This suggests that there is a “healthy volunteer” selection bias, which may reduce
the applicability of findings. UKB participants are more likely to own their home outright than
the general population, suggesting increased wealth. 94.6% of the cohort reported their
ethnicity as “white”; this is in line with 40-69-year-olds in the 2001 UK census (94.5%) but
higher than the 2011 census (91.3%); recruitment was performed between these censuses

(2006-2010). Due to these biases, Fry advised that the biobank could not be used to measure
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disease prevalence or incidence. However, they noted that “valid assessment of exposure-
disease relationships may be widely generalisable and does not require participants to be
representative of the population at large”’?, suggesting that UKB may be an appropriate source
of data for the present study. Section 6.6.4 summarises the sample storage procedures’? and

HLA imputation methods®? that impact on this study.
6.6.3 Ethics

UKB is subject to an Ethics and Governance Framework and accountable to the independent
UKB Ethics Governance Council. The Framework defines the standards which UKB must
meet in the creation, maintenance, and use of the resource, and outlines its commitments to
the participants, researchers, and the general public. There were a number of groups
consulted in the creation of this Framework, including experts in research ethics, the law, and
science, as well as the public. The Council advises the project and monitors conformity to the
Framework. The Council also provides information on the project to participants and the
public,

UKB has been approved to conduct research by a number of bodies such as the North West
Multi-Centre Research Ethics Committee, the Community Health Index Advisory Group, the
Research Tissue Bank (RTB), and the Human Tissue Authority (HTA). RTB approval means
that applicants do not need ethics approval for each individual project, but rather UKB has
generic approval for most research. HTA approval represents a licence for researchers to use

samples without needing a separate HTA licence™.

The project was criticised by the director of GeneWatch UK, who claimed it would “not
accurately measure environmental factors” and that there was a “real danger of spurious
results”. GeneWatch also expressed concern about commercial companies accessing
participants’ data, saying that without “clear controls” the database would be “open to abuse”

such as gene patenting”.
6.6.4 Use for this study

The main reasons for using UKB for this project were its sample size, the scope of its data,
and its affordability. As independent researchers, it would not have been possible to get such
rich data on so many aspects of people’s lives and genetics without incurring prohibitive costs,
particularly for such a large sample of people. Genome data from all 500,000 participants were
available. Individually typing this number of people would have been far too time-consuming
and expensive to be practical, but imputed HLA data were available from UKB for a nominal

cost. Information on the general health, physical characteristics, lifestyle, and environment of
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these participants was also available, which would have been very difficult to obtain

independently.

The accuracy of UKB’s biomarker measurements was essential for this study as the primary
outcome measures were based on the concentration of cystatin and creatinine in each
subject’'s serum. Peakman tested UKB’s processes for sample handling and storage; they
found that the processes were “robust” and the tests provided “justification” for the procedures

used by UKB™2. This increases confidence in the accuracy of these measurements.

The accuracy of UKB’s imputed HLA types was also vitally important for this study. Bycroft
reviewed UKB’s imputation using a “cross-validation experiment” and found the accuracy to
be “better than 96%” for a “typical use”®?. More detail is provided in the Supplementary
Information of Bycroft's paper (section S5). Assuming a posterior probability threshold of 0.7
(that is, excluding types that were imputed with <70% confidence), they estimate the accuracy
in European subjects to be between 96.1% (HLA-DPB1) and 99.6% (HLA-DPAL1). 4.9% of
HLA-DPB1 values were excluded due to the posterior probability threshold (i.e., excluded due
to lack of confidence); all other loci had fewer values excluded. For African/African American
subjects, accuracy estimates range from 89.3% (HLA-B) to 99.6% (HLA-DRB5). The locus
with the most values excluded was HLA-B (12.5%). For Asian subjects, accuracy ranged from
89.5% (HLA-DPB1) to 100% (HLA-DRBA4). The locus with the most values excluded was HLA-
B (11.3%). The research presented in this thesis used a more stringent posterior probability
threshold (0.8), so the accuracy is probably higher than the estimates above (but more

imputed values were excluded due to lack of confidence).

Bycroft also provides information on the reference panels used by UKB®2. There was a
different reference panel for each locus, each combining individuals from various datasets.
For each locus, only individuals who had a laboratory-derived HLA type were included in the
reference panel. Imputation models were based on markers that had been genotyped in both
the reference panels and the UKB dataset. Each locus had 623-927 SNPs contributing to its
imputation, each of which was polymorphic and was typed for >98% of the individuals
included. There were 5,615-8,112 Europeans in the reference panels depending on locus
(excluding HLA-DRB3, DRB4, and DRB5, which are much less polymorphic so don’t need as
many subjects). There were 0-346 Africans/African Americans depending on locus; eight of
the 11 loci had over 200 African/African American individuals. There were 307-503 Asians
included (again excluding HLA-DRB3, DRB4, and DRB5).

Bycroft also used the imputed HLA types to attempt to replicate known associations between
HLA and 11 immune-mediated diseases, and their findings were “consistent with previous

reports”®2. Overall, this paper suggests that the HLA types imputed by UKB are sufficiently
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accurate for this study. In particular, the HLA typing accuracy of white British subjects is
expected to be over 96% for every locus. As far as | am aware, no other validations of the
accuracy of UKB’s imputed data have been performed, though Naito recently developed a
different imputation method using UKB data’®. They claim this method can impute rare alleles
with greater accuracy than HLA-IMP:02. Nevertheless, UKB'’s imputed data has been used in
many disease association studies’®’8, suggesting that researchers and peer-reviewers

consider the data to be suitable for this sort of study.
6.7 Covid-19

Covid-19 is an infectious respiratory disease caused by the SARS-CoV-2 virus. It was first
identified in December 2019, and was declared a global pandemic by the World Health
Organization in March 20207°. By March 2022, over 6m people had died of Covid-19 and the
societal, economic, and healthcare implications of the pandemic are expected to last for many

years®,

Symptoms include cough, fever, shortness of breath, weakness, muscle pain, sore throat, loss
of taste and/or smell, vomiting, diarrhoea, and others®-82, Some infected individuals develop
no symptoms, some recover within a week, while others take longer. One third of survivors

experience “long covid”®, meaning their symptoms persist for more than four weeks®*,

The disease is highly infectious, and is usually spread via respiratory droplets during human-
to-human contact within two metres®. Contagion rates vary based on viral load®® and infection
control measures; the UK’s highest estimated “reproduction rate” (the average number of
people that an infected person will subsequently infect®’) was between 1.3-1.6 in October
202088,

Mortality rates also vary based on multiple factors. A UK study published in July 2020 found
the following factors to be associated with increased risk of death from Covid-19: male sex;
increased age; increased deprivation; diabetes; asthma; Black ethnicity (compared with
white); South Asian ethnicity (compared with white); and various other medical conditions®®.
Vaccination reduces both the chance of being infected with Covid-19 and the chance of severe

illness and death®°°1,

Covid-19 appears to be linked to kidney function, with kidney transplant recipients more likely
to test positive and more likely to die of the disease®2. A study of people hospitalised due to
Covid-19 found kidney disease to be associated with increased mortality®®. The association
appears to go both ways: as well as kidney disease contributing to Covid-19 susceptibility and

severity, Covid-19 may also be a cause of kidney disease. Survivors display increased risk of
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eGFR decline and “major adverse kidney events” compared with people who had not had
Covid-19%.

There may be HLA associations with Covid-19. A systematic review published in August 2021
found that a number of studies have reported certain HLA alleles to be linked to increased risk
of Covid-19%, including (among others): HLA-C*01 and HLA-B*44 (in a study of Italian
subjects)®; and HLA-A*11:01, B*51:01, and C*14:02 (in a study of Chinese subjects)®’.
However, there was no clear agreement as to which alleles were associated, and the authors

of the systematic review recommended further investigations using larger cohorts.
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7 Aims of this study

The aims of this study are:

e to compile a comprehensive list of all previously published associations between HLA

and renal function.

This was achieved by performing a systematic review of a number of databases (see section
10), searching for all peer-reviewed papers on the subject, and creating a resource so that

researchers can see all associations that have been published “at a glance”.

e to discover HLA alleles which impact upon renal function in a population of middle-

aged people in the UK.

This was achieved with the publication of two peer-reviewed papers, one investigating white
British people (see section 11) and one investigating people of six other ethnicities (see
section 12). Some of these findings were novel (i.e., associations that had not been previously

reported), while some were replications of findings that had already been published.
¢ to investigate the link between HLA, Covid-19, and renal function.

This was achieved, to some extent, by producing two papers. The first investigated
associations between HLA and Covid-19 in a cohort of 700 Covid-19 positive white British
subjects and 1,400 controls (see section 13). The second looked for associations between
Covid-19 and a variety of factors including kidney function in a cohort of 6,000 Covid-19
positive subjects and 30,000 controls (see section 14). However, these analyses had limited

findings and they were not published in peer-reviewed journals.

It is possible that, rather than HLA types being the cause of renal failure, they are in fact
markers of closely associated genes which may contribute towards the onset of renal disease.
However, whether causative or not, associations between HLA type and renal failure can still
have important medical applications, and it was necessary to both collate the findings that had

already been published and to contribute new research which added to these findings.

There are a number of ways in which the findings of this research can be applied within clinical
and academic settings. The study highlighted immunogenetic associations which previously
had not been discovered, and also replicated findings from previous studies. This is of
particular value in renal diseases with immune-related causes such as lupus or membranous
nephropathy. The age of the participants is also significant as renal function is known to
deteriorate with age; studying patients in middle- to old-age is therefore important as older

people are more likely to suffer from renal failure and to benefit from the findings. The research
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has the potential to inform the clinical management of patients with renal disease, as well as

to help diagnose patients or identify susceptibility to renal disease.
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8 Methods

The analysis used data from UKB (which comprises over 500,000 subjects who were aged
between 39-73 years when they were recruited in 2006-2010). These subjects’ HLA types
were imputed by UKB. The data were analysed with respect to clinical measures of renal
function such as eGFR, and outcomes such as need for renal replacement therapy (e.g.,
dialysis or transplantation). Associations between HLA type and incidence of renal dysfunction

were then discovered.

Prior to analysis, the integrity of the data was ensured by applying quality control measures to
remove subjects for reasons such as discrepancies and inaccurate data, related pairs,
subjects with large amounts of missing data, and subjects who withdrew their consent.
Association analyses between HLA type and renal function were performed using Plink
software. The significance threshold was based on the number of tests performed, with an
initial standard of 1.4x10*. This section gives methodological details that were not included in

the published papers.
8.1 Acquisition of data

In order to receive data from UKB, researchers must submit an application and show that they
meet certain criteria. Specifically, the research must be health-related and in the public
interest, and results should be returned to UKB. The applicant must provide details of the aims
of the project, how the project meets UKB’s purpose, and a description of how the research
will be carried out (including a proposed timetable). The data requested (i.e., which
participants, fields, and samples are required) must also be specified. A copy of the form
submitted for this project is shown in section 19.2.1.

Once the application was approved (16" March 2018), the data was downloaded from UKB'’s
website, decrypted using a unique password, and converted into a usable file format (in this
case, Stata format). This process was repeated several times as supplementary data files
were provided after the initial data release. The separate files were merged to ensure all data
was available in a single file. The steps used to download, decrypt, and format the data are
shown in section 19.2. Quality control was performed as described in the papers. This involved
excluding subjects who had ambiguous genetic sex, who were close relations of other

subjects, and who had missing genetic data. Subjects were also stratified based on ethnicity.
8.2 Plink analysis

Genetic association analysis was performed in Plink. Stata and Plink commands can be seen

in section 19.4. Prior to analysis, a version of the dataset was created in Stata containing only
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a small number of essential phenotype fields. This was to reduce the size of the file, which
resulted in faster processing. The fields chosen included age, sex, and measures of kidney
function such as eGFR and kidney transplant status. A unique patient identifier was also
included. Missing values were converted to -9, as per the Plink standard. The phenotype file
was then exported in tab-delimited .csv format to a folder which also contained the Plink

programme, and UKB HLA data stored in a binary (.bed) format.

In all analyses, significance was calculated by dividing 0.05 by the number of HLA types
included in the analysis. For example, when all 362 types were included, a P value of 0.00014
or lower was considered significant and when only 100 types were included, P<0.0005 was
considered significant. A complete list of all 362 types included in the analysis, along with their
frequencies, can be seen in section 19.5.

8.3 HLA and renal function analysis

Regression analyses were performed to test for associations between HLA types and renal
function. The primary outcome measure was eGFR (continuous data; the standard clinical test
of kidney function). Secondary outcome measures were also used: ESRD; CKD status;
dependence on renal replacement therapy; and kidney transplant status (all of which are
categorical data relating to clinical diagnoses and interventions). When the outcome measure
was continuous, linear regression was used. When the outcome measure was categorical,

logistic regression was used.
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9 Results

9.1 First author publications

Following the methods outlined above, | published three peer-reviewed papers as first author.
One is a systematic review which collated all previous attempts to find associations between
HLA and renal function®. Over 100 associations were found in 35 different studies. This paper
was published in International Journal of Immunogenetics in December 2021. Prior to this, |
wrote two original articles: one investigating HLA associations with renal function in white
British subjects®, and another performing the same analysis in six different ethnic groups®.
These were published in Scientific Reports (February 2021) and HLA (September 2020)
respectively. A number of associations were found in each study, including a common
haplotype (HLA-A*01:01, B*08:01, C*07:01, DRB1*03:01, DQB1*02:01, frequency 9.5% in
England) which appears to be associated with reduced kidney function in white British

subjects. The three papers are included in full in this thesis.
9.2 Covid-19 research

At the beginning on the Covid-19 pandemic, | contributed to a study detailing the likely impact
of the pandemic on the UK’s renal transplantation program*. We concluded that the closure
of transplantation centres would result in at least 700 kidney transplant opportunities being
lost in the UK, and a commensurate increase in the dialysis population. The paper advised
that clearing the backlog of transplants should be a high priority once the immediate threat of
the pandemic receded. This paper was published in Clinical Medicine in July 2020 and can be

seen in section 19.6.2.

| also used the UKB dataset to assess whether there were any associations between Covid-
19 and either HLA or kidney function. Firstly, | tested for associations between 50 HLA types
and Covid-19 status in white British UKB subjects (756 Covid-19 positive subjects, 1,449
Covid-19 negative subjects, and 387,356 subjects who were not tested). However, none of
the alleles analysed was significantly associated with Covid-19 status. One allele trended
towards significance: HLA-DQA1*03:01 may be less frequent in Covid-19 positive subjects
than in subjects who had not been tested for Covid-19 (P=0.0038, odds ratio 0.82, 95%
confidence interval 0.72-0.94). However, after Bonferroni correction for multiple tests, this
association was not statistically significant. This research was not submitted for peer-review
as a similar study using the same dataset was released in pre-print form before we were ready

to submit'®t, The draft of my paper can be seen in section 13.

Later, | investigated whether Covid-19 status was associated with eGFR. eGFR values for

6,223 Covid-19 positive subjects were compared with eGFR for 30,531 Covid-19 negative
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controls. Death within 28 days of Covid-19 diagnosis was used as a secondary outcome
(n=247). Kidney function was not associated with either of these outcomes. This research was
submitted to Kidney International Reports in February 2021 but was not accepted for
publication. The full version, as submitted, can be seen in section 14. It may be worth updating
these two papers now that more Covid-19 cases have been identified; the increased statistical

power may result in significant findings.
9.3 Other work

Throughout the course of my degree, | undertook other research that was either not published
or did not directly relate to the research project. This section summarises these projects.

9.3.1 Seasonal variance in renal transplantation

| was the first author on a paper investigating the seasonal variance of renal transplantation
in the UK, This found that deceased donor transplant activity is significantly increased in
November and December compared to other times of year, possibly due to higher mortality
rates resulting in greater availability of donors. There was also variance in living donor rates
throughout the year. The paper recommended that transplantation centres be aware of and
prepare for this predictable increase in activity. It was published in BMJ Open in September
2019 and is included in full in section 19.6.1.

9.3.2 HLA mismatch in cardiothoracic transplantation

| contributed to a paper assessing how HLA epitope mismatch between donor and recipient
was associated with the development of donor-specific antibodies (DSA) in cardiothoracic
transplantation?®®. The paper compared three software programs which calculate mismatch
scores for donor-recipient pairs. One of these scores (HLA-EMMA) was significantly
associated with DSA production, while the other two (HLAMatchmaker, and PIRCHE-II) were
not. This suggests that HLA-EMMA is the most useful tool for predicting DSA production. This
tool may therefore be used to help inform donor selection and to identify recipients who are at
increased risk of producing DSAs. This paper was published in International Journal of

Immunogenetics in December 2021 and is included in full in section 19.6.3.

| intend to perform a similar study investigating whether these tools can predict kidney
transplant outcomes (see section 16.5.2). The scores from the three tools will be analysed
with respect to the outcomes of kidney transplants performed at Manchester Royal Infirmary.
Outcome measures will be eGFR, graft survival, and patient survival. If any of the tools is a

good predictor of transplant success, it could be used to help donor selection in future.
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10 Paper 1. Systematic review of associations between HLA and

renal function

This paper was published in the International Journal of Immunogenetics on 17" December
2021.
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Abstract

Introduction: Kidney dysfunction is a highly significant disease, both in the United
Kingdom and globally. Many previous studies have reported associations between
human leukocyte antigens (HLA) and renal function; this systematic review attempts
to identify, summarize and appraise all published studies of these associations.
Methods: A literature search was performed using Medline, Embase and Cochrane
Central Register of Controlled Trials to identify papers whose keywords included each
of the following concepts: HLA, renal failure and genetic association. A total of 245
papers were identified and assessed for eligibility; 35 of these were included in the final
study.

Results: A total of 95 HLA types and 14 three-locus haplotypes were reported to be
associated with either increased or decreased renal function. A number of these find-
ings were replicated by independent studies that reported 16 types were protective
against renal dysfunction and 15 types were associated with reduced renal function.
A total of 20 HLA types were associated with both increased risk of renal disease and
decreased risk by independent studies.

Discussion: There is very little consensus on which HLA types have a protective or
deleterious effect on renal function. Ethnicity may play a role, with HLA types possibly
having different effects among different populations, and it is possible that the differ-
ent primary diseases that lead to ESRD may have different HLA associations. Some of
the studies may contain type | and type Il errors caused by insufficient sample sizes,
cohort selection and statistical methods. Although we have compiled a comprehen-
sive list of published associations between renal function and HLA, in many cases, it
is unclear which associations are reliable. Further studies are required to confirm or

refute these findings.
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1 | INTRODUCTION AND AIMS

Chronic kidney disease (CKD) is diagnosed either when a person has
glomerular filtration rate (GFR) < 60 ml/min/1.73 m? or when they
have structural or functional abnormalities of the kidney that could
lead to renal failure (The Cochrane Collaboration, 2019). In England,
over 1.8 m people are affected and it is estimated that over 40,000 of
these people die prematurely each year (NHS, 2012). The cost of treat-
ing CKD in England in 2019 was approximately £1.5bn (Health Ser-
vice Journal, 2020), representing 1% of all NHS expenditure. Lower kid-
ney function is associated with decreased quality of life and increased
risks of mortality, stroke, myocardial infarction, infection and hospital
admission (Go et al., 2004; NHS, 2012; Tonelli et al., 2006; Weiner et al.,
2004).

According to the Global Burden of Disease 2015 Study (Mortality &
Causes of Death, 2016), 1.2 million people worldwide died due to CKD
in 2015 (an increase of 32% on 2005). CKD is now 17th in the list of
diseases which cause the most ‘years of lost life’ (having been 21st in
2005 and 25th in 1990). Understanding the causes of kidney dysfunc-
tion could have important applications in terms of diagnosis and treat-
ment of one of the most globally significant diseases.

CKD has a high heritability index (30-75%) (Canadas-Garre et al.,
2019), with over 100 genomic regions reported to contribute towards
it (Xu et al., 2018). Many previous studies have identified human
leukocyte antigen (HLA) types that are associated with increased
risk of end-stage renal disease (ESRD), which is when renal replace-
ment therapy (such as dialysis or transplantation) becomes neces-
sary. Other HLA associations indicate a protective effect. Most of
these studies focus on subjects from specific ethnic cohorts or par-
ticular geographical regions, and HLA associations reported may be
contradictory due to variation in disease prevalence and population
stratification.

This study performed a systematic search of existing literature. The
aim was to identify, summarize and appraise all previous studies which
have attempted to find associations between HLA type and renal func-
tion. The HLA region was selected for analysis because it is closely
linked to many disorders of the kidney (Robson et al., 2018). This sug-

gests that it may have an impact on kidney function.

2 | METHODS

This literature review investigates HLA genotypes associated with
renal function in global populations. It was defined in terms of the PICO
framework, a process which advises clear definitions of the partici-
pants, intervention, comparison and outcome that are to be studied
(Huang et al., 2006). The participants (i.e. the subjects to be included)
were global populations aged 18 years and over. The interventions
(the independent variable) were HLA class | and Il types. The compar-
isons (controls) were subjects without renal disease. The outcome (the
dependent variable) was renal function (either increased or decreased).

As of 19 September 2019 there is no review protocol for studies of
HLA and renal function (as per a search of PROSPERO), though there
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is one for studies of HLA mismatches and kidney transplant outcomes
(Shietal., 2017).

A literature search was carried out on 30 November 2018 and
updated on 17 February 2021 using Medline, Embase and Cochrane
Central Register of Controlled Trials on the Ovid platform. These
databases are a comprehensive and relevant source of papers and
reviews which date back to 1946, 1974 and 2005 respectively. Only
primary studies which had been published as full, peer-reviewed
papers (rather than abstracts only) were considered. This helped to
ensure that only high-quality, reliable evidence was used. Papers were
also required to be written in the English language, to guarantee com-
prehension by the researchers. Their database thesaurus (or ‘index’)
terms were required to include words or phrases associated with the
following concepts: HLA, renal failure and genetic association. Med-
line scope notes were checked and all terms associated with key terms
within the MeSH thesaurus tree were examined.

We originally intended to consider only papers investigating sub-
jects of white ethnicity, as this most closely reflected the subjects
of a research project that we were planning at the time and have
since conducted (Lowe et al., 2021). However, ultimately any ethnic-
ity was included as ethnicity was not reliably indexed in the databases
searched, and filtering using this criterion would have lost relevant
studies. Medline, for example, had 62,789 results for the search term
‘European Continental Ancestry Group’ (the index term for the word
‘Caucasian’). If the term had been properly indexed, the number of
papers identified would have been much higher. The search criterion
for white ethnicity was therefore not used. For similar reasons, the
review initially intended to consider only subjects of middle-age or
older, but age was ultimately not selected as a search term because
requiring the index terms ‘aged’ or ‘middle-aged’ reduced the yield of
publications by approximately 75%. As a result of excluding the con-
cepts of ethnicity and age from the search, papers were identified
which related to participants with a wide range of ethnic origins and
ages. The observations contained within these papers, therefore, can-
not necessarily be applied directly to the middle-aged white population
as had originally been intended. A number of more sensitive searches
were attempted, using broader search terms. For example, the search
term ‘haplotypes’ was added to the genetic association concept and to
the HLA concept. However, the additional papers highlighted through
this strategy were not relevant to the research question, so the term
was released.

A total of 242 papers were identified through the database search,
but an earlier scoping exercise had revealed three additional publica-
tions which were not included in the database search (Davood et al.,
2008; Mosaad et al., 2014; Nassar et al., 2015), possibly due to their
selected keywords. The keywords of two papers did not include the
concept of genetic association (Mosaad et al., 2014; Nassar et al.,
2015). The keywords of the third paper suggested that this publica-
tion should have been captured by the search (Davood et al., 2008);
possible explanations for this omission are that either the keywords
were not indexed correctly or the journal (Research Journal of Bio-
logical Sciences) was not included in the databases searched. All three

papers were included, giving a total of 245 publications selected. Of
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TABLE 1
abstracts

Primary reason for exclusion after screening of titles and

Number of

Reason for exclusion results excluded
Not related to kidneys 42

Investigating transplantation but not kidney failure 38

Not related to HLA class | and |1 33
Only tangentially related to kidney failure 16
Case study 14

Study of children
New HLA allele discovery 4

Not an article

these 245 papers, 32 were duplicates of the same publication found
in different databases, leaving 213 unique papers for screening. The
titles and abstracts of these 213 papers were read to assess their rel-
evance to the research question. A total of 155 were deemed irrele-
vant to the research question and were removed. The primary reason
for each exclusion is documented in Table 1. After this initial screening
exercise, 58 papers remained for consideration.

In 17 cases, no full text version of the paper was available, either
because the reference related to a conference poster or abstract which
had not been published as a paper or because the full text was inac-
cessible. The University of Manchester library was consulted for help
in obtaining these papers, but was unsuccessful. This left 41 full text
papers for assessment. A further six publications were removed after
the full text articles were assessed, either because the paper was not
related to HLA class | or Il (n = 3), the paper did not measure renal fail-
ure subjects against healthy controls (n = 2), or because the paper was
not a primary study (n = 1). Thirty-five articles, therefore, were deemed
relevant to the research question. Figure 1 summarizes the entire pro-
cess of exclusion following a strategy adapted from Moher et al. (2009),
which outlines the process for completing a systematic review.

The 35 papers were analysed and the results extracted from tables
in the Section 3 and prose in the Section 4. No contact with original
researchers was made to verify their data or request further informa-
tion such as funding sources. Each paper was also subject to an assess-
ment using the Critical Appraisal Skills Programme to ensure it was of
sufficient quality to be included (Critical Appraisal Skills Programme,
2018). The search was carried out by a single researcher with consul-
tation and advice from two librarians. All screening and assessments of
eligibility were performed independently by two researchers who dis-
cussed any discrepancies until consensus was reached. Extraction of
data from the papers was performed by a single researcher. Different
studies used different methods to determine whether HLA types were
associated with renal function. The principal summary measures were
odds ratio, relative risk and hazard ratio.

3 | RESULTS

Associations between HLA and renal function were identified in 30 of

the 35 papers. In all, there were a total of 181 associations reported,
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relating to 58 different HLA class | types, 37 class |l types and 14 three-
locus haplotypes. None of the 14 findings which related to a haplotype
was independently replicated, but 31 of the findings relating to a single
HLA type were replicated. There were 20 types which were found to be
associated with increased risk of kidney disease by at least one study,
but protective against kidney disease by at least one other.

Sixteen HLA types (HLA-A*24, A*26, A*29, A*30, A*32, B*07,
B*40,B*44,C*02,DRB1*03,DRB1*04,DRB1*08,DRB1*11, DRB1*13,
DQA1*03 and DQB1*06) were found to be protective against ESRD by
multiple studies (though nine of these were also found to be associated
with increased risk of ESRD by at least one other study: A*24, B*07,
B*40, C*02, DRB1*03, DRB1*04, DRB1*11, DRB1*13 and DQA1*03).
In total, 38 class | types, 24 class Il types and 8 haplotypes were found
to be protective against ESRD, though 11 of the class | types and 9
of the class Il types were in conflict and also associated with ESRD.
Similarly, 15 HLA types (HLA-A*11, B*08, B*15, B*18, B*49, B*50,
B*51, B*53,B*55,C*01, DRB1*03, DRB1*04, DRB1*11, DRB1*12 and
DQB1*02) were associated with ESRD in at least two studies. How-
ever, seven of these were protective against ESRD according to a differ-
ent study (HLA-A*11, B*08, B*50, DRB1*03, DRB1*04, DRB1*11 and
DRB1*12). In total, 31 HLA class | types, 22 class Il types and 6 haplo-
types were found to be associated with renal dysfunction (though, as
mentioned above, 11 of the class | types and 9 of the class Il types were
also found to be protective against ESRD by different studies).

Many of the findings were directly refuted by other studies. There
does not appear to be a consensus around which HLA types have a
protective effect and which incur additional risk of ESRD; of the 95
HLA types with a reported association, 20 had the finding refuted
by at least one other independent study (21%). Only 10 HLA asso-
ciations were reported in three or more studies (HLA-A*11, B*07,
B*08, B*53, DRB1*03, DRB1*04, DRB1*08, DRB1*11, DQB1*02 and
DQB1*06), and 6 of these were refuted by another study (the excep-
tions being HLA-B*53, DRB1*08, DQB1*02 and DQB1*06). Table 2
shows all reported associations between HLA and renal function (some
associations with increased incidence of renal dysfunction, and some
with decreased incidence). The table illustrates that there are a large
number of HLA types which may have an effect on renal failure. The
subjects’ primary diseases are noted in the table (where possible) to
allow for comparison of associations based on the underlying cause of
renal dysfunction. There are anumber of abbreviations in Table 2; these
are expanded below the table. Five of the papers did not report any sig-

nificant associations. These are listed in Table 3.

4 | DISCUSSION

The 35 papers identified 95 HLA types and 14 HLA haplotypes which
were associated with renal function. Some of these types appear to
confer protection from renal failure, while others appear to confer sus-
ceptibility to renal failure. Indeed, 20 HLA types were found to have a
protective effect in at least one study but a hazardous effect in at least
one other. Only 10 of the associations were replicated by three or more

independent studies. This suggests that there may be type | and type Il
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FIG U_R E1 Processofincluding and Records identified through Additional records
excluding papers database searching identified through other
(n=242) sources (n=3)

A

Total records (n=245) Duplicates removed (n=32)

y

\ 4

Titles and abstracts
screened (n=213)

Records excluded (n=155)

A 4

A 4
Full-text articles sought Full-text articles not found
(n=58) > (n=17)
A 4
Full-text articles assessed Full-text articles excluded
for eligibility (n=41) > (n=6)
A
Studies included in
qualitative synthesis (n=35)
TABLE 3 Studies which reported no significant associations between HLA type and renal function
No associations
Study reported between Population Number of subjects
Demaine et al. (1982) HLA and ESRD Caucasian 275 (163 ESRD patients, 112 controls).

Primary diseases: non-immunological
eg PKD, HTN 53%; immunological,
e.g. glomerolunephritis 47%

Hannaet al. (2015) HLA and ESRD Egyptian 94 (50 ESRD patients, 44 controls).
Primary diseases: diabetic
nephropathy 26%; HTN
nephrosclerosis 22%; PKD 10%,;
lupus 8%; unknown 34%

Regueiro and Arnaiz-Villena (1984) HLA and CKD Spanish 216 (20 CKD patients, 196 controls).
Primary diseases: 15%
glomerulonephritis 15%; lupus 5%;
uropathy 5%; unknown 75%

Zachary et al. (1996) HLA and ESRD USA 38,582 (20,069 ESRD patients, primary
diseases not specified, 18,513
controls)

Spriewald et al. (2005) HLA and WG German 123 (32 WG patients, 91 controls)
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errors in the findings: true HLA associations with renal function may be
more likely to have been replicated in independent cohorts.

Generally, the studies in this review included a group of subjects
with ESRD or some other criteria of kidney dysfunction who were com-
pared with a control group of healthy subjects. The subjects were HLA
typed by a particular method (such as PCR-SSO or PCR-SSP typing)
and the frequencies of the HLA specificities in the different groups
compared. HLA specificities which were found significantly more com-
monly in the disease group were said to confer risk of susceptibility to
the disease (or be ‘associated’ with the disease), while those which were
more commonly found in the healthy group were said to confer protec-
tion from the disease.

The majority of these studies focused on a specific ethnicity or
nationality. HLA allele and haplotype frequencies vary considerably
between groups of people of different ethnicities. An allele that con-
fers arisk of (or protection from) ESRD in one population may not have
the same effect for people of another population; this may explain some
of the discrepant findings from different studies. Each of these studies’
findings can only be applied to the ethnic population used in the study.
However, such an association may be a good indicator of the same asso-
ciation in other groups. It is important, then, to investigate as many
different cohorts of patients as possible, as results do not appear to
be universal. There is also often an environmental component to dis-
ease onset, which may vary between ethnic groups. Due to the diffi-
culty of comparing HLA associations among different ethnic groups, it
was not possible to perform a meta-analysis based on the papers iden-
tified by this literature search. Similarly, there are many different pri-
mary diseases or underlying causes of CKD (NHS, 2019), and these
may each have different HLA associations (or no HLA associations at
all), as well as having different frequencies in different ethnic popula-
tions (Stratton et al., 2000). This could explain the contradictory asso-
ciations reported: an allele could possibly lead to increased chance of
one underlying disease but decreased chance of another. Depending on
the composition of each study’s cohort, the cumulative effect of these
differences (ethnicity, primary disease, allele frequency and environ-
mental factors) may be responsible for some of the contradictory and
discrepant findings. Some of the studies in this review clarified which
primary disease they were investigating; where available, the primary
diseases can be seen in Table 2. Some studies focused on a particular
underlying cause of renal dysfunction, while others provided the pro-
portions of each primary disease but analysed all subjects together in
a heterogeneous group, and still others did not mention the cause of
renal failure. For this reason, comparing associations based on primary
disease is difficult.

One problem with these studies is that the sample sizes are often
small, which may lead to insufficient power to detect the true genetic
effect size. For example, Liu et al. (2007) included only 20 patients
and 81 controls, and other studies such as Regueiro and Arnaiz-Villena
(1984), Davood et al. (2008) and Spriewald et al. (2005) all used study
groups of <32 patients. The largest case-control study was performed
by Zachary et al. (1996), who used a cohort of 20,069 ESRD patients
and 18,513 controls. However, this study did not report any significant
associations between HLA and ESRD. Although the paper reported the
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frequencies of HLA types in both the patient and control groups, it
did not investigate whether there were significant differences between
the two groups. It is possible that there were significant associations
but they were not explicitly mentioned in the paper.

A criticism of some studies is the selection of the case and control
groups. For example, in the studies by Nassar et al. (2015) and Hamdi
et al. (2014), the control groups of healthy patients were made up of
kidney transplantation donors; many of these may have been relatives
of people with ESRD (some of whom may even have been included in
the case group). The hereditary nature of HLA types means that the
HLA haplotypes of living kidney donors may not be representative of
a typical group of healthy people from their respective populations;
they may have been genetically more similar to the subjects with ESRD.
Some studies mentioned that their control group was made up of unre-
lated people, so this criticism does not apply.

A further drawback of a proportion of these studies is their sta-
tistical methodologies. It is not clear in a number of papers whether
the researchers applied a correction for multiple tests. As each study
tests a large number of HLA alleles for association with ESRD, using
a value of p < .05 to indicate significance is likely to lead to a number
of apparently significant associations which are simply due to chance.
To resolve this, an adjusted p value should be calculated to correct for
multiple tests. Cao et al. (2014) and Mosaad et al. (2014), for example,
mentioned that they used the Bonferroni formula to achieve this
correction, and only reported corrected p values as significant. Many
studies, though, did not clarify whether they adjusted the significance
levels to accommodate multiple testing. A final criticism of these
studies is that they often treat renal function as a categorical variable,
with subjects classed as either healthy or unhealthy depending on their
GFR. In reality, there is a wide range of levels of renal function; future
studies should be advised to use continuous measures such as GFR
or estimated GFR (eGFR) if possible in order to obtain a more precise
measurement of the subjects’ kidney functions. Although categoriza-
tions based on continuous data have useful clinical applications (e.g.
for diagnosis), they lead to reduced statistical power and increased risk
of type | errors when used for research (Altman & Royston, 2006). For
this reason, the practice is ‘rarely defensible and often ... misleading’
(MacCallum et al., 2002) and ‘unnecessary for statistical analysis’
(Naggara et al., 2011). A strength of these studies is that the HLA
genotyping methods used are generally very accurate. Subjects were
commonly typed by PCR-SSO (Fejzic et al., 2017; Perez-Luque et al.,
2000) or PCR-SSP (Cao et al., 2014; Nassar et al., 2015) methods,
though some used less accurate serological methods or imputation.

Alimitation of the systematic review process is that some of the pro-
cess was carried out by a single researcher, so the methods were not
independently validated. Additionally, only full articles were consid-
ered so it is possible that some relevant findings (such as abstracts and
posters from conferences) were omitted due to not having been peer-
reviewed. Initially there were an additional two concepts which were
intended to be included in the review but were ultimately dropped,;
originally, the review intended to consider only studies of white sub-
jects of middle age or older. Age is related to kidney function (Wein-
stein & Anderson, 2010) and it is known that genetic associations with
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renal function vary according to age. Removing the concept of age
increased the sensitivity of the search but reduced the specificity. It is
possible also that there is reporting bias, which would mean that stud-
ies which did not find any associations between HLA and renal function
were less likely to be published. However, five of the studies included
in this review reported no associations, so it appears that a lack of find-
ings is not a complete contraindication to publication.

5 | CONCLUSION

This paper has performed a systematic review of previous literature
investigating associations between HLA type and renal function. A
total of 245 papers were considered from a wide range of sources, and
35 were considered relevant. These papers revealed a large number
of associations between renal function and HLA types. The findings
strongly suggest that there is a link between HLA type and renal func-
tion, though the exact nature of this link is unclear. There is very little
consensus on which HLA types are protective, or which confer risk of
ESRD. Ethnicity appears to have a role in whether particular genes are
associated with renal function, and the underlying cause of renal failure
may complicate this further. Further research is required to confirm or
refute the associations found so far, and possibly to reveal novel asso-

ciations.
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Associations between human
leukocyte antigens and renal
function

Marcus Lowe’3*, Antony Payton?, Arpana Verma3, Judith Worthington?, Isla Gemmell?,
Patrick Hamilton*, William Ollier®>, Titus Augustine*® & Kay Poulton3

Human leukocyte antigens (HLA) have been associated with renal function, but previous studies
report contradictory findings with little consensus on the exact nature or impact of this observation.
This study included 401,307 white British subjects aged 39-73 when they were recruited by UK
Biobank. Subjects’ HLA types were imputed using HLA*IMP:02 software. Regression analysis was
used to compare 362 imputed HLA types with estimated glomerular filtration rate (eGFR) as a primary
outcome and clinical indications as secondary outcome measures. 22 imputed HLA types were
associated with increased eGFR (and therefore increased renal function). Decreased eGFR (decreased
renal function) was associated with 11 imputed HLA types, seven of which were also associated with
increased risk of end-stage renal disease and/or chronic kidney disease. Many of these HLA types

are commonly inherited together in established haplotypes, for example: HLA-A*01:01, B*08:01,
C*07:01, DRB1*03:01, DQB1*02:01. This haplotype has a population frequency of 9.5% in England
and each allele was associated with decreased renal function. 33 imputed HLA types were associated
with kidney function in white British subjects. Linkage disequilibrium in HLA heritance suggests

that this is not random and particularly affects carriers of established haplotypes. This could have
important applications for the diagnosis and treatment of renal disease and global population health.

Approximately 1.2 million people died due to chronic kidney disease (CKD) worldwide in 2015, representing
an increase of 32% since 2005. CKD is now ranked 17th in the list of diseases which cause the most “years of lost
life”, rising from 21st in 2005 and 25th in 1990". 2.6 million people received dialysis in 2010, and treatment of
end-stage renal disease (ESRD) accounts for 2-3% of the healthcare budgets of high-income countries®. Under-
standing the genetic influences which predispose people to kidney dysfunction will have important applications
for the diagnosis and treatment of a globally significant disease.

A number of human leukocyte antigens (HLA) encoded within the major histocompatibility complex are
associated with increased or decreased risk of renal failure®. For example, HLA-B*51 was associated with ESRD
in Venezuelan* and Brazilian® subjects, while A*26 was protective against ESRD in Saudi Arabia® and Turkey’.
Approximately 100 different HLA types have been linked to renal function by various studies worldwide®, includ-
ing studies of European or white populations®~'°. These were mostly reported in case-control studies comprising
fewer than 500 subjects of a single nationality, and many associations remain unreplicated or have been contra-
dicted by other studies. Despite mounting evidence that an association between HLA and renal function exists,
there is no supportive confirmation in sufficiently-powered studies. We interrogated a large cohort of white
British subjects to test the hypothesis that the HLA region is associated with renal function.
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Methods

Study population and quality control. This is a UK Biobank (UKB) retrospective cohort study using
data from 502,616 subjects aged 39-73 years at the time of recruitment between 2006 and 2010'. 88% of the
cohort self-identifies as “white British”, and principal component analysis conducted by UKB concluded that
82% of the UKB cohort is white British'>. Analysis was restricted to this group to reduce population stratifica-
tion; 92,858 subjects who were not white British were analysed separately’®.

Individuals within the cohort whom UKB deemed to be related!” (kinship coefficient > 0.044) were also
excluded (n=7318) to avoid HLA frequency bias'®. Where subjects were related, the individual with the most
complete set of genetic data, based on a set of “high-quality markers”!”, was included. Genetic sex influences
kidney function’, so only individuals whose sex could be clearly assigned were included. Subjects identified by
UKB to have sex chromosome karyotypes other than XX or XY?* and those whose genetic sex, as calculated by
UKB, did not match their self-reported sex*' were removed (n =786 in total). Finally, 347 subjects were excluded
at UKB’s recommendation due to missing genetic data®. A total of 101,309 subjects were excluded during quality
control, leaving 401,307 subjects for analysis. All quality control was performed using Stata/SE 13.0 (StataCorp).

HLA typing. Imputation estimates a person’s most likely HLA type based on the presence of particular single
nucleotide polymorphisms*. HLA types were imputed for each subject by UKB using HLA*IMP:02 software**
at the following loci: HLA-A, B, C (Class I) and DPA1, DPB1, DQA1, DQB1, DRBI1, DRB3, DRB4, DRB5
(Class I1)* at a level equivalent to high resolution typing using eight reference datasets®. 362 HLA types were
imputed. Two of these (HLA-DQB1*02:02 and DPB1*03:01) were not in Hardy-Weinberg equilibrium (HWE,
P <0.00014) so were excluded from this study; the remaining 360 alleles were included. Table 1 shows the 100
HLA types with frequency > 1% in the cohort.

Measures of renal function. Renal function was determined using estimated glomerular filtration rate
(eGFR), a measure of toxin filtration calculated using serum biomarkers such as creatinine and cystatin?’. High
levels of these biomarkers are indicative of poor renal function and manifest in a lower eGFR. This study used
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) eGFR calculation which adjusted for age
and sex?®. Three eGFR values were calculated for each subject, using measures of: creatinine; cystatin; and both
creatinine and cystatin®. Pairwise correlation confirmed that the three eGFR values were similar (Pearson’s cor-
relation coefficients > 0.6; P <0.0001). The cystatin-based eGFR value provided the most complete dataset; only
this value was used for analysis to avoid repetition of testing using closely correlated variables.

Clinical histories for each subject were used as secondary outcomes. Subjects with kidney dysfunction
were identified by examining self-reported questionnaires in addition to data relating to clinical diagnosis
and procedures undertaken. These were deduced using a combination of the International Classification of
Diseases®® (ICD)-9 and -10, Office of Population Censuses and Surveys (OPCS)?*!-3 and -4, and UKB’s own
coding systems*>**. Subjects were categorised as: ESRD patients (yes or no); kidney transplant recipients (yes
or no); dependent on renal replacement therapy (RRT) including transplantation at any point (yes or no); and
CKD patients of any stage (yes or no) (see Table 6).

Statistical analysis. Linear regression analysis was performed to test for associations between HLA alleles
and eGFR as a continuous variable. All 360 HLA alleles which were in HWE were included, with a Bonferroni
threshold of P <0.00014 considered significant** (0.05/360). Subjects who had ever received RRT were excluded
as their eGFR values may have suggested healthy renal function even though their native function was poor.

Logistic regression was used to test for associations between HLA types and adverse clinical outcomes (ESRD,
RRT, CKD, and kidney transplantation; binary variables). Age at recruitment and sex were included as covari-
ates, and only alleles in HWE with minor allele frequency > 5% were considered (n=50) in order to increase
statistical power. P <0.001 was considered significant after Bonferroni correction. All regression analysis was
performed using Plink software®.

Ethical approval. All methods were carried out in accordance with relevant guidelines and regulations. All
experimental protocols were approved by UKB’s Research Ethics Committee. Informed consent was obtained for
all subjects. UKB has obtained Research Tissue Bank approval from its ethics committee that covers the majority
of proposed uses of the resource, so researchers do not typically need to obtain separate ethics approval.

Results

Variation in renal function. Variation in renal function within the UKB cohort is outlined in Table 2.
eGFR values could not be calculated for around 18,000 subjects (<5%) due to missing creatinine and/or cystatin
measurements. Subjects dependent on RRT were excluded from the analysis, although their eGFR values are
listed in Table 2, which shows calculated eGFR values and the corresponding CKD stages®® as well as the number
of subjects in the final analysis.

The calculated eGFR values were compared to average values to check that they were plausible. Average eGFR
for different age categories were taken from the National Kidney Foundation®. The values calculated by this
study were in line with NKF’s estimates, as shown in Table 3. This increases confidence in the calculated values.

11,379 subjects were identified with ESRD. Of these, 437 were renal transplant recipients and 1412 subjects
had RRT. 4794 subjects had a clinical diagnosis of CKD (36 stage 1, 300 stage 2, 3557 stage 3, 397 stage 4, and
504 stage 5).
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Class I Class IT
HLA- Frequency (%) HLA- Frequency (%)
A*02:01 27.44 DPB1*04:01 43.55
A*01:01 19.42 DRB4—no gene 35.02
C*07:01 17.64 DRB3—no gene 34.33
C*07:02 15.82 DRB4*01:03 25.35
B*07:02 14.82 DQA1*05:01 23.00
A*03:01 14.48 DQA1*03:01 20.35
B*08:01 14.44 DQA1*01:02 19.09
C*05:01 11.38 DPA1%*01:03 18.44
B*44:02 11.20 DQBI1*03:01 17.53
C*06:02 8.97 DRB3*01:01 16.74
C*04:01 8.26 DRB5—no gene 15.27
C*03:04 7.97 DQB1*02:01 14.94
A*24:02 7.25 DRB1%03:01 14.87
B*15:01 6.11 DPA1%02:01 14.60
A*11:01 6.04 DQA1*02:01 14.58
B*44:03 5.85 DRB1%07:01 14.56
B*40:01 5.56 DRB1*15:01 14.47
C*03:03 5.54 DRB5*01:01 14.44
B*35:01 4.52 DQBI1*06:02 14.19
C*16:01 4.43 DQA1*01:01 14.14
A*29:02 4.24 DRB3*02:02 13.24
B*27:05 3.95 DQB1*05:01 12.00
B*57:01 3.92 DRB1*04:01 11.14
C*08:02 3.62 DPB1*02:01 10.76
B*51:01 3.60 DPB1*04:02 10.69
B*18:01 3.59 DQBI1*03:02 10.37
C*02:02 3.59 DRB1*01:01 9.33
A*32:01 3.47 DQB1*02:02a 9.27
C*01:02 3.41 DPB1*03:01a 9.11
A*68:01 3.01 DRB4*01:01 8.06
C*12:03 2.82 DPB1*01:01 5.92
A*31:01 2.68 DQA1*01:03 5.44
B*14:02 2.52 DQB1*03:03 523
B*13:02 1.93 DQB1*06:03 5.06
A*26:01 1.85 DRB1*13:01 5.00
B*55:01 1.83 DRB1*04:04 3.98
C*07:04 1.76 DRB1*13:02 3.79
C*15:02 1.73 DRB3%*03:01 3.77
A*23:01 1.70 DRB1*11:01 3.19
A*25:01 1.62 DPA1*02:02 3.10
B*37:01 1.33 DQB1*06:04 2.74
B*14:01 1.16 DPB1*11:01 2.60
B*49:01 1.15 DQB1*05:03 2.17
DPB1*05:01 2.07
DQB1*04:02 2.00
DQAT1*04:01 1.95
DRB1*14:01 191
DRB1*08:01 1.79
DRB1%01:03 1.69
A*30:01 1.01 DPB1*10:01 1.61
DPB1*13:01 1.49
DRB1*12:01 1.42
DRB1*09:01 1.31
DPB1*17:01 1.11
DRB1*11:04 1.04
DQBI1*06:09 1.02

Table 1. HLA types with frequency >1%. This shows the 44 Class I and 56 Class II types which have
frequency >1% in the cohort. They are split into Class I and Class IT and sorted in descending order of

frequency. *“Not in Hardy-Weinberg equilibrium so excluded from analysis.
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Subjects with Kidney function determined by

eGFR CKD stage Creatinine Cystatin Both

0-14.9 5 (ESRD requiring RRT) 95 91 92

15-29.9 4 277 538 374

30-44.9 3b 1147 2611 1436

45-59.9 3a 7164 14,777 7575

60-89.9 2 (when combined with other |} y¢ g5 183,525 172,037
evidence of kidney damage)

90-119.9 1 (when combined with other | 225,142 180,139 199,325

>120 evidence of kidney damage) 694 1877 2287

Data missing 17,903 17,749 18,181

Excluded due

to RRT 1357 1354 1351

Included

in eGFR 382,047 382,204 381,775

analysis

Table 2. Distribution of subjects’ eGFR. This shows the distribution of subjects’ eGFRs for each of the three
eGFR formulae, as well as the number of subjects included and excluded. eGFR thresholds are based on
thresholds used for CKD diagnosis. Some subjects were dependent on RRT so were not included in analysis of
eGFR, though their eGFRs are included in this table.

Average eGFR according to
Age National Kidney Foundation This study (creatinine) This study (cystatin) This study (both)
40's 99 99.6 100.0 100.7
50s 93 92.4 90.2 92.1
60 s 85 85.0 80.5 83.5

Table 3. eGFR values by age. This shows average eGFR values by decade of life for the general population
(provided by National Kidney Foundation) and for the three eGFR formulae used in this study.

Regression analysis. 33 HLA types were significantly associated with renal function after correction
for multiple testing. Table 4 lists the 11 HLA alleles linked with decreased renal function (defined by either
decreased eGFR or the presence of CKD or ESRD). Table 5 shows the 22 HLA alleles associated with increased
renal function. No HLA associations were identified with kidney transplant status or RRT status. Tables 4 and 5
also show the population frequency of the alleles, the beta value or odds ratio (OR) of each effect, and the level
of significance of the associations.

Associations with decreased renal function. HLA types are inherited in maternal and paternal hap-
lotypes and are not randomly distributed. Of the 11 HLA associations with decreased eGFR, seven were also
linked to development of CKD, ESRD or both. 10 of these 11 HLA alleles are inherited in two well-documented
haplotypes: (HLA-A*01:01, B*08:01, C*07:01, DRB1*03:01, DRB3*01:01, DQA1*05:01, DQB1*02:01; and
A*03:01, B¥07:02, C*07:02%. All genes in the former are associated with decreased eGFR, and all but HLA-
DRB3*01:01 are also linked to increased risk of CKD, ESRD, or both. This haplotype is seen in 9.5% of the
English population®. The “absence of DRB3 genes” was also associated with decreased eGFR, which may either
indicate increased susceptibility in subjects homozygous for this common haplotype, or may reflect individu-
als with the latter haplotype, which is in linkage disequilibrium (LD) with HLA-DRB1*15:01 and therefore has
no associated DRB3 genes present. Alternatively, a closely linked haplotype, HLA-A*03:01, B*07:02, C*07:02,
DRB1¥03:01, DQB1*02:01 (present in 0.5% of the English population®’) may be implicated here.

Associations with increased renal function. The HLA associations with increased eGFR values do not
appear to belong to full length haplotypes, but can be separated into groups of two or three HLA alleles which
are often co-inherited. For example: HLA-DRB1*04:01, DQA1*03:01, DQB1*03:02 (seen in 8.2% of the Eng-
lish population*’); DRB1*07:01, DQA1*02:01 (10.5% of the English population®®); A*29:02, B*14:02, C*08:02
(2.1% of the Northern Irish population*’); and B*44:03, C*16:01 (4.7% of the Northern Irish population®, also
commonly associated with A*25:01) were all linked to increased eGFR. None of the 22 alleles associated with
increased eGFR was shown to reduce the risk of adverse renal-related clinical outcomes.
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eGFR based on cystatin CKD ESRD
HLA- Frequency (%) Beta P OR P OR P
A*01:01 19.4 -0.26 9.98E-09 1.062 0.00033
A*03:01 14.5 -0.22 2.65E-05
B*07:02 14.8 -0.20 8.84E-05
B*08:01 14.4 -0.48 3.26E-20 1.109 0.00027 1.066 0.00072
C*07:01 17.6 -0.35 1.68E-13 1.098 0.00038
C*07:02 15.8 -0.21 2.35E-05
DQA1*05:01 23.0 -0.38 2.03E-18 1.105 3.30E-05
DQB1*02:01 14.9 -0.49 7.06E-22 1.121 4.43E-05 1.084 1.44E-05
DRB1%03:01 14.9 -0.49 1.14E-21 1.122 3.61E-05 1.077 6.33E-05
DRB3—no gene 34.3 -0.31 6.09E-16 1.090 6.35E-05
DRB3*01:01 16.7 -0.42 7.57E-18

Table 4. Alleles which are associated with decreased kidney function. This shows the alleles significantly
associated with decreased kidney function as well as the frequency of the alleles, the beta value or odds ratio
(OR) of each effect, and the P values.

eGFR based on cystatin

HLA- Frequency (%) Beta P
A*25:01 1.6 0.77 1.07E-07
A*29:02 4.2 0.39 1.37E-05
A*32:01 3.5 0.38 0.00014
B*14:01 1.2 0.67 8.62E-05
B*14:02 25 0.64 3.43E-08
B*44:03 5.9 0.34 1.31E-05
C*12:03 2.8 0.63 7.99E-09
C*16:01 44 0.40 5.79E-06
C*02:02 3.6 0.39 8.64E-05
C*05:01 11.4 0.23 4.57E-05
C*08:02 3.6 0.63 1.04E-10
DQA1%02:01 14.6 0.24 4.23E-06
DQA1%03:01 |20.4 0.31 8.12E-12
DQB1*03:02 10.4 0.29 1.60E-06
DQB1*06:01 0.4 1.15 4.63E-05
DQB1*06:09 1.0 0.72 7.39E-05
DRBI1*15:02 0.4 1.10 9.85E-05
DRB1%04:01 11.1 0.30 3.23E-07
DRB1*07:01 14.6 0.22 1.46E-05
gDeIfE“_“O 35.0 0.33 5.64E-18
DRB4*01:01 8.1 0.38 1.43E-08
DRB4*01:03 25.4 0.23 5.85E-08

Table 5. Alleles which are associated with increased kidney function. This shows the alleles significantly

associated with increased kidney function as well as the frequency of the alleles, the beta value of each effect,

and the P values.

Discussion

We identified significant HLA associations with renal function in the largest reported study to date. 22 HLA
alleles were associated with increased renal function and 11 with decreased function. The HLA associations with
increased renal function did not suggest a protective effect against CKD or ESRD, but the 11 associations with
decreased renal function (seven of which were also linked to ESRD and/or CKD) were of particular interest.
HLA genes are inherited through maternal and paternal haplotypes, which suggests a high probability that these
alleles are not independently associated with renal function, but rather that this observation is non-random
within the population. Specifically, individuals who carry the haplotypes listed are at increased risk of developing
renal dysfunction, and may carry sub-clinical levels of impairment even in the absence of identifiable disease.
This clustering of the HLA genes within well-documented haplotypes adds validity, which is reinforced as the
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primary and secondary outcome measures were calculated using the independent phenotypes of biomarkers
and clinical outcomes. It should be noted that some significant alleles appear to be alone in significance (that is,
the alleles that they are in LD with were not significant). Examples include HLA-A*32:01 and B*14:01, among
others. In these cases, it is possible that the allele itself is linked to kidney function, independent of its haplotype,
or it is possible that the other alleles in LD with this allele are also significant, and this study failed to detect this.
The CKD-EPI calculation of eGFR was selected rather than MDRD*! or Cockcroft-Gault*? due to its increased
accuracy when assessing subjects with normal renal function (eGFR > 60)*. Using only one eGFR value avoided
multiple testing of closely related variables; the formula based on cystatin was selected as it had the fewest missing
values. For comparison, the two other CKD-EPI eGFR formulae (one based on creatinine, and another based
on both creatinine and cystatin) were used and the data re-analysed. In addition to the associations already
described, three additional associations were identified as significant (assuming the same Bonferroni threshold
of P<0.00014): HLA-A*23:01 and DRB3*02:02 were linked to decreased renal function, and B*27:05 was linked
to increased function.

Comparison with previous research.  Previous literature has reported conflicting HLA associations with
renal function in populations of different ethnic origin. Potentially, these contradictory findings may include
false positives arising from inadequate statistical power, multiple testing, publication bias or methodological
differences. Alternatively, it is possible that HLA associations with kidney function differ between populations
due to varied heritage. Limiting this study to only white British subjects reduced any likelihood of bias due to
population stratification.

Almost 100 HLA associations with ESRD have been described, only 11 of which have been confirmed by two
or more independent studies. Our study replicated one of these 11 observations but refuted two. HLA-DRB1*03
was previously associated with renal dysfunction by four groups with a combined total of 1261 ESRD subjects
and over 3000 controls®”*. We found not only HLA-DRB1*03:01 but an entire haplotype to be associated with
decreased eGFR and increased risk of poor clinical outcome. However, HLA-B*07 was reported to be protective
against ESRD in 1620 ESRD patients and 1211 controls by Doxiadis et al.!?, and Karahan’s study of 587 patients
and 2643 controls’. In this population, HLA-B*07:02 was associated with decreased renal function. Furthermore,
HLA-DRB1%04 was associated with adverse renal outcomes in three previous studies with over 4000 ESRD
subjects'>*>, but here, DRB1*04:01 was linked to increased renal function. The remaining eight previously
replicated HLA associations were not significant in this study. Overall, 14 of our associations confirmed previous
observations® 7124444749 while 12 of our findings refuted previous results”!12:446:49:50,

It is worth noting, however, that this study is much larger than any previous study. Most previous studies
used case-control methodology (see “Strengths and weaknesses” below) and many failed adjust for multiple
testing. Therefore, the findings reported here, which have undergone more stringent statistical testing, may be
less prone to type I or II error.

Implications. This study is unique in that some of the HLA alleles associated with decreased renal function
form a well-characterised haplotype. Both this and individual component HLA alleles have been associated with
multiple diseases which result in CKD or ESRD, including systemic lupus erythematosus and IgA deficiency®'.
Our study indicates that even within a healthy population, renal function may be sub-clinically impaired in
subjects with these alleles. These findings have the potential to impact upon clinical practice. HLA typing is
already used as a diagnostic tool for disorders with strong HLA associations such as coeliac disease®?, ankylosing
spondylitis®*, and actinic prurigo®. It may be advisable for clinicians to use HLA disease association typing to aid
the diagnosis of renal failure, which could ensure timely therapeutic intervention. However, HLA associations
with these diseases are much stronger than those reported here: the association between B*27 and ankylosing
spondylitis has an odds ratio of 171%°, while HLA associations with coeliac disease have OR > 10, compared to
ORs < 1.13 in this study. Clinicians and national kidney transplantation programmes may also use the HLA types
associated with increased renal function to help identify suitable kidney donors.

Strengths and weaknesses. A key advantage of this study is the cohort size, which is larger than any
previously published research. 382,204 subjects were included in the analysis of the primary outcome measure
(eGFR), and the secondary analysis consisted of 11,379 cases of ESRD (and 389,928 controls). This study uses a
variety of measures of renal function, most of which are calculated independently and are therefore unlikely to
be subject to systemic bias. eGFR is a useful outcome measure because it provides a continuous scale, giving an
accurate and precise estimate of renal function. Many previous studies used case—control methodology, reducing
kidney function from a spectrum to binary categorisations such as “ESRD or healthy”. Measuring renal function
on a spectrum may strengthen the statistical and clinical significance of this study.

A limitation of this investigation is that the HLA typing was performed by imputation rather than direct
genotyping, which is more accurate®”. This is because the cost of HLA typing a cohort of this size using traditional
methods is prohibitively expensive. The imputation program used for the UKB population was HLA*IMP:02,
though Karnes’ review®’ of competing programs suggests that SNP2HLA is more accurate. Nevertheless, the
review stated that HLA*IMP:02 is 94% accurate when imputing white subjects which, given the size of our
cohort, is acceptable within the scope of this study. Furthermore, 360 of the 362 imputed alleles were in HWE
(P>0.00014), suggesting that the majority of imputed allele frequencies were consistent with frequencies that
might be expected in a stable population. The two alleles which were not in HWE (HLA-DQB1*02:02 and
DPB1*03:01) were excluded from the analysis.

Some HLA associations found in this study do not appear to be part of a haplotype. These alleles may be
independently associated with renal function, or they may be false positives caused by inaccurate imputation. For
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Kidney transplant
Coding system Code Decoded ESRD patient RRT recipient recipient CKD patient
1195 Renal/kidney transplant Yes Yes Yes
1476 Fistula for dialysis Yes Yes
Coding 5 1580 Dialysis access surgery Yes Yes
1581 Haemodialysis access/fistula surgery Yes Yes
1582 Peritoneal dialysis (CAPD) access surgery Yes Yes
1192 Renal/kidney failure Yes
Coding 6 1193 Renal failure requiring dialysis Yes Yes
1194 Renal failure not requiring dialysis Yes
1120 Hypertensive renal disease with renal failure Yes
1131 Hypertensive heart and renal disease with renal failure Yes
1132 }-Ilypertensive heart. and renal disease with both (congestive) heart Yes
ailure and renal failure
N17 Acute renal failure Yes
N170 Acute renal failure with tubular necrosis Yes
N172 Acute renal failure with medullary necrosis Yes
N178 Other acute renal failure Yes
N179 Acute renal failure, unspecified Yes
Ni8 Chronic renal failure Yes
N180 End-stage renal disease Yes
N181 Chronic kidney disease, stage 1 Yes
N182 Chronic kidney disease, stage 2 Yes
1CD-10 N183 Chronic kidney disease, stage 3 Yes
N184 Chronic kidney disease, stage 4 Yes
N185 Chronic kidney disease, stage 5 Yes Yes
N188 Other chronic renal failure Yes
N19 Unspecified renal failure Yes
P960 Congenital renal failure Yes
T861 Kidney transplant failure and rejection Yes Yes Yes
Y841 Kidney dialysis Yes Yes
749 Care involving dialysis Yes Yes
7491 Extracorporeal dialysis Yes Yes
7492 Other dialysis Yes Yes
7940 Kidney transplant status Yes Yes Yes
7992 Dependence on renal dialysis Yes Yes
584 Acute renal failure Yes
585 Chronic renal failure Yes
586 Renal failure, unspecified Yes
5845 Acute renal failure with lesion of tubular necrosis Yes
5846 Acute renal failure with lesion of renal cortical necrosis Yes
5847 Acute renal failure with lesion of renal medullary (papillary) necrosis | Yes
5848 Acute renal failure with other specified pathological lesion in kidney Yes
5849 Acute renal failure, unspecified Yes
ICD-9
5859 Chronic renal failure Yes
5869 Renal failure, unspecified Yes
77980 Congenital renal failure Yes
E8791 Abn. reaction to kidney dialysis without misadventure at time Yes Yes
V451 Renal dialysis status Yes Yes
V56 Aftercare involving intermittent dialysis Yes Yes
V560 Aftercare involving extracorporeal dialysis Yes Yes
V568 Aftercare involving other dialysis Yes Yes
<15 eGFR based on creatinine Yes
N/A <15 eGFR based on cystatin Yes
<15 eGFR based on both creatinine and cystatin Yes
Continued
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Kidney transplant

Coding system Code Decoded ESRD patient RRT recipient recipient CKD patient
566 Transplantation of kidney Yes Yes Yes
4013 Paracentesis abdomini: peritoneal dialysis Yes Yes

) 4695 gtrhiirai)l?g‘rations on intestine, not elsewhere classified: isolation loop Yes Yes

OPCS3 ysis
5661 Transplantation of kidney: donor Yes Yes Yes
5662 Transplantation of kidney: cadaver Yes Yes Yes
9503 Other vascular procedures: haemodialysis Yes Yes
L746 Creation of graft fistula for dialysis Yes Yes
Mo1 Transplantation of kidney Yes Yes Yes
Mo11 Autotransplantation of kidney Yes Yes Yes
MO12 Allotransplantation of kidney from live donor Yes Yes Yes
Mo013 Allotransplantation of kidney from cadaver NEC Yes Yes Yes
MO014 Allotransplantation of kidney from cadaver heart beating Yes Yes Yes
Mo15 Allotransplantation of kidney from cadaver heart non-beating Yes Yes Yes
Mo18 Other specified transplantation of kidney Yes Yes Yes
MO019 Unspecified transplantation of kidney Yes Yes Yes
M172 Pre-transplantation of kidney work-up—recipient Yes Yes Yes
M174 Post-transplantation of kidney examination—recipient Yes Yes Yes
X40 Compensation for renal failure Yes Yes
X401 Renal dialysis Yes Yes
X402 Peritoneal dialysis NEC Yes Yes
X403 Haemodialysis NEC Yes Yes
X404 Haemofiltration Yes Yes

OPCS4 X405 Automated peritoneal dialysis Yes Yes
X406 Continuous ambulatory peritoneal dialysis Yes Yes
X407 Haemoperfusion Yes Yes
X408 Other specified compensation for renal failure Yes Yes
X409 Unspecified compensation for renal failure Yes Yes
X41 Placement of ambulatory apparatus for compensation for renal failure | Yes Yes
X411 Insertion of ambulatory peritoneal dialysis catheter Yes Yes
X412 Removal of ambulatory peritoneal dialysis catheter Yes Yes
X418 gihfe; Saliefiiei placement of ambulatory apparatus for compensation Yes Yes
X419 gﬁe{gﬁi placement of ambulatory apparatus for compensation for Yes Yes
X42 Placement of other apparatus for compensation for renal failure Yes Yes
X421 Insertion of temporary peritoneal dialysis catheter Yes Yes
X428 ?e;l:elrfsﬁziieﬁed placement of other apparatus for compensation for Yes Yes
X429 gﬁfﬁzciﬁed placement of other apparatus for compensation for renal Yes Yes
X431 Extracorporeal albumin haemodialysis Yes Yes
42026 End stage renal disease report Yes

UKB data
42027 Date of end stage renal disease report Yes

Table 6. Codes included in definitions of ESRD, kidney transplant status, RRT status, and CKD. This shows
the various coding systems and codes used to identify subjects with adverse clinical outcomes.

example, HLA-B*44:02 was not significant in this study, but is commonly associated with C*05:01, DRB1*04:01,
DQA1%03:01 and DQB1*03:02 in combination with either A*25:01, A*29:02, or A*32:01, which were all linked
to increased renal function. Our study identified HLA-B*44:03, rather than B*44:02, to be associated with
increased renal function. This discrepancy may suggest that HLA-B*44:02 alleles were incorrectly imputed as
B*44:03, though given that C*16:01 (which is often seen in LD with B¥*44:03) was also associated with increased
renal function may validate the observation regarding B*44:03. Any dubious observations may be resolved by
repeating the imputation using an alternative imputation programme or additional reference panels.

It is possible that the strategy employed to identify subjects with adverse kidney-related clinical outcomes
was insufficiently comprehensive to capture all cases. If data held by UKB were incomplete, or if relevant codes
were not included (see Table 6), subjects with poor renal outcomes would be mischaracterised as healthy. This
could be averted by obtaining a peer-reviewed validation of the coding systems that documents exactly which
codes are representative of adverse renal outcomes, but to the best of our knowledge no such validation exists.
Clinical outcomes were secondary outcome measures in this study; the primary outcome of eGFR is not affected
by this limitation.
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A final limitation of this study is that the sizes of the associations with eGFR were smaller than previously
published HLA disease associations®* and possibly too small to be considered clinically relevant. 25 out of 33
(76%) significant associations with eGFR had a beta value between —0.5 and 0.5, suggesting that the presence
of the allele has only a minor effect on kidney function. However, in seven cases, these apparently small effects
were corroborated by associations with adverse clinical outcomes, implying that small beta values are not a
contraindication of clinical relevance.

Conclusions

This study has identified 22 HLA types which are associated with increased kidney function, and 11 which are
linked to decreased kidney function in a large UK population. Many of these are commonly inherited together
in haplotypes. Importantly, seven alleles, which are each seen in between 14-34% of the cohort, were linked
to both decreased eGFR and increased incidence of adverse clinical outcomes. Due to the constitution of the
cohort, the results of this study can only be applied to white British people aged 39-73. Repeating the analyses
with alternative cohorts may add considerably to our current knowledge and allow a better assessment on the
implications for population health.

Received: 11 September 2020; Accepted: 9 December 2020
Published online: 04 February 2021

References
1. Mortality GBD, Causes of Death Collaborators. Global, regional, and national life expectancy, all-cause mortality, and cause-
specific mortality for 249 causes of death, 1980-2015: A systematic analysis for the Global Burden of Disease Study 2015. Lancet
388, 1459-1544 (2016).
2. Luyckx, V. A., Tonelli, M. & Stanifer, ]. W. The global burden of kidney disease and the sustainable development goals. Bull. World
Health Organ. 96, 414-422 (2018).
3. Robson, K. J., Ooi, J. D., Holdsworth, S. R., Rossjohn, J. & Kitching, A. R. HLA and kidney disease: From associations to mecha-
nisms. Nat. Rev. Nephrol. 14, 636-655 (2018).
4. Rivera, P.S. et al. HLA class I association with progression to end-stage renal disease in patients from Zulia, Venezuela. Inmunologia
31, 37-42 (2012).
5. Yamakawa, R. H., Saito, P. K., da Silva Junior, W. V., de Mattos, L. C. & Borelli, S. D. Polymorphism of leukocyte and erythrocyte
antigens in chronic kidney disease patients in southern Brazil. PLoS ONE 9, e84456 (2014).
6. Hamdi, N. M., Al-Hababi, F. H. & Eid, A. E. HLA class I and class II associations with ESRD in Saudi Arabian population. PLoS
ONE9, e111403 (2014).
7. Karahan, G. E. et al. Impact of HLA on the underlying primary diseases in Turkish patients with end-stage renal disease. Ren. Fail.
31, 44-49 (2009).
8. Xu, X. et al. Molecular insights into genome-wide association studies of chronic kidney disease-defining traits. Nat. Commun. 9,
4800 (2018).
9. Davood, P. P, Farhadi, N. & Najafizadeh, M. Protective and susceptible HLA class I genes in patients with end-stage renal disease.
Res. J. Biol. Sci. 3, 1344-1346 (2008).
10. Doxiadis, I. L., De Lange, P., De Vries, E., Persijn, G. G. & Claas, E. H. Protective and susceptible HLA polymorphisms in IgA
nephropathy patients with end-stage renal failure. Tissue Antigens 57, 344-347 (2001).
11. Fejzic, E. et al. HLA genotyping in patients with end-stage renal disease waiting for cadaveric renal transplantation in federation
of Bosnia and Herzegovina. Maced. J. Med. Sci. 5, 1-5 (2017).
12. Gencik, M. et al. Inmunogenetic risk factors for anti-neutrophil cytoplasmic antibody (ANCA)-associated systemic vasculitis.
Clin. Exp. Immunol. 117, 412-417 (1999).
13. Gerhardsson, J. et al. Histological antiphospholipid-associated nephropathy versus lupus nephritis in patients with systemic lupus
erythematosus: An observational cross-sectional study with longitudinal follow-up. Arthr. Res. Ther. 17, 109 (2015).
14. Sudlow, C. et al. UK biobank: An open access resource for identifying the causes of a wide range of complex diseases of middle
and old age. PLoS Med. 12, 1001779 (2015).
15. Data-Field 22011: Genetic relatedness pairing (2019). http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22011 (Accessed 22 Nov
2019).
16. Lowe, M. et al. Human leukocyte antigen associations with renal function among ethnic minorities in the United Kingdom. HLA
96, 697-708 (2020).
17. Data-Field 22005: Missingness (2019). http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22005 (Accessed 22 Nov 2019).
18. Choo, S. Y. The HLA system: Genetics, immunology, clinical testing, and clinical implications. Yonsei Med. J. 48, 11-23 (2007).
19. Sabolic, I. et al. Gender differences in kidney function. Pflugers Arch. 455, 397-429 (2007).
20. Data-Field 22001: Genetic sex (2019). http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22001 (Accessed 22 Nov 2019).
21. Data-Field 22006: Genetic ethnic grouping (2019). http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22006 (Accessed 22 Nov 2019).
22. Data-Field 22010: Recommended genomic analysis exclusions (2019). http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22010
(Accessed 3 Dec 2019).
23. Browning, B. L. & Browning, S. R. Genotype imputation with millions of reference samples. Am. J. Hum. Genet. 98, 116-126 (2016).
24. Bycroft, C. et al. The UK Biobank resource with deep phenotyping and genomic data. Nature 562, 203-209 (2018).
25. Dilthey, A. et al. Multi-population classical HLA type imputation. PLoS Comput. Biol. 9, 1002877 (2013).
26. Motyer, A. et al. Practical use of methods for imputation of HLA alleles from SNP genotype data. bioRxiv https://doi.
0rg/10.1101/091009 (2016).
27. Stevens, L. A. & Levey, A. S. Measurement of kidney function. Med. Clin. N. Am. 89, 457-473 (2005).
28. Levey, A. S. et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 150, 604-612 (2009).
29. Inker, L. A. et al. Estimating glomerular filtration rate from serum creatinine and cystatin C. N. Engl. J. Med. 367, 20-29 (2012).
30. World Health Organization. The ICD-10 Classification of Mental and Behavioural Disorders (Switzerland, Geneva, 1992).
31. NHS Classifications OPCS-4 (2019). https://isd.digital.nhs.uk/trud3/user/guest/group/0/pack/10 (Accessed 28 Nov 2019).
32. Data-Coding 5: Operation (2019). http://biobank.ctsu.ox.ac.uk/crystal/coding.cgi?id=5 (Accessed 28 Nov 2019).
33. Data-Field 22019: Sex chromosome aneuploidy (2019). http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22019 (Accessed 22 Nov
2019).
34. Armstrong, R. A. When to use the Bonferroni correction. Ophthalmic Physiol. Opt. 34, 502-508 (2014).
35. Purcell, S. et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 81,
559-575 (2007).

Scientific Reports|  (2021)11:3158 https://doi.org/10.1038/s41598-021-82361-7 nature portfolio


http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22011
http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22005
http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22001
http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22006
http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22010
https://doi.org/10.1101/091009
https://doi.org/10.1101/091009
https://isd.digital.nhs.uk/trud3/user/guest/group/0/pack/10
http://biobank.ctsu.ox.ac.uk/crystal/coding.cgi?id=5
http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=22019

www.nature.com/scientificreports/

36. Stevens, L. A, Coresh, J., Greene, T. & Levey, A. S. Assessing kidney function-measured and estimated glomerular filtration rate.
N. Engl. ]. Med. 354, 2473-2483 (2006).

37. Estimated Glomerular Filtration Rate (eGFR) (2020). https://www.kidney.org/atoz/content/gfr (Accessed 26 Nov 2020).

38. Degli-Esposti, M. A. et al. Ancestral haplotypes: Conserved population MHC haplotypes. Hum. Immunol. 34, 242-252 (1992).

39. Haplotype Frequency Search (USA European American) (2019). http://www.allelefrequencies.net/hla6003a.asp?hla_population
=1699 (Accessed 3 Dec 2019).

40. Haplotype Frequency Search (Ireland Northern) (2019). http://www.allelefrequencies.net/hla6003a.asp?hla_population=1243
(Accessed 3 Dec 2019).

41. Levey, A. S. et al. A more accurate method to estimate glomerular filtration rate from serum creatinine: A new prediction equation.
Modification of Diet in Renal Disease Study Group. Ann. Intern. Med. 130, 461-470 (1999).

42. Cockcroft, D. W. & Gault, M. H. Prediction of creatinine clearance from serum creatinine. Nephron 16, 31-41 (1976).

43. Florkowski, C. M. & Chew-Harris, J. S. Methods of estimating GFR—Different equations including CKD-EPL. Clin. Biochem. Rev.
32,75-79 (2011).

44. Dai, C. S. et al. Association between human leucocyte antigen subtypes and risk of end stage renal disease in Taiwanese: A retro-
spective study. BMC Nephrol. 16, 177 (2015).

45. Chang, D. Y, Luo, H., Zhou, X., Chen, M. & Zhao, M. H. Association of HLA genes with clinical outcomes of ANCA-associated
vasculitis. Clin. J. Am. Soc. Nephrol. 7, 1293-1299 (2012).

46. Cao, Q. et al. HLA polymorphism and susceptibility to end-stage renal disease in Cantonese patients awaiting kidney transplanta-
tion. PLoS ONE 9, €90869 (2014).

47. Crispim, J. C. et al. HLA polymorphisms as incidence factor in the progression to end-stage renal disease in Brazilian patients
awaiting kidney transplant. Transpl. Proc. 40, 1333-1336 (2008).

48. Almogren, A., Shakoor, Z. & Hamam, K. D. Human leucocyte antigens: Their association with end-stage renal disease in Saudi
patients awaiting transplantation. Br. . Biomed. Sci. 69, 159-163 (2012).

49. Perez-Luque, E. et al. Contribution of HLA class II genes to end stage renal disease in Mexican patients with type 2 diabetes mel-
litus. Hum. Immunol. 61, 1031-1038 (2000).

50. Prakash, S. et al. Distribution of Killer cell immunoglobulin like receptor genes in end stage renal disease among North Indian
population. Hum. Immunol. 74, 1399-1445 (2013).

51. Price, P. et al. The genetic basis for the association of the 8.1 ancestral haplotype (A1, B8, DR3) with multiple immunopathological
diseases. Immunol. Rev. 167, 257-274 (1999).

52. Kaukinen, K., Partanen, J., Maki, M. & Collin, P. HLA-DQ typing in the diagnosis of celiac disease. Am. J. Gastroenterol. 97, 695-699
(2002).

53. Chen, B. et al. Role of HLA-B27 in the pathogenesis of ankylosing spondylitis (Review). Mol. Med. Rep. 15, 1943-1951 (2017).

54. Sheridan, D. P, Lane, P. R, Irvine, J., Martel, M. J. & Hogan, D. J. HLA typing in actinic prurigo. . Am. Acad. Dermatol. 22,
1019-1023 (1990).

55. Brown, M. A. et al. HLA class I associations of ankylosing spondylitis in the white population in the United Kingdom. Ann. Rheum.
Dis. 55, 268-270 (1996).

56. De Silvestri, A. et al. HLA-DQ genetics in children with celiac disease: A meta-analysis suggesting a two-step genetic screening
procedure starting with HLA-DQ beta chains. Pediatr. Res. 83, 564-572 (2018).

57. Karnes, J. H. et al. Comparison of HLA allelic imputation programs. PLoS ONE 12, 0172444 (2017).

Author contributions

The study was devised by K.P., W.O., A.V,, A.P, T.A.U,, and M.L. Data was provided by U.K.B. Quality control
and data analysis was performed by M.L. with advice from A.P, I.G., and P.H. Results were interpreted by M.L.,
A.P, K.P, and J.W. The paper was written by M.L. with advice from all the authors.

Funding
Funding was provided by Kidneys for Life.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:3158 | https://doi.org/10.1038/s41598-021-82361-7 nature portfolio


https://www.kidney.org/atoz/content/gfr
http://www.allelefrequencies.net/hla6003a.asp?hla_population=1699
http://www.allelefrequencies.net/hla6003a.asp?hla_population=1699
http://www.allelefrequencies.net/hla6003a.asp?hla_population=1243
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

42

12 Paper 3: Human leukocyte antigen associations with renal
function among ethnic minorities in the United Kingdom
This paper was published in HLA on 28" September 2020. There is a typographical error in

section 4.1 of this paper. The sentence reading, “Absolute effect sizes range from 0.62 to 3.20

mL/min/1.73 m?” should read, “Absolute effect sizes range from 1.08 to 3.20 mL/min/1.73 m?”.
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Human leukocyte antigens (HLA) have been associated with renal function, but
previous studies report contradictory findings. There has been a lack of research
into how HLA affects renal function in Black, Asian and Minority Ethnic
(BAME) people in the UK, despite BAME people being disproportionately affected
by renal dysfunction. This study included >27 000 UK Biobank subjects of six eth-
nicities (>12 100 Irish, >5400 Indian, >4000 Black Caribbean, >3000 Black Afri-
can, >1600 Pakistani, and >1400 Chinese) aged 39 to 73. Subjects’ high-resolution
HLA genotypes were imputed using HLA*IMP:02 software. Regression analysis
was used to compare 108 imputed HLA alleles with two measures of estimated
glomerular filtration rate (eGFR): one based on serum creatinine; one based on
serum cystatin. Secondary analysis compared CKD stage 2 subjects to healthy con-
trols. Nine imputed HLA alleles were associated with eGFR (adjusted P < .05). Six
associations were based on creatinine in Black African subjects: HLA-B*53:01
(beta = —2.628, adjusted P = 4.69 x 107%); C*04:01 (beta = —1.667, adjusted
P = .0269); DPA1%02:01 (beta = —1.569, adjusted P = .0182); and DPA1*02:02
(beta = —1.716, adjusted P = .0251) were linked to decreased renal function, while
DRBI*03:01 (beta = 3.200, adjusted P = 3.99x10°) and DPAI1%01:03
(beta = 2.276, adjusted P = 2.31 X 10°) were linked to increased renal function.
Two of these (HLA-B*53:01 and C*04:01) are commonly inherited together. In
Irish subjects, HLA-DRB1%04:01 (beta = 1.075, adjusted P = .0138) was linked to
increased eGFR (based on cystatin); in Indian subjects, HLA-DRBI*03:01
(beta = —1.72, adjusted P = 4.78 x 10~>) and DQB1%02:01 (beta = —1.755, adjusted
P = 2.26 x 10 °)were associated with decreased eGFR (based on cystatin). No
associations were found in the other three ethnic groups. Nine HLA alleles appear
to be associated with kidney function in BAME people in the UK. This could have
applications for the diagnosis and treatment of renal disease and could help
reduce health inequalities in the UK.
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1 | INTRODUCTION

Chronic kidney disease (CKD) is 17th in the worldwide
list of diseases which cause the most “years of lost life”,
according to the Global Burden of Disease 2015 study; it
was 21Ist in 2005 and 25th in 1990." The same study
reported that CKD caused 1.2 million deaths in 2015, an
increase of 32% compared with 2005. In developed coun-
tries, treatment for end-stage renal disease (ESRD) typi-
cally accounts for around 2-3% of the overall healthcare
budget.” In England, CKD affects over 1.8 million people
and over 40 000 people are on some form of renal
replacement therapy (RRT, usually either dialysis or kid-
ney transplantation).’

Renal dysfunction is a problem that disproportion-
ately affects Black, Asian and Minority Ethnic (BAME)
people in the UK. Although BAME people represent
only 11% of the UK population,* they accounted for
24% of patients dependent on renal replacement
therapy in 2017.°> BAME people are more likely to
develop CKD than white people,® and those who have
CKD experience faster decline in renal function than
white people.” Understanding the genetic causes of
renal dysfunction in BAME people in the UK could
play an important role in reducing these health
inequalities.

Heritability of CKD is thought to be between 30% and
75%.° The Human Leukocyte Antigen (HLA) system,
encoded within the major histocompatibility complex,
has been reported to be associated with renal function.’
This may be because unique HLA alleles confer different
levels of protection from different diseases associated
with kidney dysfunction.'® Almost 100 HLA alleles and
haplotypes have been linked to increased or decreased
risk of renal failure."! However, conflicting associations
have been reported, for example HLA-A*11 was linked to
increased ESRD in a study of Azerbaijani subjects'? but
protective against ESRD in a study of Turkish subjects.™
This and other conflicting findings may be in part due to
population stratification, as well as differing patterns of
linkage disequilibrium (which lead to different combina-
tions of genes among different ethnicities), and environ-
mental effects.

This study uses a cohort of over 27 000 subjects aged
39 to 73 who were recruited in the UK but do not identify
as ethnically “British”. The study aims to discover high-
resolution HLA alleles which are associated with either
increased or decreased renal function. Most previous
studies used case-control methodology with a smaller
number of subjects, usually all of a single ethnicity or
nationality. Here we present the findings of a retrospec-
tive cohort study using subjects of six different ethnicities
who are mostly healthy.

2 | METHODS
2.1 | Quality control and identification
of study population

This study used data from UK Biobank (UKB) to test for
associations between HLA and renal function in over
27 000 subjects from six different self-reported ethnic
groups (Irish, Indian, Black Caribbean, Black African,
Pakistani, and Chinese). UKB holds data on 502 616 sub-
jects who were aged 39-73 when they were recruited in
the UK between 2006 and 2010. 409 692 subjects (81.5%)
reported their ethnic background as “British” and genetic
principal component analysis performed by UKB con-
curred; these subjects were analysed separately and the
results reported elsewhere. The remaining 92 924 subjects
(those who did not report their ethnic background to be
“British”, and those who self-identified as “British” but
UKB's principal component analysis suggested were not
British) were considered for this study.

Seven hundred and fourteen individuals were
removed during quality control. Of these: 129 had ambig-
uous genetic sex (a confounder in the calculation of sub-
jects' kidney function); 420 were related to other subjects
in the cohort (kinship coefficient > 0.044; the individual
with the most complete set of genetic data was included);
132 were removed at UKB's recommendation due to
“missing genetic data”; and 33 withdrew their consent to
be included in the study. There were 92 210 subjects
remaining after quality control.

As previous studies have suggested that HLA associa-
tions with renal function vary depending on ethnicity,
subjects were analysed only within their ethnic groups.
There were 23 different groups depending on subjects’
answers to the question, “What is your ethnic back-
ground?” Only groups of 1000 or more subjects were
analysed in this study in order to reduce type I and type
IT errors. A minimum cohort size of 1000 unrelated indi-
viduals provides 94% power to detect a genetic effect size
of 3%, assuming a 5% minor allele frequency (minimum
used in our analysis) and additive model. We used a sig-
nificance threshold of unadjusted P < .001 (correction for
multiple testing). Furthermore, ethnic backgrounds
which were unknown, mixed, or categorised as some-
thing “other” than the options provided (eg, “any other
white background”) were excluded from the analysis due
to possible heterogeneity. Finally, the subjects who self-
reported as “British” but whom UKB deemed not to be
British were also excluded. This left a total of six
ethnic backgrounds to be analysed: Irish (N = 13 071);
Indian (N = 5919); Black Caribbean (N = 4488); Black
African (N = 3386); Pakistani (N = 1822); and Chinese
(N = 1563). Table 1 shows the 23 ethnic groups, the
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number of subjects in each group, and whether the group
was included in the analysis (along with reasons for
exclusion if applicable).

2.2 | HLA typing

Subjects were HLA typed by UKB using single nucleotide
polymorphism imputation. HLA*IMP:02 software* was
used to impute the following HLA loci: HLA-A, B, C
(Class I) and DPA1, DPB1, DQA1, DQB1, DRB1, DRB3,
DRB4, and DRB5 (Class II) at a level equivalent to high-
resolution typing using eight reference datasets.
360 high-resolution HLA genotypes were imputed,
including a group of subjects who do not have genes at
HLA-DRB3/4/5."> Some alleles were excluded due to
their frequencies not being in Hardy-Weinberg

TABLE 1 Subjects by self-reported ethnic background

Immune Response Genetics

equilibrium (HWE), P < .00014. Overall, nine alleles
were excluded from particular ethnic groups due to HWE
analysis (one Irish, four Indian, one Black Caribbean,
one Black African, two Pakistani, and zero Chinese).
Only alleles with >5% frequency were considered for
analysis. There were a total of 108 alleles with >5% fre-
quency in at least one cohort (45 for Irish subjects,
56 Indian, 54 Black Caribbean, 55 Black African, 54 Paki-
stani, and 48 Chinese). Table 2 shows the alleles which
had >5% frequency in each ethnic group, as well as
which alleles were excluded due to HWE analysis.

2.3 | Measuring renal function

Renal function was primarily measured using estimated
glomerular filtration rate (eGFR), based on two

Self-reported ethnic group Self-reported ethnic background N Included in analysis
White Prefer not to answer 567 No*
British 32 662 No®
Irish 13 071 Yes
Any other white background 16 252 No
Mixed Prefer not to answer 48 No™¢
White and Black Caribbean 619 No**¢
White and Black African 423 No™¢
White and Asian 831 No**¢
Any other mixed background 1029 No°
Asian or Asian British Prefer not to answer 42 No?*
Indian 5919 Yes
Pakistani 1822 Yes
Bangladeshi 236 No*
Any other Asian background 1809 No¢
Black or Black British Prefer not to answer 27 No*
Caribbean 4488 Yes
African 3386 Yes
Any other Black background 123 No™¢
Chinese 1563 Yes
Prefer not to answer 1651 No¢
Do not know 216 No®*¢
Other ethnic group 4537 No®
Data missing 889 No™¢
Total 92 210

*Excluded as group size was less than 1000.

PExcluded as these subjects self-reported their ethnic background as “British”, but UKB's principal component analysis suggested they were

not British.

“Excluded as ethnic group was mixed or “other” or missing.
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TABLE 2 HLA alleles by ethnicity with >5% frequency and HLA alleles excluded due to HWE analysis

HLA-
A*01:01
A*11:01
A*11:02
A*02:01
A*02:02
A*02:07
A*23:01
A*24:02
A*26:01
A*30:01
A*30:02
A*03:01
A*33:03
A*68:01
A*68:02
A*74:01
B*13:01
B*15:02
B*15:03
B*35:01
B*35:03
B*40:01
B*42:01
B*44:02
B*44:03
B*46:01
B*51:01
B*52:01
B*53:01
B*57:01
B*58:01
B*07:02
B*08:01
C*01:02
C*12:02
C*12:03
C*15:02
C*16:01
C*17:01
C*03:02
C*03:04
C*04:01
C*05:01

Irish (%)
23.1
6.9

25.9

12.1
5.6

17.8
17.5

5.4
6.6
12.0

Indian (%)
15.2
13.4

5.2

11.6
5.5%

6.4
9.3
6.7

6.1

7.7
7.2

5.2

6.4

8.2
5.9
10.4

Black Caribbean (%)

9.2
7.1

51
22.4

Black African (%)

9.4
5.1

10.7

8.1
8.1
7.1
6.0

7.1
6.1

9.5
8.1

5.1
23.4

Pakistani (%)
15.9
13.3

a

5.8

114
7.1

5.8
7.2
7.4

9.1
7.4

9.6

7.9
6.9
10.3

Chinese (%)
24.0
8.7

8.6

14.9

59
6.3

13.4
5.1

9.4
10.5
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Pakistani (%)
13.6

8.1

14.2

32.7
24.7
6.8

16.5

5.4

38.1
7.5

16.2
9.2
18.5
14.6
7.3

30.0

18.1
8.9
13.9%
5.9
5.5

8.9

7.3
12.8

6.3
53

LOWE ET AL. H I_ A
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TABLE 2 (Continued)
HLA- Irish (%) Indian (%) Black Caribbean (%) Black African (%)
C*06:02 9.3 13.3 6.9 6.5
C*07:01 20.3 94 12.1 11.5
C*07:02 18.9 13.6 6.7 6.0
C*08:01 - - - -
C*08:02 5.7 = = =
DPA1*01:03 18.0 33.9 34.7 28.0
DPA1*02:01 14.3 24.6 32.6 32.7
DPA1*02:02 - 8.2 18.7 22.3
DPA1*03:01 = = 9.7 11.7
DPB1*01:01 - - 33.5 37.9%
DPBI*13:01 = 6.2 = =
DPBI1*17:01 N N 6.3 6.9
DPB1*18:01 - - 5.4 =
DPB1%02:01 10.1 18.4 8.9 7.9
DPBI*02:02 = = = =
DPB1%*26:01 - 5.1 - -
DPB1*03:01 9.5 = = =
DPB1*04:01 47.2 36.0 8.2 -
DPB1%04:02 8.8 7.4 11.6 12.4
DPBI1*05:01 - - - -
DQAI*01:01 12.4 18.0 13.1 13.4
DQAI*01:02 23.4 9.9 30.4 30.1
DQA1%01:03 = 20.6 = =
DQAI*02:01 15.7 15.0 10.4 8.9
DQAI*03:01 18.1 9.5 7.9 7.4
DQAI*04:01 - - 11.6 12.8
DQAI*05:01 23.3 21.6* 17.8 18.0
DQAI%06:01 - - - -
DQB1*02:01 17.5 12.2 12.4 12.9
DQBI*02:02 9.6 8.4 - -
DQBI*03:01 15.4 13.0 16.9 16.9
DQBI*03:02 8.5 7.9 - -
DQBI*03:03 5.1 5.6 = =
DQBI*04:01 - - - -
DQBI1%04:02 = = 7.3 8.0
DQBI*05:01 10.9 9.8 14.3 15.0
DQBI*05:02 = = = =
DQBI*05:03 - 8.6 - -
DQB1%06:01 - 14.6 =2 -
DQBI*06:02 18.8 - 17.3 16.1
DQBI*06:03 = 6.8 = =
DRBI*10:01 - 6.4 - -
DRBI*01:01 7.1 = = =

Chinese (%)

17.7
10.6

32.2
9.0
45.1

15.3
6.3

8.1
40.4
11.4
17.5
7.4
28.1
16.8
10.2
7.1
20.8
6.3
16.2
54

10.2

10.9

(Continues)
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TABLE 2 (Continued)
HLA- Irish (%) Indian (%) Black Caribbean (%) Black African (%) Pakistani (%) Chinese (%)
DRBI1#01:02 - - 5.1 5.7 - -
DRBI1*11:01 = 53 7.7 8.0 5.6 =
DRBI1#12:02 - - - - - 10.6
DRBI*13:01 — 6.5 — 5.7 6.0 —
DRBI1%13:02 - - 6.5 7.0 - -
DRBI1*15:01 19.2 9.8 = = 8.3 8.8
DRBI1#15:02 - 10.1 - - 9.5 -
DRBI1*15:03 = = 12.7 13.1 = =
DRB1*03:01 17.5 11.6 6.4 6.6 17.7 7.2
DRB1*03:02 = = 6.2 7.3 = =
DRBI1%04:01 9.8 - - - - -
DRB1*04:05 = = = = = 6.0
DRBI1#07:01 15.7 14.9 8.9 7.7 14.6 -
DRB1*08:03 = = = = = 6.2
DRBI1%08:04 - -2 6.5 7.0 - -
DRBI1*09:01 — — — — — 15.6
DRB3*01:01 19.5 5.8 13.4 14.5 5.1 -
DRB3*02:02 9.3 27.8% 24.0 24.6 353 20.3
DRB3*03:01 - - 9.4 10.1 - 11.6
DRB4*01:01 9.1 = 8.4 8.0 = =
DRB4*01:03 23.2 20.5 - - 19.1 27.8
DRB5*01:01 19.1 8.8 15.0 13.8 7.8 12.0
DRB3/4/5—no gene 12.5 10.7 15.0 15.6 9.4 8.7
No. alleles included in analysis 44 53 54 54 53 48

Note: “~"Allele had <5% frequency among this ethnic group so was excluded from analysis.
#Allele was not in HWE in this ethnic group so was excluded from analysis.

biomarkers: creatinine and cystatin. High levels of these
biomarkers in a subject's serum are a sign of decreased
renal function, while low levels are a sign of increased
renal function. Subjects with decreased renal function
have lower eGFRs than those with normal or increased
renal function. This study used the CKD-EPI method of
calculating eGFR,'® which adjusts for age, sex, and eth-
nicity. Two separate formulae were used: one based on
creatinine, and one based on cystatin. 2333 subjects were
missing creatinine values (7.8%) and 2322 were missing
cystatin values (7.7%), and were excluded from the
corresponding analyses. For both formulae, eGFR is mea-
sured in millilitres per minute and the unit of any eGFR
value reported in this text is “mL/min/1.73 m*”. eGFR
>120 mL/min/1.73 m? is considered healthy, with lower
eGFRs being indicative of decreasing renal function.
eGFR <60 is indicative of CKD stage 3, while eGFR
<15 mL/min/1.73 m? is indicative of CKD stage 5 (ESRD,

requiring RRT). A table summarising eGFRs by ethnicity
can be seen in Section 3.

Subjects were also sorted into categories based on
their eGFR and secondary “case-control” analysis was
performed. Subjects with eGFR (based on cystatin)
<90 mL/min/1.73 m? (a “mild” decrease in renal func-
tion, indicative of at least CKD stage 2 when combined
with evidence of kidney damage'”) were compared with
subjects with eGFR >90 mL/min/1.73 m* (“normal or
increased” renal function).

2.3.1 | Regression analysis

Linear regression analysis was used to test for associa-
tions between HLA alleles (the predictor variable) and
eGFR (a continuous outcome variable). Results of lin-
ear regression are reported in terms of beta values; an
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HLA allele with beta >0 indicates that the allele is
associated with increased eGFR (compared with sub-
jects who do not have the allele), while beta <0 indi-
cates that the allele is linked to decreased eGFR.
The magnitude of the beta value shows the size of the
association: the further from 0, the larger the associa-
tion. 188 subjects who had received RRT were excluded
from this analysis, as their eGFR values may have
suggested healthy renal function even though their
native function was poor. The total number of subjects
included in analysis of eGFR based on creatinine
was: 12140 Irish; 5427 Indian; 4068 Black Caribbean;
3012 Black African; 1649 Pakistani; and 1432
Chinese (27 728 total). For analysis of eGFR based on
cystatin, the number of subjects included was: 12143
Irish; 5428 Indian; 4068 Black Caribbean; 3017 Black
African; 1649 Pakistani; and 1434 Chinese (27 739
total). Separate regression analyses were performed
for each of the six ethnic groups and both eGFR
formulae.

Logistic regression analysis was performed to test
for HLA associations in subjects with eGFR (based on
cystatin) <90 mL/min/1.73 m* vs controls with eGFR
>90 mL/min/1.73 m®. After excluding subjects with
missing eGFR and those who had received RRT, there
were 12 752 cases and 14 987 controls (Irish: 5964 cases
and 6179 controls; Indian: 3199 cases and 2229 con-
trols; Black Caribbean: 1406 cases and 2662 controls;
Black African: 951 cases and 2066 controls; Pakistani:
905 cases and 744 controls; Chinese: 327 cases and
1107 controls). Results of logistic regression are
reported in terms of odds ratio (OR): HLA alleles with
OR > 1 are associated with increased risk of CKD,
while OR < 1 indicates decreased risk of CKD.

In all analyses, age and sex were included as
covariates. Bonferroni correction thresholds were
applied for each ethnic group based on the number of
alleles analysed within that group. Unadjusted P values
for significance ranged from P < .00114 (0.05/44, Irish
subjects) to P < .00093 (0.05/54, Black African subjects
and Black Caribbean subjects). Analysis of all genes
was performed using Plink software,'® except the anal-
ysis of subjects who have an absence of genes at HLA-
DRB3/4/5, which was performed using Stata/SE 13.0
(StataCorp).

3 | RESULTS

3.1 | eGFR values by ethnicity

Table 3 summarises the eGFR values calculated, stratified
by ethnicity. All calculated eGFR values are included,
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although some subjects were excluded from analysis due
to receiving RRT.

3.2 | Regression analysis

After correction for multiple testing, nine associations
were found between HLA and renal function in UK eth-
nic minority groups. Six of these relate to Black African

subjects: HLA-B*53:01 (beta = —2.628, adjusted
P = 469x107%); C*04:01 (beta = -1.667, adjusted
P = .0269); DPAI1*02:01 (beta = -1.569,

adjusted P = .0182); and DPA1*02:02 (beta = —1.716,
adjusted P = .0251) were linked to decreased eGFR
(based on creatinine) in Black Africans, while
DRBI#03:01 (beta = 3.200, adjusted P = 3.99 x 10™°) and
DPA1*01:03 (beta = 2.276, adjusted P = 2.31 x 10°) were
linked to increased eGFR (also based on creatinine). In
Irish subjects, HLA-DRBI1*04:01 (beta = 1.075, adjusted
P = .0138) was associated with increased eGFR (based on
cystatin)and decreased risk of CKD (stage 2 or worse;
odds ratio = 0.836, adjusted P = 8.16 x 107>). In Indian
subjects, HLA-DRB1*03:01 (beta = -1.72, adjusted
P = 478x107%) and DQBI*02:01 (beta = -1.755,
adjusted P = 2.26 x 10™%) were associated with decreased
eGFR (based on cystatin). There were no significant asso-
ciations found between HLA and eGFR for any of the
other three ethnic groups (Black Caribbean, Pakistani,
and Chinese). Table 4 shows all alleles significantly asso-
ciated with eGFR. The table also shows the frequency of
the allele within the ethnic group, the direction of the
allele’s association with kidney function (increase or
decrease), which eGFR formula the allele was associated
with (creatinine or cystatin), the beta value (the size and
direction of the association with eGFR) and
(if applicable) the odds ratio (size and direction of the
association with CKD stage 2 or worse). Adjusted and
unadjusted P values of the associations are provided.

4 | DISCUSSION

The findings suggest that there may be HLA alleles
which are associated with kidney function in BAME
groups in the UK, especially Black Africans. Some find-
ings replicated associations which had previously been
reported. HLA-DRBI1*03 has been found to be protective
against IgA nephropathy in European people'®; this study
found that DRBI1*03:01 was linked to increased renal
function in Black African subjects. On the other hand,
the same gene has been reported to be linked to increased
risk of kidney dysfunction in Taiwanese,” Saudi
Arabian,?' Turkish,® and Brazilian®* subjects. This study
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TABLE 3 Summary of calculated eGFR values
No. subjects with eGFR Average eGFR No. subjects with Average eGFR
based on creatinine based on creatinine eGFR based on based on cystatin in
Ethnicity calculated in mL/min/1.73 m? (SD) cystatin calculated mL/min/1.73 m? (SD)
Irish 12191 92.4 (13.3) 12 194 89.1 (16.2)
Indian 5475 94.6 (14.4) 5475 84.5 (18.4)
Black 4101 98.3 (17.7) 4100 94.5 (16.7)
Caribbean
Black 3038 102.0 (18.1) 3041 96.1 (16.8)
African
Pakistani 1662 97.0 (17.6) 1662 86.5(17.7)
Chinese 1435 98.2 (12.6) 1437 98.9 (13.5)

also found that HLA-DRB1*03:01 is linked to decreased
kidney function in Indian subjects. Similarly, HLA-
DRBI1*04:01 has been linked to increased renal function
in a study of Mexican subjects,” but decreased renal
function in two Chinese studies****> and one German
study.®® This study found HLA-DRBI1*04:01 to be associ-
ated with increased kidney function in Irish subjects.
HLA-DRBI1*03:01 and DRBI*04:01, therefore, appear to
have complex interactions with kidney function which
may differ depending on ethnicity. Furthermore, our
observation that HLA-B*53:01 is linked to decreased kid-
ney function in Black Africans replicated the findings of
a study of Venezuelan subjects, for whom the allele was
associated with increased ESRD.?” Finally, our finding
that HLA-DQB1*02:01 was linked to decreased kidney
function in Indians replicated a study of Chinese sub-
jects, for whom the gene was associated with increased
renal failure.”®

Two of the alleles linked to decreased kidney function
in Black African subjects (HLA-B*53:01 and C*04:01) form
a common (9.2% frequency) haplotype in African Ameri-
cans.”” D' = 0.824 for the linkage disequilibrium between
these genes. This suggests that the genes may not be inde-
pendently associated with renal function, but represent an
associated haplotype. HLA-C*04:01 was analysed in every
ethnic group except Chinese in this study but was only sig-
nificant in the analysis of Black Africans. This may suggest
that the gene itself does not contribute to decreased kidney
function, but its apparent association is a result of its strong
linkage disequilibrium with HLA-B*53:01. Alternatively, it
may be associated with renal function in other ethnicities
but this association may not have been detected due to
lower frequency (and therefore reduced power) in non-
Black cohorts. The other genes associated with renal func-
tion in Black African subjects do not appear to be part of
well-documented haplotypes.

Six of the nine significant associations relate to creati-
nine in Black African subjects. A possible reason for this

may be that creatinine levels are partially dependent on
muscle mass and are therefore affected by ethnicity.'®
This may particularly affect estimates of GFR for Black
subjects, who have higher muscle mass than other ethnic
groups on average.’® The CKD-EPI formula does adjust
for ethnicity, but it is possible that this adjustment is not
adequate, which could lead to false positive findings
when analysing Black subjects.

The different populations showed different allele fre-
quencies. 108 different alleles had >5% frequency in at
least one ethnic group, but only 15 had >5% frequency in
all six groups. As allele frequencies were so different
among the different ethnic groups, it was essential to
analyse ethnic groups separately in this study. The differ-
ing HLA frequencies across different populations may
explain why renal dysfunction is more prevalent in some
ethnic groups than others. However, Black African and
Black Caribbean cohorts showed similar frequencies for
many alleles, but none of the findings were replicated
across the two groups. This is typical of association stud-
ies between HLA and renal function; findings are often
not replicated even among apparently similar cohorts,
possibly due to environmental differences or other
genetic factors.

41 | Implications

These findings suggest that, even within a broadly
healthy population of people, HLA alleles may have an
impact on renal function. Absolute effect sizes range
from 0.62 to 3.20 mL/min/1.73 m®. One finding (HLA-
DRBI1#04:01 being linked to increased eGFR in Irish sub-
jects) was replicated in the secondary analysis of clinical
outcomes (the gene was linked to decreased risk of CKD
stage 2 or worse); this suggests that small beta values are
not a contraindication of clinical relevance. HLA typing
may, therefore, help predict which people are at
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increased or decreased risk of developing adverse clinical
outcomes. HLA association typing is already used to help
diagnose a number of diseases® *%; it may be possible to
use the findings of this study to help identify patients at
risk of developing renal dysfunction and provide them
with accelerated clinical pathways. It may particularly be
of importance in combination with other concomitant
clinical conditions like diabetes and hypertension which
have a direct impact on kidney function. Likewise, it may
be possible to use this data to reassure potential kidney
donors with very good and stable renal function about
long-term renal function. However, the findings are lim-
ited and additional research is required before these
changes could be enacted.

4.2 | Strengths and weaknesses

A strength of this study is that the primary outcome mea-
sure, eGFR, is an accurate and precise way to measure
kidney function. Renal function is a continuous spec-
trum, and eGFR reflects this. Previous studies, which
often used binary categorisations such as “ESRD or
healthy”, sacrificed precision by using these broad cate-
gories. The CKD-EPI method is particularly accurate
when assessing renal function in healthy individuals,** so
was the most appropriate formula for this study. Another
strength of this study may be the size of the study groups
(ranging from >1400 Chinese subjects to >12 000 Irish),
which are larger than many previous studies which have
attempted to find associations between HLA and renal
function. However, most previous studies used a case-
control methodology, rather than a retrospective cohort
methodology, so it is difficult to directly compare sample
sizes. The adjustment for multiple testing applied in this
study was stringent, with low P values required for
results to be declared significant. For this reason, signifi-
cant results are less likely to include type I errors. Age
and sex were adjusted as covariates, which further
reduces the chance of type I errors.

A limitation of this study is the HLA typing method
(imputation), which is not as accurate as direct
genotyping.®> The reason that imputation was used is
that it is more cost-effective than laboratory-based typ-
ing, which would have been prohibitively expensive.
The imputation program used by UKB, HLA*IMP:02,
was reported to be only 62% accurate when imputing
African American subjects. The same study found
another HLA imputation program, SNP2HLA, to be
92% accurate.’> However, only nine alleles were not in
HWE for particular ethnic groups (while 2151 were in
HWE, 99.6%), demonstrating that the frequencies of
alleles were consistent with expected frequencies. This

contributed to an increased confidence in HLA
assignment.

Although this study includes six different ethnic
groups (whereas most of the existing literature focuses on
only a single ethnicity), there were many ethnic groups
excluded from the analysis. Repeating the testing with
more ethnicities may lead to further discoveries, since it
appears that HLA associations with renal function vary
according to ethnic background. The study also used self-
reported ethnicity, which may be less accurate than eval-
uations of ethnicity based on more thorough genetic
analysis. The UKB dataset may also not be representative
of the respective populations. This would limit the extent
to which findings can be applied to the populations as
wholes. Finally, although study groups were relatively
large, the lack of significant findings suggests that larger
samples may be required in order to reliably detect asso-

ciations, particularly if the associations are small.

5 | CONCLUSION

This study identified nine HLA associations with eGFR
in people from BAME backgrounds in the UK. Six of
these relate to Black African, two to Indian and one to
Irish populations. One finding was replicated in the sec-
ondary analysis of clinical outcomes. No associations
were found for any of the other three ethnicities studied.
All of the alleles studied were in HWE and were present
in >5% of the relevant population. It is possible that there
are further HLA associations with renal function but this
study's cohort may not have been large enough to detect
these; future analysis with larger study groups and a
broader range of ethnicities may reveal additional
associations.
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13 Human leukocyte antigen associations with Covid-19 in the

United Kingdom

Marcus Lowe, Dr Antony Payton, Prof Arpana Verma, Dr Judith Worthington, Prof Kay Poulton

This paper was not submitted for peer-review as a similar study using the same data was
released in pre-print form in May 2020, before we were ready to submit. There have been
minor updates to the manuscript since then (such as the number of Covid-19 cases and

deaths) but most of the content has not changed.
13.1 Introduction

The UK has been severely affected by the Covid-19 pandemic. As of September 2022, over
22m cases had been reported, with over 200,000 deaths associated with the disease!®. The
disease is particularly dangerous to elderly people, those with underlying health conditions?®,
and certain ethnic groups'®®. Understanding the factors that make people more or less
susceptible to Covid-19 could help to shield particularly vulnerable people without placing

unnecessary restrictions on people who are at reduced risk of the disease.

Given the importance of an individual’s immune response in determining disease susceptibility
and severity, it is possible that genetic variations in immune response genes may be
implicated. Human leukocyte antigens (HLA), encoded within the major histocompatibility
complex, play a role in immunity and susceptibility towards a number of diseases including
respiratory!0’-1%° HLA types may be associated with Covid-19 outcomes, although research
in this area is extremely limited. Nguyen found that HLA-B*46:01 may be linked to increased
risk of Covid-19 as this allele had the fewest predicted binding peptides for SARS-CoV-2, while
HLA-B*15:03 may confer a protective effect as it was more able to present highly conserved
SARS-CoV-2 peptides!?®. Giamarellos-Bourboulis found that Covid-19 patients who
developed severe respiratory failure had lower HLA-DR expression than healthy controls!!!.
In arecent paper, Shi concluded that it is “imperative” to study whether HLA loci are associated
with the disease!!?. Here we present the results of a case-control study of over 700 Covid-19
cases and 387,000 controls. Subjects are of white British ethnicity and aged 50-86. The study
aims to discover HLA types which are associated with either increased or decreased risk of

Covid-19 infection.
13.2 Methods
13.2.1 Quality control and identification of study population

This study used data from UKB to test for associations between HLA type and Covid-19 in

756 Covid-19 positive subjects, 1,449 Covid-19 negative subjects, and 387,356 controls who
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had not been tested. UKB holds data on 502,616 subjects who were aged 39-73 when they
were recruited in the UK between 2006-2010. In the entire cohort, 3,002 subjects had been
tested for Covid-19 infection (though some were removed for quality control reasons); 1,073
had at least one positive test result, while 1,929 tested only negative. Many of the subjects
with negative test results were probably tested because they were suspected of having Covid-
19, perhaps because they were displaying symptoms of the disease or because they had had
close contact with a person who had the disease. Some may have tested negative because
they had already recovered from Covid-19, and some may have been false negatives caused
by equipment error, human error, or the subject being tested at the wrong stage of their
infection. These subjects were therefore analysed as a third category, alongside subjects who
tested positive and subjects who were never tested.

Of the entire cohort (n=502,616), 23,568 subjects were removed for the following quality
control reasons. 14,423 subjects were known to have died prior to the Covid-19 pandemic, so
could not be included in the healthy control group. 109 subjects withdrew their consent to be
included in the study. 806 had ambiguous genetic sex; these subjects were removed as sex
was used as a covariate in the analysis. 7,761 were related to other subjects in the cohort
(kinship coefficient 20.044; the individual with the most complete set of genetic data was
included), while 469 were removed at UKB’s recommendation due to “missing genetic data”.
This left 479,048 subjects in the cohort.

After quality control, 72.0% of the Covid-19 positive group was of white British ethnicity,
compared to 76.8% of the Covid-19 negative group and 81.4% of the control group,
highlighting ethnicity variation. To reduce population stratification influence and maintain
statistical power, all subjects who were not white British according to principal component
analysis were excluded from the analysis (n=89,487). In total, 389,561 subjects were included
in the final study group for analysis (756 Covid-19 positive, 1,449 Covid-19 negative, and

387,356 controls). Demographic data for the three groups can be seen in Table 2.

Table 2: Demographic data for subjects included in analysis

Covid-19 positive | Covid-19 negative | Healthy controls
Number of subjects | 756 1,449 387,356
Mean age (SD) 69.5 (9.1) 69.3 (8.7) 68.6 (8.0)
Male 54.6% 46.4% 45.5%

This table shows the demographics of subjects in each group. SD — standard deviation
13.2.2 Covid-19 testing

Data on subjects tested for Covid-19 infection was provided by UKB. 5,356 tests were
conducted on a total of 3,002 individuals between 16" March 2020-3" May 2020. According

to UKB, the “vast majority” of tests were carried out by polymerase chain reaction!®. 93
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independent laboratories performed the tests. Samples were taken from 26 locations on

subjects’ bodies; the most common location was upper respiratory tract (31.0%).
13.2.3 HLA typing

Subjects were HLA typed by UKB using single nucleotide polymorphism imputation.
HLA*IMP:02 software was used to impute the following HLA loci: HLA-A, B, C (class I) and
DPAL, DPB1, DQA1, DQB1, DRB1, DRB3, DRB4, DRB5 (class Il) at a level equivalent to high
resolution typing using eight reference datasets. 362 HLA types were imputed. To avoid
testing rare alleles, which could lead to misleading results, only alleles with >5% frequency
were considered for analysis (n=52). However, two of these were excluded due to their

frequencies not being in Hardy-Weinberg equilibrium (HWE), P<0.00014.
13.2.4 Regression analysis

Logistic regression analysis was used to test for associations between HLA alleles and Covid-
19 infection, adjusting for age and sex as covariates. Three tests were performed using the
cohorts described above: i. comparison of HLA frequencies of Covid-19 positive subjects
(n=756) with the frequencies of controls who had not had a Covid-19 test (n=387,356); ii.
comparison of Covid-19 positive subjects (n=756) with subjects who had tested negative for
Covid-19 (n=1,449); iii. comparison of Covid-19 negative subjects (n=1,449) with controls who
had not had a test (h=387,356). A Bonferroni threshold for significance of P<0.001 was applied
to reflect the fact that 50 alleles were analysed (0.05/50). Analysis was performed using Plink

software.
13.3 Results
13.3.1 HLA allele frequencies

52 alleles imputed by UKB had >5% frequency in the cohort as a whole. Two of these were
excluded from the analysis due to not being in HWE (P<0.00014): HLA-DQB1*02:02 (9.3%
frequency in the cohort) and DPB1*03:01 (9.1% frequency). The remaining 18 class | alleles
and 32 class Il alleles were included in all analyses. The alleles with >5% frequency are shown
in Table 3, along with their frequencies in each of the three test groups (Covid-19 positive

subjects, Covid-19 negative subjects, and subjects not tested for Covid-19).

Table 3: HLA types with frequency >5%

Class | Class Il
Frequency among Frequency among
Covid- | Covid- | Not Covid- | Covid- | Not
HLA- 19 pos | 19 neg | tested 19 19 neg | tested
A*02:01 | 27.0% |27.9% | 27.5% HLA- pos
DPB1*04:01 43.0% | 43.2% | 43.5%
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A*01:01 | 20.1% | 18.8% | 19.4% DRB4 —no gene | 32.2% | 35.0% | 35.0%
C*07:01 |17.6% |17.3% |17.6% DRB3 —no gene | 34.7% | 33.8% | 34.3%
C*07:02 | 16.4% |16.1% |15.8% DRB4*01:03 23.5% | 24.7% | 25.4%
B*07:02 | 14.9% | 155% | 14.8% DQA1*05:01 22.9% | 23.3% | 23.0%
A*03:01 | 15.7% |14.0% | 14.5% DQA1*03:01 17.3% | 20.4% | 20.4%
B*08:01 | 14.4% | 14.4% | 14.4% DQA1*01:02 20.2% | 18.3% | 19.1%
C*05:01 | 10.6% |11.4% |11.4% DPA1*01:03 18.3% | 18.2% | 18.5%
B*44:02 | 9.9% 11.4% | 11.2% DQB1*03:01 16.6% | 17.8% | 17.5%
C*06:02 | 9.9% 9.6% 9.0% DRB3*01:01 16.7% | 16.3% | 16.7%
C*04:01 | 8.1% 9.2% 8.3% DRBS5 —no gene | 16.4% | 15.4% | 15.3%
C*03:04 | 7.8% 7.5% 8.0% DQB1*02:01 15.2% | 15.4% | 14.9%
A*24:02 | 6.6% 7.4% 7.3% DRB1*03:01 15.1% | 15.2% | 14.9%
B*15:01 | 6.2% 6.2% 6.1% DPA1*02:01 14.2% | 14.7% | 14.6%
A*11:01 | 6.1% 6.1% 6.0% DQA1*02:01 14.4% | 14.9% | 14.6%
B*44:03 | 5.4% 6.2% 5.9% DRB1*07:01 14.1% | 14.9% | 14.6%
B*40:01 | 5.5% 5.3% 5.6% DRB1*15:01 15.3% | 14.7% | 14.5%
C*03:03 | 4.8% 5.3% 5.5% DRB5*01:01 15.2% | 14.6% | 14.4%
DQB1*06:02 15.3% | 14.5% | 14.2%
DQA1*01:01 15.0% | 14.4% | 14.2%
DRB3*02:02 13.7% | 14.2% | 13.3%
DQB1*05:01 12.5% | 12.2% | 12.0%
DRB1*04:01 10.1% | 11.3% | 11.1%
DPB1*02:01 12.2% | 10.9% | 10.8%
DPB1*04:02 9.9% |11.6% |10.7%
DQB1*03:02 8.5% |10.2% | 10.4%
DRB1*01:01 9.5% |9.0% |9.4%
DQB1*02:02 t 94% |9.9% |9.3%
DPB1*03:01 T 92% [84% |9.1%
DRB4*01:01 73% [84% |8.1%
DPB1*01:01 54% |57% |5.9%
DQA1*01:03 6.3% |54% |5.4%
DQB1*03:03 49% |51% |52%
DQB1*06:03 6.0% [5.0% |5.1%

Tnot in Hardy-Weinberg equilibrium so
excluded from analysis
This table shows the 18 class | and 34 class Il types which have frequency >5% in the
cohort. They are split by class and sorted in descending order of frequency, and alleles
which were not in Hardy-Weinberg equilibrium are noted.

13.3.2 Regression analysis

After correction for multiple testing, no HLA types were associated with Covid-19 infection in
any of the analyses performed. This suggests that either HLA is not associated with likelihood
of Covid-19 infection, or that this study was unable to detect associations that may be present.
One allele trended towards significance (P<0.01): HLA-DQA1*03:01, which may be lower in
Covid-19 positive subjects than subjects who had not been tested for Covid-19 (P=0.0038,
odds ratio 0.82, 95% confidence interval 0.72-0.94). However, due to Bonferroni correction for

multiple tests, this association cannot be considered statistically significant. The allele is seen
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in 20.4% of subjects not tested for Covid-19 and 20.4% of subjects who tested negative for
Covid-19, but only 17.3% of Covid-19 positive subjects.

13.4 Discussion

The findings suggest that no HLA types appear to be associated with increased or decreased
risk of Covid-19 infection in white British subjects aged 50-86. This may be due to insufficient
power; as more cases of Covid-19 are discovered and reported to UKB, the case group may

become large enough to detect HLA associations.

This study includes only white British subjects as there was not enough data on any other
ethnicity to conduct a meaningful analysis. Other than white British, the ethnicities with the
largest number of subjects positive for Covid-19 were Caribbean (35 positive, 30 negative),
Irish (34 positive, 60 negative), and “any other white background” (32 positive, 67 negative).
As the study only included white British people aged 50-86, the findings can only be applied
to this group. However, people from ethnic minorities are worse affected by the disease!®;
future studies should include a wider range of ethnicities to ensure that findings can be applied
to more of the population, and possibly reveal associations which are specific to particular
ethnicities. Similarly, studies of a wider range of ages may help to increase representativeness

of any findings.
13.4.1 HLA-DQA1*03:01: a nonsignificant trend

HLA-DQA1*03:01 trended towards significance and may prove to be linked to reduced risk of
Covid-19. This allele is more common among white people than ethnic minority groups in the
UK, except for Chinese people. Within the UKB cohort, the allele was seen in 20.4% of white
British subjects and 18.1% of Irish subjects, compared to subjects who self-reported their
ethnicity as Indian (9.5% frequency of HLA-DQA1*03:01), Caribbean (7.9%), African (7.4%),
Pakistani (7.3%), and Chinese (28.1%). If this allele does confer a protective effect against
Covid-19 then its frequency in these populations may contribute towards the observations that
Black, Bangladeshi/Pakistani, and Indian people are all more likely to die of the disease in the

UK than white people, while Chinese people are not at increased risk.

HLA-DQA1*03:01 is associated with increased risk of autoimmune diseases such as type 1
diabetes!'* and coeliac disease!'®!, It is possible that the allele is not protective against
Covid-19 itself, but rather against the symptoms of the disease. The allele may be linked to
increased immune response: this may explain both the lower rates of Covid-19 and the

increased risk of autoimmune disease!!”118,

HLA association typing is already used to help diagnose several diseases; it may be possible

to use association studies to help identify patients at increased risk of developing Covid-19
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and provide them with accelerated clinical pathways. However, the current findings are limited
as no allele was associated with increased risk of Covid-19; additional research is required
before such applications could be enacted. Such work may be able to confirm or refute the
possibility that HLA-DQA1*03:01 is protective against Covid-19.

13.4.2 Strengths and weaknesses

A strength of this study is that the statistical methods are robust enough to limit the risk of type
| errors. Including only HLA alleles with >5% frequency reduces the risk of misleading results
caused by a small number of subjects, which could happen if rare alleles were analysed.
Excluding alleles which were not in HWE also reduces the risk of inaccurate results by
ensuring that alleles are only analysed if their frequencies are consistent with frequencies that
might be expected in the general population. The adjustment for multiple tests and adjustment
for covariates (age and sex) also reduces the risk of type | errors. The statistical methods
might be improved in future analysis by matching cases to controls to ensure that the control
group accurately reflects the case group.

Another strength is that the ethnicity of the subjects was confirmed by genetic principal
component analysis; this is more accurate than self-reported measures of ethnicity.
Furthermore, the study focuses on subjects aged over 50; older people have higher mortality
rates from Covid-19'% so it is particularly important to focus research on how Covid-19 affects
middle-aged and elderly people. Similarly, males are more likely than females to die from
Covid-19%; this is reflected in the fact that the Covid-19 positive group was 54.6% male,

compared to 45.5% in the control group.

A limitation of this study is that the HLA typing method (imputation) is not as accurate as direct
genotyping®. The reason that imputation was used is that it is more cost-effective than
laboratory-based typing, which would have been prohibitively expensive. The imputation
program used was HLA*IMP:02, though Karnes’ review of competing programs suggests that
SNP2HLA is more accurate®. Nevertheless, the review stated that HLA*IMP:02 is 94%
accurate when imputing white subjects which is acceptable within the scope of this study, and
Bycroft estimated the accuracy of UKB’s imputed data to be >96%°%2. Furthermore, 360 of the
362 imputed alleles were in HWE (P>0.00014), suggesting that the majority of imputed allele
frequencies were consistent with frequencies that might be expected in a stable population.
The two alleles which were not in HWE (HLA-DQB1*02:02 and DPB1*03:01) were excluded
from the analysis. Another limitation is that the cohort may not have been large enough to
detect small genetic effects. As more data emerges, both from UKB and other sources, studies
may have greater power to find associations; in particular, they may be able to confirm or
refute an association with HLA-DQA1*03:01.
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It is probable that some subjects included in the healthy control group were miscategorised.
Some of them may have been susceptible to the disease but had not been exposed at the
time of analysis, some may have had the disease but not had a test (for example, because
they were asymptomatic, or because tests were not widely available so early in the pandemic),
and some positive test results may not have been received by UKB. These confounding
factors may mean that this study assesses merely which subjects were exposed to or tested
for the disease, rather than which subjects were susceptible to it. Furthermore, some subjects
may have died prior to the pandemic but UKB may have been unaware of this; these subjects
should have been removed during the quality control stage. As time progresses and UKB
receive more data, it may be possible to identify more subjects who belong in the case group
and reduce the number of miscategorisations in the control group. Larger cohorts may be
required to find associations (particularly if effect sizes are small). More accurate identification
of cases and controls may be valuable; ideally, everyone in the cohort should be tested
simultaneously, whether they are symptomatic or not.

Rather than searching for HLA associations with Covid-19 infection (based on PCR test
results, as presented here), it may be preferable to investigate whether any HLA types are
associated with increased or decreased presence of antibodies against Covid-19 (which would
suggest an increased or decreased ability to respond to the disease). HLA enables immune
response: it may not have any impact on the presence of the disease itself (in which case no
association would be found between HLA and Covid-19 test results), but certain HLA types
may nevertheless be associated with increased or decreased immune response to the
disease. Analysing the presence of antibodies would reveal whether subjects had had a Covid-
19 infection at any point, whereas the method presented here was only capable of identifying
subjects who were infected at the time of testing. Analysing antibodies, therefore, would be
expected to expand the “case” group and provide a more accurate reflection of which subjects
were susceptible to the disease. Unfortunately, data on whether subjects had antibodies to

Covid-19 was not available from UKB so it was not possible to perform this analysis.

Finally, the outcome data was quite basic. Subjects were categorised based on their Covid-
19 test results, but there was no survival data, nor any distinction between subjects based on
disease severity. More detailed data, such as death rates, hospital records, and categorisation
based on symptoms, may be useful in gaining a more detailed understanding of any link
between HLA and Covid-19.

13.5 Conclusion

This study did not identify any HLA alleles which are associated with risk of Covid-19 infection

in white British people aged 50-86 in the UK. All alleles studied were in HWE and were present
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in >5% of the cohort. It is possible that there are HLA associations with Covid-19 but this
study’s cohort may not have the statistical power to detect these; in particular, HLA-
DQA1*03:01 may be associated with reduced risk of testing positive for the disease. As more
cases emerge, studies using larger cohorts, more accurate and sophisticated categorisation

of subjects, and a broader range of ages and ethnicities may reveal associations.
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14 Kidney function is not associated with Covid-19 susceptibility or
mortality: a UK Biobank study of middle and old age, white British

individuals

Marcus Lowe, Dr Antony Payton, Prof Arpana Verma, Dr Judith Worthington, Prof Kay Poulton

This paper was submitted to Kidney International Reports on 12" February 2021 and to
Nephron on 17" February 2021 but was not selected for publication. There have been minor
updates since then (such as the number of Covid-19 cases and deaths) but most of the content

has not changed.
14.1 Abstract

There may be a link between Covid-19 and kidney function, but this has not yet been clearly

established.

This study uses UKB data on over 6,000 white British Covid-19 positive cases and over 30,000
white British Covid-19 negative controls. Logistic regression was used to test for associations
between Covid-19 infection and the following factors: kidney function (measured primarily by
eGFR) and associated susceptibility factors including age; sex; body mass index (BMI);
smoking status; and household deprivation (measured by Townsend deprivation index). Two
outcome measures were used: death within 28 days of Covid-19 diagnosis (247 cases, 5,976
controls); and Covid-19 test result (6,223 Covid-19 positive cases, 30,531 Covid-19 negative

controls).

Kidney function was not linked to susceptibility to Covid-19, nor mortality from Covid-19.
Factors associated with increased Covid-19 mortality were: older age (OR 1.15, P<1x109);
male sex (OR 1.51, P=0.006); and increased BMI (OR 1.037, P=0.013). Factors associated
with increased susceptibility to Covid-19 were: younger age (OR 0.946, P<1x10%); male sex
(OR 1.166, P=2.4x107); increased deprivation (OR 1.028, P=1.0x10%); and increased BMI
(OR 1.018, P=1.5x107).

After adjusting for confounding variables, kidney function was not shown to be linked to Covid-
19 susceptibility or severity. A number of factors were linked to the disease, replicating

previously published findings.
14.2 Introduction

The UK has been severely affected by the Covid-19 pandemic. By September 2022, over 22m
cases had been reported!?®, resulting in over 200,000 deaths'?. Elderly people, those with

underlying health conditions®®, and certain ethnic groups are most likely to experience more
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severe symptoms and a higher rate of mortality. Understanding the factors that determine
susceptibility to Covid-19 could highlight vulnerable people who would benefit from shielding

without placing unnecessary restrictions on others who are at reduced risk.

Poor kidney function is known to be linked to a reduced immune response!?:122, Research
suggests that individuals with lower levels of kidney function or kidney disease are at
increased risk of mortality from Covid-19%, and kidney transplant recipients with Covid-19
showed faster disease progression than the general population!?3, Although kidney disease
appears to be a predictor of Covid-19-related mortality, research into whether decreased
kidney function is associated with increased risk of Covid-19 infection is limited. Similarly,
Covid-19 may lead to, or exacerbate, kidney disease!?#1?5, although long-term studies of this
effect have not yet been conducted.

Here we present the results of a case-control study of over 6,000 Covid-19 cases and 30,000
Covid-19-negative controls from UKB!?5, Subjects are of white British ethnicity and aged 50-
86 years. The study aims to investigate whether lower kidney function (determined by eGFR)
is linked to increased risk of testing positive for the disease and worse disease outcome.

14.3 Methods
14.3.1 Quality control and identification of study population

This study used data from UKB to test for associations between Covid-19 and kidney function
in 6,223 Covid-19 positive subjects (247 of whom died within 28 days of testing positive)**3.
UKB holds data on 502,616 subjects who were aged 39-73 when they were recruited in the
UK between 2006-2010. 43,013 of these had been tested for Covid-19; 7,394 had at least one

positive test result, while 35,619 tested negative.

94,367 subjects were removed for the following quality control reasons. 27,953 subjects were
known to have died prior to the Covid-19 pandemic. 105 withdrew their consent to be studied.
849 had ambiguous genetic sex. 8,334 were related to other subjects in the cohort (kinship
coefficient 20.044), while 479 were removed at UKB’s recommendation due to “missing data”.
Finally, 56,647 subjects whose self-reported ethnicity was not “white British” were excluded,
as ethnicity is known to affect both kidney function and Covid-19 susceptibility. Ethnic groups
other than “white British” had insufficient Covid-19 cases to conduct a sufficiently powered

independent analysis.

Of the remaining 408,249 subjects in the cohort, 371,495 were never tested (91%). These
subjects were excluded from the analysis since their Covid-19 status was unknown. This left
a cohort of 36,754 subjects: 30,531 tested negative (83.1%), 5,976 tested positive and were
not known to have died within 28 days (16.3%), and 247 tested positive and died within 28
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days (0.67%). The demographics of these three groups can be seen in Table 4. All subjects
were aged 50-86 in October 2020.

Table 4: Characteristics of subjects studied

Tested negative | Tested positive, | Tested positive,
(n=30,531) survived died (n=247)
(n=5,976)
Average age (SD) 70.6 (7.9) 66.4 (8.7) 75.2 (6.0)
% male 47.0% 48.7% 62.8%
% never smoked 37.0% 37.7% 29.1%
Average BMI (SD) 27.9 (5.0) 28.3 (4.9) 29.5 (5.8)
Average Townsend deprivation index (SD) | -1.42 (3.0) -1.06 (3.1) -0.60 (3.3)
Average eGFR (SD) 87.8 (15.0) 91.7 (14.8) 81.2 (15.5)
% eGFR >90 (good kidney function) 50.1% 61.0% 35.2%
% eGFR <60 (poor kidney function) 3.8% 2.4% 7.3%

This table summarises the age, sex, smoking status, BMI, deprivation, and kidney function of
the three cohorts (subjects who tested negative, subjects who tested positive and survived,
and subjects who tested negative and died). SD — standard deviation; BMI — body mass
index; eGFR — estimated glomerular filtration rate

14.3.2 Covid-19 testing and death data

Data on subjects tested for Covid-19 was provided by Public Health England (via UKB'3).
75,395 tests were performed on a total of 43,013 individuals between 16" March 2020 and
30" November 2020. 9,903 positive results were reported, relating to 7,394 individuals.
According to UKB, the “vast majority” of tests were carried out by polymerase chain reaction!3,
143 laboratories performed the tests. Samples were taken from 38 locations on subjects’
bodies; the most common specimen type was nasal swab (31.9%). UKB received notification

and cause of death for deceased subjects directly from national death registries!?’.
14.3.3 Regression analysis

Logistic regression analyses were used to test for associations between Covid-19 and kidney
function. The first analysis used Covid-19 mortality as an outcome measure: 247 subjects who
died within 28 days of a positive Covid-19 test were compared with 5,976 subjects who tested
positive but did not die. This analysis aimed to discover factors associated with worse or better
disease outcome. The second analysis used Covid-19 test result as an outcome measure:
6,223 Covid-19 positive subjects (regardless of mortality) were compared with 30,531 subjects
who tested negative for Covid-19. This aimed to discover factors which are linked to risk of

being infected with the disease.

Kidney function was measured using eGFR (at the time of recruitment). eGFR is a measure
of kidney function based on levels of creatinine and cystatin in serum!?812° |t is a continuous

scale measured in ml/min/1.73m?. The volunteers’ eGFRs ranged from 4 (low kidney function)
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to 159 (high kidney function) and the average was 91 (SD 13.8). eGFR >90 is generally
considered to be healthy, while eGFR <60 is indicative of chronic kidney disease (at least
stage 3)'%°. eGFR <15 is indicative of end-stage renal disease, requiring renal replacement
therapy such as dialysis or transplantation®. The two regression analyses described above
used eGFR as a continuous measurement of kidney function. In a secondary analysis,
subjects were split into categories based on their kidney functions: subjects with CKD stage 3
or worse (eGFR <60) were compared to healthy controls (subjects with eGFR >90) using
logistic regression. The outcome measure was Covid-19 test result (6,223 positive subjects,

30,531 negative subjects).

Five confounders were included in the model. These comprised: age (as of October 2020);
sex; BMI (measured at the time of recruitment, 2006-2010, the average was 27.4, SD 4.7);
whether the subject had ever smoked (at the time of recruitment, 60% had smoked and 40%
had not); and the Townsend deprivation index (at the time of recruitment). The Townsend
deprivation index is a measure of deprivation in the subject’s home postcode, based on factors
such as unemployment, non-car ownership, non-home ownership, and household
overcrowding®®'132_ |t is a continuous scale; this study’s subjects ranged from -6.3 (least
deprived) to 10.8 (most deprived), with an average of -1.57 (SD 2.9). A Bonferroni threshold
for significance®® of P<0.025 was applied to reflect that two main analyses were performed
(investigating disease progression and disease susceptibility). Analysis was performed using
Stata/SE 13.0 (StataCorp).

14.4 Results
14.4.1 Disease progression

In subjects who tested positive for Covid-19, three factors were independent predictors of
death within 28 days (P<0.025). Age is linked to increased risk of death (OR 1.15, suggesting
that each extra year of age is associated with 15% higher chance of dying after a Covid-19
diagnosis, P<1x1079). Males are 51% more likely than females to die from Covid-19 (OR 1.51,
P=0.006). Increased BMI was linked to increased mortality (OR 1.037, suggesting each extra
BMI point increased risk by 3.7%, P=0.013).

Higher deprivation showed a non-significant trend linked to increased risk of death (OR 1.036,
P=0.105). There was no association found between risk of death and either kidney function
(P=0.20) or smoking status (P=0.99).

14.4.2 Disease susceptibility

When Covid-19 positive subjects were compared to the 30,531 subjects who tested negative,

all confounders but one were independently associated with susceptibility to Covid-19
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(P<0.025). Subjects who tested positive were younger than those who tested negative (OR
0.946, suggesting each extra year of age reduces risk by 5.4%, P<1x1079). Males were at
17% greater risk of testing positive than females (OR 1.166, P=2.4x107). Increased
deprivation increased risk (OR 1.028, suggesting each extra point on the Townsend
deprivation index increased risk by 2.8%, P=1.0x10%), as did increased BMI (OR 1.018,
suggesting each extra BMI point increased risk by 1.8%, P=1.5x10°). However, having
smoked in the past did not increase risk of contracting the disease compared to people who

have never smoked (P=0.57).

After adjusting for these factors, subjects who tested positive were not shown to have
significantly different eGFRs than subjects who tested negative for Covid-19 (P=0.16). This
suggests that kidney function is not linked to risk of contracting Covid-19. Similarly, the
secondary analysis did not find that subjects with CKD stage 3-5 were more likely to test
positive for Covid-19 than healthy controls (P=0.22).

14.5 Discussion
14.5.1 Implications

The findings suggest that, among white British people aged 50-86, kidney function was not
linked to risk of testing positive for Covid-19, nor to mortality rates after a positive test. We
suspected that there may have been associations, since decreased kidney function is known
to have an adverse effect on the immune system?!?L, It is possible that there is a small effect
that was not detected by this study; larger studies may be able to confirm or refute this.
However, based on the evidence presented here, people with reduced kidney function are not
at increased risk of becoming infected with Covid-19, nor increased risk of mortality if they are

infected.

A number of factors were linked to Covid-19 infection, including age, sex, BMI, and
deprivation. Older people (within the cohort of 50-86-year-olds) were less likely to have a
positive test. This may be because they took greater precautions to avoid the disease, knowing
older people are more vulnerable to the disease!®. This study replicated the finding that older
people who test positive are more likely than younger people to die within 28 days. Males were
both more likely to test positive for Covid-19 and more likely to die if they tested positive (by
16% and 51% respectively). A meta-analysis also found that males are more likely to die from
Covid-19 than females®*. Living in a deprived area was a significant risk factor for testing
positive for Covid-19: people who lived in areas with high levels of unemployment and
household overcrowding, and low levels of car- and home-ownership were more likely to test

positive. They may be more likely to die soon after diagnosis, though this trend was not
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statistically significant. Higher BMI was linked to an increased proportion of positive tests, and

also increased mortality rates.

Smoking status was not associated with Covid-19. The data presented in Table 4 appears to
suggest that smokers were more likely to die than non-smokers: 71% of people who died had
smoked in the past, compared to only 62% of people who survived Covid-19. Before adjusting
for covariates, this was a significant association (OR 1.463, P=0.008). However, when the
regression analysis adjusted for covariates (age, sex, BMI, eGFR, and deprivation), this
association was not significant (P=0.99). The apparent discrepancy appears to be caused by
the fact that men are more likely to smoke than women (66% v 59% among people who tested
positive for Covid-19), and smokers are older than non-smokers on average (67.4 years v 65.6
years among Covid-19 positive subjects). Male sex and increased age are both linked to
increased Covid-19 mortality but smoking alone does not appear to be an independent
predictor of Covid-19 death.

14.5.2 Strengths and limitations

A strength of this study is the large cohort size. Over 6,000 cases and 30,000 controls gave
the study considerable statistical power to detect associations, with high confidence. The use
of multiple outcome measures (testing positive for Covid-19, and mortality after a positive test)
allowed us to draw conclusions about both susceptibility to, and progression of the disease.
In some cases, the associations were similar (being male is linked to higher risk of getting the
disease and higher risk of dying), while others appear to be contrasting (older subjects are
less likely to get the disease but more likely to die from it). These two outcome measures
together contribute to a clearer understanding of the disease pathway than either measure

alone.

A limitation of the study is that data on eGFR, smoking, BMI and deprivation (collected 2006-
2010) may have changed in the intervening years. In some cases, this is not a problem:
genetic sex does not change, and current age was calculated. In other cases, this may reduce
the accuracy and reliability of the findings. Furthermore, subjects’ smoking status was self-
reported, based upon responses to a questionnaire, which may also impact on accuracy.

However, the fact that our results support previous findings suggests that the data is valid.

Another potential weakness is the possibility of missing or inaccurate outcome data. Covid-19
test results are provided to UKB by PHE. If PHE data is incomplete, or subject to delay, then
some subjects who should have been categorised as “cases” of Covid-19 may not have been
included in the study. Similarly, others may have had Covid-19 but were not recorded as

“cases” due to not having been tested at all, or false negative test results, or tested at the



57

wrong stage of their infection. Others may be susceptible to Covid-19 but not exposed in the
time period studied (up to the end of November 2020). As more cases are discovered and

reported, the accuracy of the “case” and “control” groups is expected to increase.
14.6 Conclusion

This study has identified a number of factors which are linked to risk of testing positive for
Covid-19 and risk of dying within 28 days of a positive test. Notably, kidney function was not
linked to risk of testing positive nor to mortality. Factors that increased the risk of having a
positive test were: male sex; younger age; increased BMI; and living in a deprived area. Risk
factors for dying within 28 days of testing positive were: older age; male sex; and increased
deprivation. Future studies may benefit from more comprehensive data and may confirm these
findings and identify other factors which are linked to either susceptibility or mortality from
Covid-19.



58

15 Discussion

15.1 What has been found?
15.1.1 Comparison with previously published HLA associations with renal function

Over 100 HLA types and haplotypes were found to be linked to kidney function in 35 peer-
reviewed papers, including two that were published as part of this project. This study collated

these findings and published them in a single place for the first time®.

A number of the associations published previously were replicated by this study. For example,
HLA-DRB1*03 was associated with decreased kidney function in white British subjects by this
study, and was also linked to kidney dysfunction by four other studies. Multiple other findings
were replicated in other studies; section 10 gives a comprehensive list of these. Findings which
are independently replicated are generally more valid than findings which are not replicated,

particularly if the findings are discovered in well-designed studies with high statistical power.

However, some of this study’s findings contradicted previous findings. For example, HLA-
DRB1*04 was linked to poor renal function by multiple previous studies (though one study
found it to be protective against ESRD); in this study it was associated with increased eGFR
in white British subjects and Irish subjects. HLA-DRB1*04 has also been linked to other
diseases such as Vogt-Koyanagi-Harada’s disease'® (which affects many bodily systems
including vision and the nervous system) and rheumatoid arthritis'*¢, which is also linked to

kidney disease®®’. Again, section 10 lists all contradictory findings.

Finally, some of my findings neither replicated nor refuted previous literature. A lack of
concordance with previous studies does not necessarily mean that the findings are inaccurate.
HLA types seem to have different effects in different populations, so it may be that the
associations found can be applied only to the population studied. It may also be the case that
this study is uncovering novel associations with renal function which previous studies were

unable to detect.

The fact that most previously reported findings have never been replicated by any other study
suggests that many may be type | errors rather than true associations, possibly due to poor
methodology. Issues such as low statistical power, sub-optimal measures of renal function,
and failure to adjust for multiple tests could all contribute to such errors. The discussion section
of the systematic review paper (section 10) outlines these problems, while section 15.5 details

the steps | took to avoid them in my study.
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15.1.2 White British subjects

In my study of over 400,000 white British subjects, 22 HLA types were linked to increased
eGFR and 11 HLA types were linked to decreased eGFR®. Seven of these were also
associated with increased risk of end-stage renal disease and/or chronic kidney disease. Many
of these types are in linkage disequilibrium (LD) with each other and are commonly inherited
together. As mentioned above, some of the findings replicated previous results while some

refuted them.
15.1.3 Subjects of other ethnicities

| investigated six further ethnicities (>12,100 Irish subjects, >5,400 Indian, >4,000 Black
Caribbean, >3,000 Black African, >1,600 Pakistani, and >1,400 Chinese)!®. There were six
associations between HLA and renal function found in Black African subjects (four hazardous
and two protective), while two types were found to be hazardous in Indian subjects, and one
type was protective in Irish subjects. No HLA associations were detected in the remaining
three ethnic groups. As above, some findings replicated previous publications (e.g., HLA-
B*53, which was linked to reduced renal function in Black Africans as well as two previous
studies), while others had not been seen before or refuted previous results (including HLA-
DRB1*03:01: this study linked the allele to increased kidney function in Black Africans, but

reduced renal function in white British and Indians).
15.1.4 Covid-19

The analysis of the relationship between HLA, kidney function, and Covid-19 revealed limited
findings. Although | was able to replicate well-known observations regarding risk factors for
Covid-19 (such as age, male sex, and increased deprivation), there were no significant
associations detected between Covid-19 and HLA, nor Covid-19 and eGFR, in my studies of
white British subjects aged 50-86. Kidney disease is thought to be linked to Covid-19 risk (see
section 6.7), but my study did not find a link between eGFR and Covid-19. It may be that
severe kidney dysfunction is hazardous but a small decrease in eGFR is not enough to
contribute to Covid-19 in people whose kidneys are broadly healthy. Or it may be that my

study had insufficient power to detect an effect.

Similarly, HLA type is thought to be associated with Covid-19 (though the exact alleles and
their effects are not widely agreed upon, see section 6.7), but my study of white British subjects
aged 50-86 did not find any alleles to be linked to Covid-19. One allele appeared to be
associated with reduced risk of testing positive for Covid-19 (HLA-DQA1*03:01, OR 0.82,
P=0.0038), but this was not significant after Bonferroni adjustment (the threshold for

significance was P<0.001). A different study of 96 Covid-19 positive Indian subjects found that
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this allele was linked to more severe symptoms*3. However, the sample size was very small
and it is not clear whether there was any adjustment for multiple testing. In any case, this
finding does not necessarily contradict my (tentative) finding that the allele may reduce the
risk of testing positive: it merely suggests that the allele is linked to worse outcomes for people

who do test positive.
15.2 Notes
15.2.1 Type | and type Il errors

Much of section 15 refers to “type I” and “type II” errors. “Type | error” describes a “false
positive” finding. In this study, a false positive would mean that an HLA type which is not
associated with renal function is incorrectly found to have an association. This could be a
result of subjects being wrongly classified as a “case” of renal dysfunction, when they should
be considered a “control”. This could lead to their HLA types being found to have an
association with renal failure. Inversely, it is also possible that a type is wrongly found to have
a protective effect against renal failure. This would be a result of subjects being wrongly

considered “controls” when they should be considered “cases”.

“Type Il error” describes a “false negative” finding. In this study, a false negative would mean
that a type which is associated with renal function is incorrectly found to have no association.
This could be a result of subjects being wrongly classified as a “control”, when they should be
considered “cases” of renal dysfunction. This could lead to their HLA types being found to
have no association with renal function. Inversely, a type could be found to have no
association with renal function when in fact it has a protective effect against renal failure. This
would be a result of subjects being wrongly considered “cases” when they should be
considered “controls”. Insufficient statistical power is a major cause of both type | and type Il
errors; the large sample size of this study reduces the chance of these errors, though they can

also result from poor study design or methodology, and biased or inaccurate data.
15.2.2 P values

Different P value thresholds were used to denote significance (for example, P<0.00014,
P<0.001, and others). These were calculated by dividing 0.05 (the standard P value for
significance) by the number of HLA types included in the analysis. This means that, when
“raw” or “unadjusted” P values for HLA types are reported, it may not be clear whether they
are significant without having the threshold P value in mind. Paper 3 avoided this problem by
presenting the raw P value alongside an “adjusted” P value. The adjusted P value was
calculated by multiplying the raw P value by the number of HLA types included in the analysis.

An adjusted P value of <0.05 was always significant, regardless of the analysis being
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performed. This made the interpretation of results simpler as it was clear “at a glance” whether

the adjusted P value is significant.
15.3 Attempt to validate findings
15.3.1 Introduction

In order to validate the associations reported in this study, | investigated the HLA type
frequencies of patients who received a kidney alone transplant at Manchester Royal Infirmary
and Royal Manchester Children’s Hospital. For each of the alleles that this study reported to
be associated with kidney function, its frequency among transplant recipients was compared
to its frequency observed in the UKB cohort, which served as a “healthy control” group. Alleles
that were protective according to the published papers were expected to be less common in
the transplant recipient group than in the UKB cohort, while alleles that were hazardous were
expected to be more frequent among transplant recipients than in the UKB cohort.

15.3.2 Methods

602 kidney transplant recipients had been HLA typed by NGS. Of these, seven did not have
ethnicity data recorded (1.2%), while a further 76 ethnicities were recorded as “prefer not to
say” (12.6%). The self-reported ethnicities of the remaining 519 patients can be seen in Table

5. Ethnicities with fewer than five patients are reported as “<5” to preserve patients’ anonymity.

Table 5: ethnicities of kidney transplant recipients

Ethnicity Count | Percent
White British 340 65.5%
Asian Pakistani 56 10.8%
Black African 38 7.3%
Asian Indian 18 3.5%
Gypsy or Irish Traveller 11 2.1%
Other Ethnic Group 11 2.1%
White Irish 10 1.9%
Other Asian Background 8 1.5%
Black Caribbean 7 1.3%
Any White Background Not Listed |5 1.0%
Asian Bangladeshi <5 <1.0%
Chinese <5 <1.0%
Mixed White and Asian <5 <1.0%
Mixed White and Black Caribbean | <5 <1.0%
Other Black Background <5 <1.0%
Other Mixed Background <5 <1.0%
Total 519 100%

This table shows the ethnicities of kidney transplant recipients. Patients without ethnicity
data are excluded (data missing n=7, “prefer not to say” n=76).
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There were 33 HLA alleles linked to kidney function in white British subjects, six linked to
kidney function in Black African subjects, two linked to kidney function in Indian subjects, and
one linked to kidney function in white Irish subjects. Only the findings in white British subjects
were validated as there was insufficient data for the other ethnic groups. There were 340 white
British transplant recipients included in the validation. | performed a logistic regression for

each allele to test for associations between HLA and the need for renal transplantation.

Associations relating to HLA-DRB3 and DRB4 were not included in the validation; differences
in typing methodology between the UKB method (imputation) and the NGS method used for
the transplant recipients meant that frequencies for alleles at these loci could not be directly
compared. In the UKB cohort, the sums of the frequencies of all HLA-DRB3 and DRB4 alleles
(plus the frequencies of “no gene” at these loci) were 68.1% and 68.4% respectively (rather
than 100%). This is because some imputed allele calls were excluded due to the posterior
probability threshold of 0.8 (see section 6.6.4). The sum of the allele frequencies in the
transplant recipient population (who were typed by NGS) was >98.8% for each locus
(indicating a very small number of missing values). As a result, the frequencies in the
transplant population appear to be higher than the frequencies in the UKB cohort for HLA-
DRB3 and DRBA4, but this is misleading because the UKB frequencies are atrtificially reduced
by allele calls being excluded. Therefore, for these loci, the frequencies in the UKB cohort and
the transplant population cannot be directly compared. This problem does not apply to other
loci (HLA-A, B, C, DRB1, DQA1, and DQB1) because these loci had fewer allele calls removed
due to posterior probability, so the sums of the allele frequencies for these loci were all
>95.0%.

15.3.3 Results

The allele frequencies in the UKB cohort and among transplant recipients can be seen in Table
6. The table also shows the results of the logistic regression (odds ratio and P value). An odds
ratio >1 suggests that the allele is more common among transplant recipients than in the UKB
cohort, while an odds ratio <1 suggests the opposite. P<0.0018 was considered significant

after Bonferroni correction (0.05/28).

Table 6: allele frequencies in UK Biobank cohort and among renal transplant recipients

HLA- Allele frequency in Allele frequency Odds ratio | P value
UK Biobank cohort among transplant
recipients
Alleles previously associated with decreased renal function
A*01:01 19.4% 20.1% 1.05 NS
A*03:01 14.5% 13.4% 0.91 NS
B*07:02 14.8% 15.1% 1.03 NS
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B*08:01 14.4% 14.4% 1.00 NS
C*07:01 17.6% 17.4% 0.98 NS
C*07:02 15.8% 16.2% 1.03 NS
DQA1*05:01 | 23.0% 14.4% 0.56 <0.0001
DQB1*02:01 | 14.9% 14.6% 0.97 NS
DRB1*03:01 | 14.9% 14.6% 0.98 NS
Alleles previously associated with increased renal function

A*25:01 1.6% 2.8% 1.75 NS
A*29:02 4.2% 2.9% 0.68 NS
A*32:01 3.5% 3.5% 1.02 NS
B*14.01 1.2% 1.0% 0.89 NS
B*14.02 2.5% 2.1% 0.81 NS
B*44:.03 5.9% 4.4% 0.74 NS
C*02:02 3.6% 3.5% 0.98 NS
C*05:01 11.4% 10.0% 0.87 NS
C*08:02 3.6% 2.6% 0.73 NS
C*12:03 2.8% 3.5% 1.26 NS
C*16:01 4.4% 2.8% 0.62 NS
DQA1*02:01 | 14.6% 12.4% 0.83 NS
DQA1*03:01 | 20.4% 11.0% 0.49 <0.0001
DQB1*03:02 | 10.4% 12.4% 1.22 NS
DQB1*06:01 | 0.4% 0.3% 0.70 NS
DQB1*06:09 | 1.0% 0.3% 0.29 NS
DRB1*04:01 | 11.1% 13.4% 1.23 NS
DRB1*07:01 | 14.6% 12.1% 0.80 NS
DRB1*15:02 | 0.4% 0.3% 0.71 NS

This table shows allele frequencies in the UK Biobank cohort and among renal transplant
recipients. It also shows the results of logistic regression between these two groups. NS —
not significant

Two significant associations were found. HLA-DQA1*05:01 and DQA1*03:01 were both less
common in the transplant cohort than in the UKB cohort (P<0.0001), suggesting that these
alleles are protective against renal failure. In the case of HLA-DQA1*03:01, this replicates the
finding reported in this thesis. However, the finding relating to HLA-DQA1*05:01 contradicts
the finding reported in this thesis. The other associations reported in this thesis were neither

replicated nor refuted by this validation.
15.3.4 Discussion

It is concerning that a finding from this thesis (linking HLA-DQA1*05:01 to decreased renal
function) was refuted by this validation. Confidence in this finding was initially high because
two separate outcome measures found the same association: the allele was linked to lower
eGFR and increased risk of CKD (see section 11). The allele was therefore expected to have
higher frequency among transplant recipients than the UKB cohort. However, contrary to this
expectation, the allele had 23.0% frequency among white British subjects in the UKB cohort
and only 14.4% frequency among the 340 white British transplant recipients in this validation

(OR 0.56, P<0.0001). | attempted to confirm the frequency of this allele among white British



64

people but found conflicting reports. One study of 177 “Caucasoid” subjects from England
reported a frequency of 22.0%*2°, but another study of 114 “Caucasoid” subjects from England
reported a frequency of 15.4%°, It is therefore unclear which of the frequencies observed in
this validation (23.0% in the UKB group, or 14.4% in the renal transplant recipient group) is
closer to the true frequency in the entire white British population. It is possible that this
validation underestimated the allele’s frequency among transplant recipients (14.4%
observed), though there is no particular reason to suspect this. Such an error could be caused
by the relatively small sample size (n=340). Future studies may be able to clarify whether this
allele is truly associated with renal function (see section 16.4). On the other hand, it is
reassuring that the finding relating to HLA-DQA1*03:01 (i.e., that it is linked to increased renal
function) was replicated by this validation. Other findings were neither refuted nor replicated.

There are significant limitations which mean that drawing conclusions from this validation may
not be possible. Firstly, the two groups were HLA typed by different methods, which may
introduce errors and/or bias; future studies should use the same methods for both groups to
ensure that the analysis compares HLA types on a ‘“like for like” basis. This would allow
validation of the findings relating to HLA-DRB3 and DRB4, which were excluded from this
validation (see section 15.3.2). Secondly, not all subjects in the UKB cohort have good kidney
function, so they cannot all be considered “healthy controls”. Future studies should ensure
that the control group is comprised entirely of subjects with good kidney function. Thirdly, not
all transplants performed at Manchester Royal Infirmary were included as some recipients did
not have high-resolution HLA typing data; future studies should ensure that all transplants are
included (subject to other inclusion criteria such as a specific time period) to reduce the risk of
bias. A small number of subjects were missing ethnicity data, though there is no reason to

think that there is a bias relating to which subjects did not have ethnicity recorded.
15.3.5 Conclusion

To conclude, the majority of the findings reported in this thesis were not replicated by this
validation. One finding was replicated but one was refuted. The analysis should be repeated
with bigger, better-defined case and control groups, with fewer subjects excluded due to
missing data. This future study should include more HLA types than the 28 that were analysed
here, and the case and control groups should be treated identically (including using the same

HLA typing method for both). This recommendation is also mentioned in section 16.4.2.
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15.4 Implications and applications
15.4.1 Haplotypes and linkage disequilibrium

During recombination, the cutting of DNA is not random, resulting in groups of genetic
variations being inherited together more often than would be expected if a process of random
pairing was occurring. When two loci are inherited together more often than they would be by
random chance, they are said to be in LD. For example, Vogel and Motulsky4* showed that
Danish subjects who expressed HLA-A1 were significantly more likely than the general Danish
population to express HLA-BS.

The reliability and validity of some of the findings of this study are increased by the fact that
some of the HLA types that were associated with kidney function are in LD with each other.
For example, every allele in the haplotype HLA-A*01:01, B*08:01, C*07:01, DRB1*03:01,
DRB3*01:01, DQA1*05:01, DQB1*02:01 was linked to decreased kidney function in white
British subjects. The haplotype has 9.5% frequency in the English population'4?; if the alleles
were distributed randomly throughout the population then the frequency of this haplotype

would be much lower.

The reason that the tight LD between these types may increase the validity of the findings is
that it might suggest that the analysis is identifying associations with an area of the genome,
rather than with a single HLA type. This is because these (apparently independent)
observations are identifying alleles which are commonly inherited together more often than
would be expected by chance. However, it could also be the case that a type | error for one
HLA type would increase the likelihood of a type | error for another type if the types are in

moderate/strong LD.
15.4.2 Clinical applications

The findings made in this study may have an impact on clinical practice. Genotyping patients
(to assess whether they express genes associated with renal failure) could be used as a
screening tool to help predict renal failure even before symptoms have begun to manifest.
Subjects with genetic variations which are associated with renal failure could potentially have
their renal function tested more regularly than subjects without such variations, in order to
effect faster diagnoses and inform treatment pathways while the kidney failure is at its least
severe. Although potential renal transplant recipients are HLA typed prior to entry on the
national renal transplant waiting list, their HLA type does not influence the course of their

treatment at present.

Another possible application of this study’s findings could be a change in the way organs are

allocated for transplantation. Patients with HLA types linked to reduced renal function are more
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likely to need a kidney transplant, and they may also be less likely to receive an offer for a
deceased donor kidney. This is because the HLA match between donor and recipient is an
important factor in organ allocation!*® as it is known to affect graft survival**. For patients with
hazardous HLA types, kidneys that match their HLA type have lower function on average (by
definition) and thus may be less likely to proceed to donation. This means that there may be
fewer well-matched kidneys available for patients who have hazardous HLA types. If this is
the case, these patients could be given priority or increased weighting when kidneys become
available for transplantation to redress this imbalance. However, it is not clear that people with

hazardous HLA types are in fact less likely to proceed to donation. More research is required.

In order for this study to have an effect in a clinical setting, the findings will need to be
replicated using an independent cohort. Any changes to clinical practice would also need to
be assessed in terms of efficacy and cost-effectiveness, as well as any possible ethical, legal,
or political issues regarding the equality and equity of access to healthcare.

15.5 Strengths of this study
15.5.1 Sample size

UKB’s dataset of over 500,000 subjects meant that large sample sizes were possible in these
analyses. The study of white British subjects included over 380,000 subjects for the primary
outcome measure of eGFR, while the secondary outcome measures saw case groups of
11,379 (ESRD), 4,794 (CKD), 1,412 (RRT), and 437 (kidney transplant recipients). The study
of subjects from ethnic minorities had smaller study groups: 12,191 Irish, 5,475 Indian, 4,100
Black Caribbean, 3,038 Black African, 1,662 Pakistani, and 1,435 Chinese subjects were
included in the eGFR analysis, while the CKD (stage 2 or higher) groups ranged from 327-
5,964 depending on ethnicity.

This is the largest study of its kind. The analysis of eGFR in white British subjects had 80%
power to detect a difference of ~0.35 eGFR points in an allele with 10% frequency compared
to subjects without the allele, given a P value threshold of 0.00014, an average eGFR of 90
(x14), and a sample size of 380,000. The analysis of ESRD in white British people had 80%
power to detect an odds ratio of 1.137 in an allele with 10% frequency, given a P value
threshold of 0.001 and a group of 11,000 cases. The analyses of other ethnicities and other

outcomes, which all used smaller study groups, had less power than this.

The power of this study compares favourably to those that have been published before. In the
studies included in the systematic review (other than my own), the median number of subjects
in the study group (i.e., subjects with renal dysfunction) was 163, while the median control

group size was 191. A case-control study of 163 cases and 191 controls would have 80%
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power to detect an odds ratio of ~2.4 in an allele with 10% frequency (assuming a P value
threshold of 0.05, i.e., without any correction for multiple testing). That is much less statistically
powerful than this study, and adjusting for multiple testing would reduce the power further. Of
course, half of the studies had even smaller sample sizes, including seven which included only
16-50 subjects with kidney dysfunction. Given that the largest odds ratio reported in my study
was 1.122 (for the association between HLA-DRB1*03:01 and CKD, P=3.6x10°,
frequency=14.9%, CKD case group=4,794), it appears that many of the previous studies used
sample sizes that were too small to reliably detect associations, particularly for low-frequency
alleles. The problem was averted in this study by the large sample sizes used. The high

statistical power of this study reduced the risk of type | and type Il errors.
15.5.2 Measures of renal function

The primary outcome measure of this study was eGFR. This is the standard clinical measure
of kidney function. Previous studies tended to use inferior outcome measures, which could
increase the risk of errors. The majority treated renal function as a categorical variable, with
subjects classed as either healthy or unhealthy based on eGFR or clinical diagnoses. In fact,
renal function is a spectrum with a wide range of possible values; a continuous measure such
as eGFR is preferable as it provides a more precise measurement of kidney function. In this
study, categorical measures of kidney function were used as secondary outcomes only. In a
number of cases, analysis of these secondary outcomes successfully replicated findings from

the primary outcome.
15.5.3 Statistical methods

The statistical methods and quality control were of a high standard, reducing the risk of errors.
Bonferroni correction was used to account for the fact that many different statistical tests were
performed; this reduced the chance of type | error. Many previous studies did not make such
an adjustment. However, this correction is very stringent and may increase the chance of type

Il errors*.

As an alternative to Bonferroni correction, | applied Benjamini-Hochberg correction to my
analysis of eGFR in white British subjects. This method would have resulted in an additional
13 alleles being considered statistically significant. This would have raised the number of
alleles linked to increased kidney function from 22 to 30, and the number of alleles linked to
decreased kidney function from 11 to 16. The additional protective alleles identified were: HLA-
A*11:01, A*26:01, B*27:05, B*35:01, B*38:01, B:40:02, B*44:02, and DRB1*04:04. The
additional hazardous alleles identified were: HLA-B*40:01, C*03:04, DRB1*14:01,
DRB3*02:02, and DQB1*05:03. The analyses of other outcomes and other ethnicities may
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also have seen an increase in significant findings if Benjamini-Hochberg correction had been

used instead of Bonferroni.

Quiality control also ensured that the data analysed was of a high standard. This included
removal of certain subjects based on poor quality or missing data, and the exclusion of HLA

alleles which were not in Hardy-Weinberg equilibrium.
15.6 Criticisms and limitations

While the analysis has revealed a number of HLA types which may be associated with renal
function, there are some limitations which mean that further research is required in order to

improve certainty of the findings.
15.6.1 Study population

The cohort of subjects used in the analysis is not representative of the general population, so
the findings cannot be applied to the entire population. All subjects were recruited in the UK,
were aged between 39-73 at recruitment, and were stratified based on their ethnicity. For this
reason, findings can only be applied to people in the UK who are middle-aged or approaching
middle-age and who are of the ethnic group specified.

It may be possible to improve the representativeness of the study and to validate the study’s
findings by using other cohorts. This could include subjects from a different biobank, or NHS
patients from either Manchester University Foundation Trust (MFT) or NHS Blood and
Transplant. This would be subject to ethical approval. There are over 1.8m patients with renal
failure in the UK. Acquiring genetic data on all of these is not a realistic target, but it may be
possible to analyse a subset of these patients (see section 16.4.2). A smaller dataset than the
one used so far might even have greater statistical power, depending on the number of cases
of renal dysfunction it contains and the genetic diversity of its subjects. This is discussed in

more detail in section 15.6.5.
15.6.2 HLA data

The HLA type for each subject was gleaned by imputation. Imputation is not sufficiently
accurate to be used clinically (see section 6.5), and its accuracy depends on the software and
reference panel that were used. If HLA data is inaccurate, the analysis is susceptible to both

type | and type Il errors.

The HLA data for this project was imputed by UKB using the HLA*IMP:02 program®®. A
reference panel comprised of multiple datasets was used; there were between 800-9,000
subjects included in this reference panel, typed on “various SNP arrays”. The exact number

included varied for different HLA loci. Though it is not feasible to use a traditional HLA typing
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method due to financial constraints, it may be possible to improve on the imputed data used
so far. SNP2HLA software may provide more accurate HLA data®*®! if a reference panel which
represents the study cohort can be found. However, the imputation used is estimated to be
over 96% accurate for European subjects®?, which is sufficient for this study. This study used
a posterior probability threshold of 0.8, ensuring that only HLA types that were imputed with

high confidence were included in the analysis. See section 6.6.4 for more details.

Another issue with the HLA information used in the initial analysis is that there was a danger
of type | and Il errors due to low type frequencies. Of the 362 types included in the initial
analysis, 72% had frequency <1% and 85% had frequency <5% (see section 19.5). Including
types with low frequency could lead to errors due to the small sample conferring low statistical
power. This problem was averted (to some extent) by excluding low-frequency types from
some analyses. This had the added benefit of reducing the adjustment of the P value required
for significance in these analyses as the adjustment for multiple testing was less stringent than
if all HLA types were included. However, these analyses could not possibly detect associations
in low-frequency alleles (since they were excluded), meaning that true associations may have
gone undiscovered (type Il error).

15.6.3 Limited applications

The findings presented in this study have limited clinical applications. Although HLA testing is
used as a diagnostic tool for a number of diseases, these diseases have much stronger HLA
associations than the associations presented here. For example, the association between
HLA-B*27 and ankylosing spondylitis has an odds ratio of over 100**’, compared with odds
ratios of around 1.1 presented in this study. The associations presented here are not strong
enough to be useful in diagnosing renal disorders. Other applications of these findings, such
as changes to NHSBT’s organ allocation process, are possible but would require further

analysis to ensure that they are beneficial and equitable (see section 15.4.2).

The analysis of Covid-19 did not produce any novel findings. There was some value in
replicating previously known associations (e.g., increased age and male sex are linked to
increased Covid-19 mortality), but there were no significant associations discovered between
Covid-19 and either HLA or renal function. The lack of new findings was probably a factor in

this research not being selected for publication.
15.6.4 Limited genetic scope

There are many factors other than HLA which are associated with renal function, including
other genetic factors. The analysis performed in this study so far is unable to detect any of

these genetic associations as it considers only HLA type as the independent variable. The
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UKB dataset includes the entire genotype for each subject so it would be possible to extend
the genetic scope of the research to find non-HLA genetic associations with renal function

(see section 16.2).
15.6.5 Statistical power

Despite being the largest ever investigation into HLA associations with renal function (see
section 15.5.1), this study may lack statistical power to detect associations, particularly in
analyses involving outcomes with small numbers of cases or in analyses of lower frequency
HLA types. The power of a study depends not only on the number of subjects included but
also on the size of the effect that the study aims to detect and the distribution of subjects
among the “case”/”control” groups and “exposed’/’not exposed” groups. Outcomes which are
particularly rare may not have a difference between experimental group and control group
which is sufficiently large to be detected, particularly when the HLA type being tested is rare.

For example, only 258 out of 401,307 white British subjects are kidney transplant recipients.
This means that, for a type to be found to have a significant association with kidney transplant
status, the genetic effect size would have to be large: this analysis had 80% power to detect
an odds ratio of ~2.0 in an allele with 10% frequency (given a P value threshold of 0.001). For
less common HLA types, this problem is compounded. The power of the tests is better for
common types, but for lower-frequency types and/or rare outcomes, the study is only able to
detect relatively large effects. To address this problem, multiple outcome measures have been
used, and the statistical power for the primary analysis is high. In addition, rare HLA alleles

are less likely to be important in diagnostic tests.
15.6.6 Control for covariates

Since there are many factors other than HLA which are associated with renal function, it was
necessary to account for these using covariate analysis. The analysis presented here included
adjustments for the age and sex of the subjects, but future work should also adjust for other
factors such as lifestyle and other health conditions associated with kidney disease (see
section 16.1).
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16 Summary of future work

16.1 More control for covariates

The analysis performed so far had minimal adjustment for confounding variables and
stratification of the cohort. Age and sex were factored in as covariates in the analysis, and the
analyses were performed separately on different self-reported ethnic groups. However, there
may be many other factors which interact with kidney function, for example variables relating

to lifestyle, demographics, and clinical history.

Adjusting for these variables may help to ensure that any genetic associations found are in
fact associations between the gene and renal function, rather than a result of the interaction
of a confounding variable. The use of these variables is dependent upon sample sizes; the
number of individuals who display certain confounding variables may be too small to analyse

in a meaningful way.
16.2 Non-HLA genes

The UKB dataset includes genotypes covering the majority of the genome. The analysis so
far has tested only for associations between renal function and the HLA region of the genome,
which includes only a tiny proportion of all genes. The reason for such specific testing so far

is that previous research has suggested that HLA type is linked to renal function.

Future work should expand the genetic scope of the study to search other areas of the genome
for associations with renal function, since it is possible that there are many genes which are

associated with renal function or likelihood of developing renal failure.

A possible drawback of a wider search of the genome is that, by including a larger number of
genes in the analysis, the correction for multiple testing will be more severe. This means that,
for a gene to be found to be significantly associated with renal function, the effect size may
have to be very large. It is possible that the study will lack sufficient power to detect small

effects, particularly in genetic variants which are uncommon.

It may be necessary, therefore, to analyse only specific genetic regions (that have been
identified in previous literature as significant or possibly significant) rather than an
indiscriminate search of the entire genome. Testing pre-determined genes which are already
suspected of having an association is known as “candidate-gene searching”, while a broader

search of all genes is known as a “hypothesis-generating” search.
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16.3 Check accuracy of imputation

The HLA data used so far in the project was imputed by UKB using HLA*IMP:02 software and
a reference panel of 800-9,000 subjects (see section 15.6.2). Previous literature has

suggested that SNP2HLA software may be superior to HLA*IMP:02 (see section 6.5).

The quality of this imputation should be verified. This can be done by imputing the data using
the SNP2HLA program and comparing the newly imputed data to the existing dataset. If this
verification shows inaccuracies in the dataset used so far, it may be necessary to re-run the
analysis using the newly imputed data.

However, imputing HLA types requires significant time and resources. A cohort of 500,000 is
too large to impute simultaneously, so must be split into approximately 100 runs of around
5,000 subjects at a time. Each run takes up to ten hours to complete, so it may not be feasible
to re-run the entire imputation on this dataset, particularly if initial results suggest that the data
imputed by UKB is accurate. As described in section 6.6.4, a 2018 study estimated the
accuracy of UKB’s imputation to be >96%°52, which is sufficient for this study.

16.4 Replication using different populations

It may be possible to repeat the analysis using a different sample of subjects. This could
replicate any findings, which would increase the validity of the study. It could also mitigate any
bias present in the cohort used so far. Additionally, it could reveal whether findings can be
applied to populations other than people in the UK aged 39-73. Finally, it could reveal new
associations relevant to the population being studied. Possible groups of subjects could

include subjects from a different biobank, or a set of NHS patients.
16.4.1 Different biobanks

Analysing data from another biobank would be a good method of validating and possibly
replicating the findings made in the project. The analytical techniques would be similar, and
large cohorts already exist. On the other hand, acquiring the data may be costly, and
limitations of UKB such as a lack of “cases” of renal failure (see section 15.6.1) may also apply

to other biobanks.

Potential biobanks which could be used include the 100,000 Genomes Project (a UK
government initiative which achieved its target of sequencing 100,000 genomes in December
20188) and All of Us (a National Institutes of Health project in USA which aims to capture

genomic data on 1m subjects by 202449,
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16.4.2 NHS patients

It may be possible to study a group of NHS patients with renal failure. This could be provided
by NHS Blood and Transplant (NHSBT), or by the Transplantation Laboratory at MFT. This

would be subject to ethical approval and data-release protocols specific to the organisations.

An advantage of this approach would be that, although the dataset would be smaller overall
than the UKB cohort, there would be a large number of “cases” of subjects with varying
degrees of renal failure. MFT, for example, has recorded the HLA types of over 7,500
transplant recipients, as well as other patients with renal dysfunction such as those on the
waiting list and those on dialysis. A control group of healthy individuals would also be required.
This could include transplant donors or another cohort of subjects with healthy renal function.
See section 15.3 for recommendations on the methodology of such a study. Since 2018,
kidney donors and recipients at MFT have been NGS typed, meaning high-resolution HLA
typing data is available. Some donor-recipient pairs have also been GWAS typed, although
this was performed recently and therefore was not included in my research. Transplant
outcome data is provided regularly by NHSBT. Pending ethical approval, this dataset could
be a valuable resource for many different studies.

16.5 Analysis of transplant outcomes
16.5.1 HLA type

The work so far has investigated associations between HLA type and renal function. There
may also be a link between HLA type and renal transplant outcomes. The degree of matching
between donor and recipient HLA type is known to affect graft success!** (see section 16.5.2),
but there has been very little research into whether the HLA types themselves (independent
of mismatch) impact on graft success. Transplant recipients with certain HLA types may have
better (or worse) graft survival than others, and kidneys from donors with certain HLA types

might perform differently than others.

If a particular HLA type is linked with both increased incidence of renal failure and decreased
graft survival, this could lead to a “vicious cycle”: patients with this type would be more likely
to need a transplant, but they would have to receive either a well-matched kidney (which would
have an HLA type associated with poor transplant outcomes) or a poorly-matched kidney
(which is known to lead to poor outcomes). It may also be that people with alleles associated
with poor renal function are less likely to become kidney donors, meaning the recipients with

these types are less likely to receive a well-matched kidney.

Investigating the impact of HLA type on transplant outcomes (irrespective of mismatch) may

reveal findings with important applications for organ allocation. An analysis of HLA’s impact
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on graft outcomes could be performed using the NHS cohort mentioned in section 16.4.2.
Outcome measures could include graft survival, patient survival, and eGFR at set time periods

post-transplant.
16.5.2 HLA mismatch

It has been widely documented that HLA mismatch affects transplant outcomes. Deceased
donor kidney allocation in the UK is based on a number of factors including “ABDR” mismatch
(a three-digit code showing the number of mismatches between donor and recipient at HLA-
A, -B, and -DR)#31%0_Recently, however, tools have been developed to provide a more precise
measurement of donor-recipient HLA mismatch®152_ | was involved in a study comparing
three such tools’ ability to predict donor-specific antibodies in cardiothoracic transplantation,
which found HLA-EMMA to be superior to HLAMatchmaker and PIRCHE-II. | intend to perform
a similar study assessing the ability of these tools to predict kidney transplant success, with
outcome measures such as graft survival, patient survival, and eGFR. This could ultimately
lead to the UK’s organ allocation algorithm using a more accurate and precise measurement

of HLA mismatch.
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17 Conclusion

The research presented in this thesis includes substantial new findings regarding the
relationship between HLA and kidney function. 33 HLA types were linked to kidney function in
white British subjects. The 11 alleles associated with decreased kidney function are
particularly interesting, as many are in LD with each other and are often inherited together as
a haplotype (HLA-A*01:01, B*08:01, C*07:01, DRB1*03:01, DRB3*01:01, DQA1*05:01,
DQB1*02:01). This suggests that people with this haplotype (9.5% of the English population)
may be at increased risk of kidney disease. There were a further nine associations found
relating to other ethnic groups, most notably four alleles which appear to be hazardous for
Black African people in the UK (HLA-B*53:01, C*04:01, DPA1*02:01, and DPA1*02:02). Black
people are already at increased risk of kidney disease compared to white people, and these

alleles may contribute to the risk.

The systematic review compiles all previously published findings (including the results of my
own publications) into a single place. This resource is both unigue and useful, allowing
researchers and clinicians to see details of all known HLA associations with kidney function

and providing a list of references for further reading.

Although the research into Covid-19 did not reveal novel findings, | believe the methodology
was of a high standard and the results are a useful replication of the previously known risk
factors. As more data becomes available regarding the long-term effects of Covid-19, | hope
to see more insightful and influential studies describing the relationship between Covid-19 and
both HLA and kidney function.

This work has laid the foundation for future studies, which may include attempts to replicate
the findings with different participants, and studies of associations between HLA and kidney
transplant outcomes. | aim to contribute to such studies, and await other research groups’

publications with interest.
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19 Appendices

19.1 Search strategies

This section shows searches conducted in Medline, Embase, and Cochrane Central Register
of Controlled Trials for Paper 1. Search terms were chosen with reference to the indexes of
the respective databases. Emtree thesaurus terms (for Embase) that were equivalent to
Medline’s Medical Subject Headings (MeSH) terms were also selected. A composite of Emtree
and MeSH terms (in one search strategy) was used to search Medline and Embase on the

Ovid platform.

Line 5 shows searches in which papers were required to be about HLA, renal function, and
genetic association. Line 6 shows searches with the same requirements as line 5, plus the
requirement that the paper be about “aged” or “middle-aged” participants. There are
considerably more results for line 5, so the concept of age was dropped from the search (see

section 10).
19.1.1 Medline
Database: Ovid MEDLINE(R) <1946 to November Week 4 2018>

Search Strategy:

1 exp aged/ or middle aged/ (4682332)

2 "genetic assaociation"/ or "genetic polymorphism"/ or "genetic susceptibility"/ or "Gene
Frequency"/ or "Genetic Association Studies"/ or exp Genetic Predisposition to Disease/ or
Genome-Wide Association Study/ or Alleles/ or allele/ or Polymorphism, Single Nucleotide/ or
single nucleotide polymorphism/ (371561)

3 "end stage renal disease"/ or "kidney failure"/ or "Kidney Failure, Chronic"/ or Renal
Insufficiency, Chronic/ (119455)

4 HLA antigen/ or hla system/ or exp HLA Antigens/ or exp histocompatibility antigens class
i/ (94274)

5 2and 3 and4 (64)
6 1and5 (29)
7 5not6 (35)
19.1.2 Embase

Database: Embase <1974 to 2018 December 03>
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Search Strategy:

1 exp aged/ or middle aged/ (3414721)

2 "genetic association"/ or "genetic polymorphism"/ or "genetic susceptibility"/ or "Gene
Frequency"/ or "Genetic Association Studies"/ or exp Genetic Predisposition to Disease/ or
Genome-Wide Association Study/ or Alleles/ or allele/ or Polymorphism, Single Nucleotide/ or

single nucleotide polymorphism/ (604529)

3 "end stage renal disease"/ or "kidney failure"/ or "Kidney Failure, Chronic"/ or Renal
Insufficiency, Chronic/ (190668)

4 HLA antigen/ or hla system/ or exp HLA Antigens/ or exp histocompatibility antigens class
ii/ (114885)

5 2and3and4(134)

6 1and5 (20)

7 5not6(114)

19.1.3 Cochrane Central Register of Controlled Trials

Database: EBM Reviews - Cochrane Central Register of Controlled Trials <October 2018>,
EBM Reviews - Cochrane Database of Systematic Reviews <2005 to November 30, 2018>

Search Strategy:

1 exp aged/ or middle aged/ (316344)

2 "genetic assaociation"/ or "genetic polymorphism"/ or "genetic susceptibility"/ or "Gene
Frequency"/ or "Genetic Association Studies"/ or exp Genetic Predisposition to Disease/ or
Genome-Wide Association Study/ or Alleles/ or allele/ or Polymorphism, Single Nucleotide/ or

single nucleotide polymorphism/ (3766)

3 "end stage renal disease"/ or "kidney failure"/ or "Kidney Failure, Chronic"/ or Renal
Insufficiency, Chronic/ (6488)

4 HLA antigen/ or hla system/ or exp HLA Antigens/ or exp histocompatibility antigens class
i/ (662)

5 2and3and4(0)

6 1andb5(0)



7 5not6 (0)
19.2 UK Biobank application

19.2.1 Application form

This is the application form that was submitted to UKB in 2017.
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Name: Kay Poulton Institute Name: Central Manchester
University Hospitals
NHS Trust

Application: 28539 Current Stage: Main - Adjudication in
Progress

Application Name: HLA Class | and Il Associations with Renal Dysfunction in an Aging Population

Preliminary Application Details

1a. The aims of the proposed research including the research question(s)
that you are aiming to answer and the health condition(s) under
investigation

This project aims to establish a new way of identifying immune-related
genes which impact upon renal disease.

This project will “impute” HLA types from Biobank data. This will indicate
extended genomic coverage, allowing the assessment of any impact beyond
the HLA genes. These data will be compared with markers of renal decline
and dysfunction with the aim of identifying additional and novel genetic
associations in renal impairment.

This would be of particular value in renal diseases with immune-mediated
components in their aetiology such as lupus or membranous nephropathy.

1b. How does the proposed research meet UK Biobank's stated purpose?

This research will identify previously unknown associations with renal
function and will inform the clinical management of patients with renal
disease.

The research team is composed of clinical and academic professionals and
as such this is targeted research with a strong likelihood of patient benefit.

1c. Please give a non-technical description of how the research will be
undertaken

The Human Leucocyte Antigen (HLA) genes are encoded on chromosome 6
which is included in the Biobank's data resource. There are known HLA
associations with some renal diseases and renal function is known to
deteriorate with age.

The Biobank data will be translated ("imputed") into HLA types and
compared with clinical measures of renal function such as urinary
biomarkers (microalbumin, creatinine, potassium and sodium). Analysis will
be performed to identify immune-related influences on renal function to
extend our understanding of the causes of renal failure and any impact of
aging which may hasten renal decline.

1d. Please state the approximate number of participants to be included
(i.e. whether the full cohort or a subset)

Full cohort

2. Please describe the methodology and timetable for the proposed
Research Project. Please include a description of the data and/or the
guantity and type of samples required
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Download, storage and analyses of data

Data will be stored on the secure University of Manchester Research Data
Storage (RDS) system http://ri.itservices.manchester.ac.uk/rds/. Only the
named applicants for this project will have access to the data. Quality
control and analyses will be performed using The University of Manchester
Computational Shared Facility (CSF), which comprises a high performance
cluster of almost 10,000 cores with nodes of up to 1TB RAM available (see
http://ri.itservices.manchester.ac.uk/csf/ for details). The applicants have
contributed funds into the CSF and therefore have priority access. 15TB
storage space has currently been allocated to this project.

Imputation of MHC alleles and amino acids

We will use imputation software (SNP2HLA) to impute the Major
Histocompatibility Complex (MHC) region (Human Leukocyte Antigens and
amino acids; chromosome 6) using UK Biobank imputed genetic data from
all 500k participants. SNP2HLA has been developed for imputing high
resolution MHC alleles from GWAS data. See
http://software.broadinstitute.org/mpg/snp2hla/ for details.

Quality control

Quality control of the imputed GWAS data and HLA imputation will be
performed under the supervision of Dr Tony Payton. Dr Payton is currently
analysing UKB genetic data for age-related hearing loss (Dawes, Payton,
Williams, Dawson) and cancer (Muir, Payton, et al). In brief, individuals will
be excluded from analyses for reasons that may include (and assuming that
QC of next genetic release did not perform these):

Self-reported and genetic sex do not match

Related pairs (EKC >0.044)

High missingness and unexplained heterozygosity

Non-Caucasian

Any participant who requests removal before data is published

QC of imputed data will depend on the UKB QC pipeline already performed.

Analyses

An estimation of G, E and GxE variance may be performed using restricted
maximum likelihood analyses implemented in GCTA
(http://cnsgenomics.com/software/gcta/). Phenotypes will be excluded if
the estimated variance is 0 or lower than the standard error. Linear
regression analysis will be performed on Caucasian participants and the
imputed MHC alleles using Plink software (Version 1.9). All analyses will be
adjusted for participant age and sex. The genome-wide significance
threshold will be based on the number of tests performed with an initial
standard of 5x10-8 assumed in the first instance.

Timeline

Preliminary work — apply for data, pay fees, register with University of
Manchester

Day 0 (“May 2017) — download data

Year 1 — data quality control, HLA imputation, validation of HLA types
Years 2 and 3 — analysis of factors affecting renal decline

Year 4 — publication of findings in journals and at conferences. Feedback
data to Biobank

Years 5 and 6 — complete PhD thesis and design future projects based on
outcome data
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2.1. What results will you return to UK Biobank, i.e. what will you produce
that will be useful to other researchers?

It is anticipated that at the end of this project, all imputed HLA types for the
full cohort will be submitted to the Biobank for free access by other
investigators.

Any significant observations will also be submitted and full recognition of
the Biobank will be acknowledged in any publications.

Research is in the Public's Interest? Y Research is Health-Related? Y

Did the Principal Applicant foresee any Ethical issues with the Application? N

Did the Principal Applicant believe that Re-contact was potentially N
required?
Did the Principal Applicant indicate that the project requires sample N
analysis?

"Tags" provided by Principal Applicant

HLA

Renal
Creatinine
Microalbumin
Imputation
Age

Main Application Details

1a. The aims of the proposed research including the research question(s)
that you are aiming to answer and the health condition(s) under
investigation

1b. How does the proposed research meet UK Biobank's stated purpose?

1c. Please give a non-technical description of how the research will be
undertaken

1d. Please state the approximate number of participants to be included (i.e.
whether the full cohort or a subset)
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Provided scientific rationale

Detail of pilot studies
undertaken

The aim of this project is to establish a novel way to identify immune-related genes which may
impact upon renal disease and transplant outcome.

It is well established that matching for Human Leukocyte Antigens (HLA) between donor and
recipient confers optimal kidney survival. HLA antigens are also associated with some disorders
which lead to renal failure, although it is possible that the HLA types are markers of closely
associated genes which are actually responsible for the onset of renal disease. HLA typing is
comparatively expensive, and can become dated when newer tests allow higher level definition of
the type. This project aims to validate the ability to interpret, or “impute”, high resolution HLA types
from a series of genetic markers across the genomic region encoding the HLA genes which can be
translated into HLA types.

Using a system by which HLA types are imputed using genomic marker profiles allows extremely
high definition HLA typing at a fraction of the cost. It also carries an advantage of extended genomic
coverage, which allows the researcher to analyse any impact of matching beyond the HLA genes.
This would be of particular value in a disease where there is an immune-mediated component in the
aetiology of renal impairment such as lupus or membranous nephropathy.

By comparing imputed HLA types with markers of renal function, it may be possible to identify
putative genes which influence transplant outcome or rapid progression of decline of renal function.

Using UK Biobank data, Dr Anthony Payton has demonstrated the ability to impute HLA types from
the data in a population of 1559 non-pathological elderly volunteers and demonstrated an HLA
association with cognitive decline. See reference below.

Payton A, Dawes P, Platt H, Morton CC,
Moore DR, Massey J, Horan M, Ollier W,
Munro KJ, Pendleton N. 2016. A Role for
HLA-DRB1*1101 and DRB1*0801 in
Cognitive Ability and Its Decline With Age.
Am J Med Genet Part B 171B:209-214.
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Please provide details of the
methodology to be used

Storage of Data

Data will be stored on the secure University of Manchester Research Data
Storage (RDS) system http://ri.itservices.manchester.ac.uk/rds/. Only the
named applicants for this project will have access to the data. Quality
control and analyses will be performed using The University of Manchester
Computational Shared Facility (CSF), which comprises a high performance
cluster of almost 10,000 cores with nodes of up to 1TB RAM available (see
http://ri.itservices.manchester.ac.uk/csf/ for details). The applicants have
contributed funds into the CSF and therefore have priority access. 15TB
storage space has currently been allocated to this project.

Imputation of MHC alleles and amino acids

We will use imputation software (SNP2HLA) to impute the Major
Histocompatibility Complex (MHC) region (Human Leukocyte Antigens and
amino acids; chromosome 6) using UK Biobank imputed genetic data from
all 500k participants. SNP2HLA has been developed for imputing high
resolution MHC alleles from GWAS data. See
http://software.broadinstitute.org/mpg/snp2hla/ for details.

Quiality control

Quality control of the imputed GWAS data and HLA imputation will be
performed under the supervision of Dr Tony Payton. Dr Payton is currently
analysing UKB genetic data for age-related hearing loss (Dawes, Payton,
Williams, Dawson) and cancer (Muir, Payton, et al). In brief, individuals will
be excluded from analyses for reasons that may include (and assuming that
QC of next genetic release did not perform these):

Self-reported and genetic sex do not match

Related pairs (EKC >0.044)

High missingness and unexplained heterozygosity

Any participant who requests removal before data is published

QC of imputed data will depend on the UKB QC pipeline already performed.
Analyses

An estimation of G, E and GxE variance may be performed using restricted
maximum likelihood analyses implemented in GCTA
(http://cnsgenomics.com/software/gcta/). Phenotypes will be excluded if
the estimated variance is 0 or lower than the standard error. Linear
regression analysis will be performed on Caucasian participants and the
imputed MHC alleles using Plink software (Version 1.9). All analyses will be
adjusted for participant age and sex. The genome-wide significance
threshold will be based on the number of tests performed with an initial
standard of 5x10-8 assumed in the first instance.

Timeline

Preliminary work — apply for data, pay fees, register with University of
Manchester

Day 0 (*May 2017) — download data

Year 1 — data quality control, HLA imputation, validation of HLA types
Years 2 and 3 — analysis of factors affecting renal decline

Year 4 — publication of findings in journals and at conferences. Feedback
data to Biobank

Years 5 and 6 — complete PhD thesis and design future projects based on
outcome data
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Expected value of results? The Transplantation Laboratory holds DNA, isolated lymphocytes and serum samples from all
transplant recipients and their donors processed at this centre, and gathers outcome data within
the Transplant Audit Sub Committee (TASC) database. Manchester is the largest individual centre
for transplantation and it is therefore essential that we maximise our outcome from this resource,
while keeping expenditure to a minimum. If the ability to impute reliable high resolution HLA types
from data obtained using a series of genetic markers is proven, it would be a valuable asset to carry
out marker testing on all our renal transplant recipients using the Infinium ImmunoArray-24 v2
BeadChip2 which has the capacity to test simultaneously for 253,702 markers involved in immune
regulation.

It would then be possible not only to impute high resolution HLA types at minimal cost, but also to
search for additional associations in other genes which have not previously been associated with
renal disorders, or transplant survival. It would significantly progress our understanding of post-
transplant immunological complications, and would enable individualised post-transplant care in
response to the patient’s susceptibility profile. This would enhance our Transplant Resource in a
future-proof way, as it will always be possible to relate these genome-wide markers to associated
genes.

Once this facility is established, we aim to

1. Use the Infinium ImmunoArray-24 v2.0 BeadChip to obtain data on 253,702 markers for 1000
consenting renal transplant recipients and their corresponding donors transplanted within the last 5
years.

2. Extend the TASC database to interface with the marker data, allowing analysis to identify putative
associations with graft outcome or disease recurrence.

3. Identify potential areas of interest for future research into immune based complications of renal
transplantation.

4. Extend the genome wide marker testing to all patients with end stage renal disease who are
entered onto the transplant waiting list.

Were references supporting justification for the project provided? Y
Will any Sample analysis be performed as part of the research project? N
If yes, which sample(s), how many, what volume and what assay?

Details of any power calculations made to support this application
Confirmed procedures in place to manage access to samples? N
Proposal for managing access to samples

Confirmed that all samples will be stored in a secure manner at all N
times?

Proposal for securing samples storage
Confirmed that suitable storage facilities for samples are available N
Proposal for providing suitable sample storage

Please confirm that the data will be stored in a secure manner at all Y
times (e.g., behind a firewall, use of anti-virus software)

If no, please describe how you will rectify this

Expected Project Start Date: 01/07/2017
Expected Project End Date: 31/03/2023
Estimated publication date? 31/03/2023

Has funding been granted? Y
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Showcase Notes: Measures of renal function eg urea and creatinine levels in blood would be useful
Alcohol use info if preview fields become available

Regarding our request for pancreatic scans and pancreatic fat, as a high proportion of people with
failure have diabetes, we feel it would be advantageous to have this additional information to
indicate the extent of their pancreatic dysfunction in relation to their renal failure.

Collaborators

Full Name Institute Email Address

Dr. Antony Payton University of Manchester tony.payton@manchester.ac.u Approved for App
k
Mr. Marcus Lowe Central Manchester University marcus.lowe@cmft.nhs.uk Approved for App
Hospitals NHS Trust
Dr. Kay Poulton University of Manchester kay.v.poulton@manchester.ac. Approved for App
uk
Mr. Marcus Lowe University of Manchester marcus.lowe@postgrad.manch Approved for App
ester.ac.uk
Prof William Ollier Not Known Bill.Ollier@manchester.ac.uk  Pending
Materials
Field Name Exclude Missing Values ?
Private healthcare Categorical N N
(single)
Ever smoked Categorical N N
(single)
Light smokers, at least 100 smokes in lifetime (pilot) Categorical N N
(single)
Smoking status Categorical N N
(single)
Current tobacco smoking Categorical N N
(single)
Past tobacco smoking Categorical N N
(single)
Light smokers, at least 100 smokes in lifetime Categorical N N
(single)
Age started smoking in current smokers Integer N N
Type of tobacco currently smoked Categorical N N

(single)
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Previously smoked cigarettes on most/all days

Number of cigarettes currently smoked daily (current

cigarette smokers)

Age stopped smoking cigarettes (current cigar/pipe or

previous cigarette smoker)

Number of cigarettes previously smoked daily (current

cigar/pipe smokers)

Time from waking to first cigarette

Difficulty not smoking for 1 day

Ever tried to stop smoking

Wants to stop smoking

Smoking compared to 10 years previous

Why reduced smoking

Age started smoking in former smokers

Type of tobacco previously smoked

Number of cigarettes previously smoked daily

Age stopped smoking

Ever stopped smoking for 6+ months

Ever stopped smoking for 6+ months (pilot)

Why stopped smoking

Categorical
(single)

Integer

Integer

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(multiple)

Integer

Categorical
(single)

Integer

Integer

Categorical
(single)

Categorical
(single)

Categorical
(multiple)
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Why stopped smoking (pilot)

Number of unsuccessful stop-smoking attempts

Likelihood of resuming smoking

Smoking/smokers in household

Exposure to tobacco smoke at home

Exposure to tobacco smoke outside home

Cooked vegetable intake

Salad / raw vegetable intake

Fresh fruit intake

Dried fruit intake

Oily fish intake

Non-oily fish intake

Processed meat intake

Poultry intake

Beef intake

Lamb/mutton intake

Pork intake

Age when last ate meat

Categorical
(single)

Integer

Categorical
(single)

Categorical
(single)

Integer

Integer

Integer

Integer

Integer

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Integer
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Never eat eggs, dairy, wheat, sugar

Never eat eggs, dairy, wheat, sugar (pilot)

Cheese intake

Milk type used

Spread type

Non-butter spread type details

Spread type (pilot)

Bread intake

Bread type

Bread type/intake (pilot)

Cereal intake

Cereal type

Salt added to food

Tea intake

Coffee intake

Coffee type

Ilinesses of father

Age at recruitment

Month of birth

Categorical
(multiple)

Categorical
(multiple)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Integer

Categorical
(single)

Categorical
(single)

Integer

Categorical
(single)

Categorical
(single)

Integer

Integer

Categorical
(single)

Categorical
(single)

Integer

Categorical
(single)
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Year of birth

Sex

Townsend deprivation index at recruitment

Year immigrated to UK (United Kingdom)

Ethnic background

Attendance/disability/mobility allowance

Average monthly champagne plus white wine intake

Job coding

Work hours - lumped category

Work hours per week - exact value

Workplace full of chemical or other fumes

Workplace had a lot of cigarette smoke from other people
smoking

Worked with materials containing asbestos

Worked with paints, thinners or glues

Worked with pesticides

Workplace had a lot of diesel exhaust

Average monthly beer plus cider intake

Average monthly spirits intake

Integer

Categorical
(single)

Continuous

Integer

Categorical
(single)

Categorical
(multiple)

Integer

Categorical
(single)

Categorical
(single)

Continuous

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Integer

Integer
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Average monthly fortified wine intake

Average monthly intake of other alcoholic drinks

Average weekly red wine intake

Average weekly champagne plus white wine intake

Average weekly beer plus cider intake

Average weekly spirits intake

Average weekly fortified wine intake

Average weekly intake of other alcoholic drinks

Alcohol usually taken with meals

Alcohol intake versus 10 years previously

Reason for reducing amount of alcohol drunk

Reason for reducing amount of alcohol drunk (pilot)

Reason former drinker stopped drinking alcohol

Reason former drinker stopped drinking alcohol (pilot)

Time spend outdoors in summer

Time spent outdoors in winter

Skin colour

Integer

Integer

Integer

Integer

Integer

Integer

Integer

Integer

Categorical
(single)

Categorical
(single)

Categorical

(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Integer

Integer

Categorical
(single)
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Ease of skin tanning

Childhood sunburn occasions

Hair colour (natural, before greying)

Facial ageing

Use of sun/uv protection

Frequency of solarium/sunlamp use

Answered sexual history questions

Age first had sexual intercourse

Lifetime number of sexual partners

Ever had same-sex intercourse

Lifetime number of same-sex sexual partners

Country of birth (UK/elsewhere)

Breastfed as a baby

Comparative body size at age 10

Comparative height size at age 10

Handedness (chirality/laterality)

Adopted as a child

Part of a multiple birth

Maternal smoking around birth

Categorical
(single)

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)

Integer

Categorical
(single)

Integer

Integer

Categorical
(single)

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)
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llinesses of mother

llinesses of siblings

Eye problems/disorders

Which eye(s) affected by diabetes-related eye disease

Which eye(s) affected by glaucoma

Which eye(s) affected by injury or trauma resulting in loss
of vision

Which eye(s) are affected by cataract

Which eye(s) affected by macular degeneration

Age when diabetes-related eye disease diagnosed

Age glaucoma diagnosed

Age when loss of vision due to injury or trauma diagnosed

Age cataract diagnosed

Age macular degeneration diagnosed

Age other serious eye condition diagnosed

Overall health rating

Long-standing illness, disability or infirmity

Chest pain or discomfort

Categorical
(single)

Categorical
(single)

Categorical
(multiple)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)
Categorical

(single)

Integer

Integer

Integer

Integer

Integer

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)
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Had major operations

Had other major operations

Vascular/heart problems diagnosed by doctor

Age heart attack diagnosed

Age angina diagnosed

Age stroke diagnosed

Age high blood pressure diagnosed

Blood clot, DVT, bronchitis, emphysema, asthma, rhinitis,
eczema, allergy diagnosed by doctor

Age deep-vein thrombosis (DVT, blood clot in leg)
diagnosed

Age pulmonary embolism (blood clot in lung) diagnosed

Age emphysema/chronic bronchitis diagnosed

Age asthma diagnosed

Age hay fever, rhinitis or eczema diagnosed

Diabetes diagnosed by doctor

Gestational diabetes only

Gestational diabetes only (pilot)

Age diabetes diagnosed

Categorical
(single)

Categorical
(single)

Categorical

(multiple)

Integer

Integer

Integer

Integer

Categorical
(multiple)

Integer

Integer

Integer

Integer

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)

Integer
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Started insulin within one year diagnosis of diabetes

Cancer diagnosed by doctor

Fractured/broken bones in last 5 years

Fractured bone site(s)

Fracture resulting from simple fall

Other serious medical condition/disability diagnosed by

doctor

Chest pain or discomfort walking normally

Chest pain due to walking ceases when standing still

Chest pain or discomfort when walking uphill or hurrying

Medication for cholesterol, blood pressure or diabetes

Medication for cholesterol, blood pressure, diabetes, or

take exogenous hormones

Taking other prescription medications

Medication for pain relief, constipation, heartburn

Medication for pain relief, constipation, heartburn (pilot)

Medication for smoking cessation, constipation, heartburn,

allergies (pilot)

Vitamin and mineral supplements

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(multiple)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(multiple)

Categorical
(multiple)

Categorical
(single)

Categorical
(multiple)

Categorical
(multiple)

Categorical
(multiple)

Categorical
(multiple)



biobank"k Project Details

19/07/2017

Vitamin and mineral supplements (pilot)

Mineral and other dietary supplements

Vitamin supplements (pilot)

Other dietary supplements (pilot)

Number of live births

Ever had stillbirth, spontaneous miscarriage or termination

Ever taken oral contraceptive pill

Ever used hormone-replacement therapy (HRT)

Place of birth in UK - north co-ordinate

Place of birth in UK - east co-ordinate

Country of Birth (non-UK origin)

Number of self-reported cancers

Number of self-reported non-cancer illnesses

Cancer code, self-reported

Non-cancer illness code, self-reported

Operation year/age first occurred

Number of operations, self-reported

Pace-maker

Categorical
(multiple)

Categorical
(multiple)

Categorical
(multiple)

Categorical
(multiple)

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)

Integer

Integer

Categorical

(single)

Integer

Integer

Categorical
(multiple)

Categorical
(multiple)

Integer

Integer

Categorical
(single)
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Operation code

Interpolated Year when operation took place

Interpolated Age of participant when operation took place

Method of recording time when operation occurred

Height

Waist circumference

Weight

Hip circumference

Body mass index (BMI)

Pancreatic fat - DICOM

Measurements of pancreas volume - DICOM

Microalbumin in urine acquisition time

Microalbumin in urine device 1D

Creatinine (enzymatic) in urine acquisition time

Creatinine (enzymatic) in urine device 1D

Potassium in urine acquisition time

Potassium in urine device ID

Sodium in urine acquisition time

Categorical
(multiple)

Continuous

Continuous

Categorical
(single)

Integer

Continuous

Continuous

Continuous

Continuous

Text

Text

Date

Categorical
(single)

Date

Categorical
(single)

Date

Categorical
(single)

Date
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Sodium in urine device ID

Chromosome 1 genotype calls and imputed values

Chromosome 2 genotype calls and imputed values

Chromosome 3 genotype calls and imputed values

Chromosome 4 genotype calls and imputed values

Chromosome 5 genotype calls and imputed values

Chromosome 6 genotype calls and imputed values

Chromosome 7 genotype calls and imputed values

Chromosome 8 genotype calls and imputed values

Chromosome 9 genotype calls and imputed values

Chromosome 10 genotype calls and imputed values

Chromosome 11 genotype calls and imputed values

Chromosome 12 genotype calls and imputed values

Chromosome 13 genotype calls and imputed values

Chromosome 14 genotype calls and imputed values

Categorical
(single)

Text

Text

Text

Text

Text

Text

Text

Text

Text

Text

Text

Text

Text

Text
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Chromosome 15 genotype calls and imputed values

Chromosome 16 genotype calls and imputed values

Chromosome 17 genotype calls and imputed values

Chromosome 18 genotype calls and imputed values

Chromosome 19 genotype calls and imputed values

Chromosome 20 genotype calls and imputed values

Chromosome 21 genotype calls and imputed values

Chromosome 22 genotype calls and imputed values

Chromosome X genotype calls

Chromosome Y genotype calls

Mitochondrial genotype calls

HLA imputation values and quality

Chromosome 1 genotype probabilities

Chromosome 2 genotype probabilities

Chromosome 3 genotype probabilities

Chromosome 4 genotype probabilities

Text

Text

Text

Text

Text

Text

Text

Text

Text

Text

Text

Curve

Text

Text

Text

Text
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Chromosome 5 genotype probabilities Text N N
Chromosome 6 genotype probabilities Text N N
Chromosome 7 genotype probabilities Text N N
Chromosome 8 genotype probabilities Text N N
Chromosome 9 genotype probabilities Text N N
Chromosome 10 genotype probabilities Text N N
Chromosome 11 genotype probabilities Text N N
Chromosome 12 genotype probabilities Text N N
Chromosome 13 genotype probabilities Text N N
Chromosome 14 genotype probabilities Text N N
Chromosome 15 genotype probabilities Text N N
Chromosome 16 genotype probabilities Text N N
Chromosome 17 genotype probabilities Text N N
Chromosome 18 genotype probabilities Text N N

Chromosome 19 genotype probabilities Text N N
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Chromosome 20 genotype probabilities Text N N
Chromosome 21 genotype probabilities Text N N
Chromosome 22 genotype probabilities Text N N
Chromosome X genotype probabilities Text N N
Chromosome Y genotype probabilities Text N N
Mitochondrial genotype probabilities Text N N
Chromosome 1 genotype intensities Text N N
Chromosome 2 genotype intensities Text N N
Chromosome 3 genotype intensities Text N N
Chromosome 4 genotype intensities Text N N
Chromosome 5 genotype intensities Text N N
Chromosome 6 genotype intensities Text N N
Chromosome 7 genotype intensities Text N N
Chromosome 8 genotype intensities Text N N
Chromosome 9 genotype intensities Text N N
Chromosome 10 genotype intensities Text N N

Chromosome 11 genotype intensities Text N N
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Chromosome 12 genotype intensities Text N N
Chromosome 13 genotype intensities Text N N
Chromosome 14 genotype intensities Text N N
Chromosome 15 genotype intensities Text N N
Chromosome 16 genotype intensities Text N N
Chromosome 17 genotype intensities Text N N
Chromosome 18 genotype intensities Text N N
Chromosome 19 genotype intensities Text N N
Chromosome 20 genotype intensities Text N N
Chromosome 21 genotype intensities Text N N
Chromosome 22 genotype intensities Text N N
Chromosome X genotype intensities Text N N
Chromosome Y genotype intensities Text N N
Mitochondrial genotype intensities Text N N

Average X chromosome intensities for determining sex Continuous N N
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Average Y chromosome intensities for determining sex

Genotype measurement batch

CEL files

Genotype measurement plate

Genotype measurement well

UKBILEVE Affymetrix quality control for samples

UKBILEVE genotype quality control for samples

Tobacco smoking

Age of stopping smoking

Amount of tobacco currently smoked

Date first recorded at location

Home location - east co-ordinate (rounded)

Home location - north co-ordinate (rounded)

Nitrogen dioxide air pollution; 2010

Nitrogen oxides air pollution; 2010

Particulate matter air pollution (pmZ10); 2010

Particulate matter air pollution (pm2.5); 2010

Continuous

Categorical
(single)
Text

Text

Text

Categorical
(single)

Categorical
(single)

Categorical

(single)

Integer

Integer

Date

Integer

Integer

Continuous

Continuous

Continuous

Continuous
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Particulate matter air pollution (pm2.5) absorbance; 2010 Continuous

Particulate matter air pollution 2.5-10um; 2010

Traffic intensity on the nearest road

Inverse distance to the nearest road

Traffic intensity on the nearest major road

Inverse distance to the nearest major road

Total traffic load on major roads

Close to major road

Sum of road length of major roads within 200m

Nitrogen dioxide air pollution; 2005

Nitrogen dioxide air pollution; 2006

Nitrogen dioxide air pollution; 2007

Particulate matter air pollution (pmZ10); 2007

Source of death report

Date of death

Age at death

Underlying (primary) cause of death: ICD10

Continuous

Integer

Continuous

Integer

Continuous

Integer

Categorical

(single)

Continuous

Continuous

Continuous

Continuous

Continuous

Categorical

(single)

Date

Continuous

Categorical
(single)
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Contributory (secondary) causes of death: ICD10

Description of cause of death

Hot drink temperature

Water intake

Major dietary changes in the last 5 years

Variation in diet

Variation in diet (pilot)

Alcohol drinker status

Alcohol intake frequency.

Former alcohol drinker

Average monthly red wine intake

Date of attending assessment centre

UK Biobank assessment centre

Age when attended assessment centre

Episodes containing "Date of admission to hospital" data

Episodes containing "Date of discharge from hospital”

data

Episodes containing "Episode end date" data

Categorical
(single)

Curve

Categorical
(single)

Integer

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)

Categorical
(single)
Integer
Date
Categorical
(single)

Integer

Integer

Integer

Integer
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Episodes containing "Episode start date" data Integer N N

Episodes containing "Source of inpatient record" data Integer N N
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19.2.2 Download

Log in to https://bbams.ndph.ox.ac.uk/ams/resApplications and click

Projects>View/Update>Data>Go to Showcase download page>Datasets and click the
relevant ID number. Enter the MD5 checksum (32 digit password provided by UKB) and click

Generate, then click Fetch on the next page. A file will be downloaded in .enc format.

Download files from http://biobank.ctsu.ox.ac.uk/showcase/download.cgi. There are five files

in the “File Handlers” tab (ukbmd5, ukbconv, ukbunpack, ukbfetch, and ukbgene) and one in

the “Miscellaneous Utility” tab (encoding.ukb).
19.2.3 Decryption

With all the files above in one directory, use the following Linux command. Numbers are

specific to the application.

.Jukbunpack ukb22142.enc
dbd6620a8c5¢c66999a25fdca0378c052¢c3fb32b9a24f8ca38d4ad748e8e0889c

UKBiobank ukb_unpack_Ix (c) CTSU. Compiled Mar 14 2018 14:21:31.
Attempting Unpack of "ukb22142.enc"
Password: "dbd...89c"

Unpacking, 3 chunks

Unpack output as "ukb22142.enc_ukb"

Bytes written: 25827814

MD5 computed: 2993b103a6344dce5478ca21a93d7fad
19.2.4 Formatting

This data must be converted to a format that can be opened by a statistical software package.
Supported formats are CSV, SAS, Stata, r, Docs, and Bulk. The command below converts to

Stata format.

Jukbconv ukb22142.enc_ukb stata

UKBiobank ukbconv_Ix (c) CTSU. Compiled Mar 14 2018 14:21:31.
Opened logfile "ukb22142.log"

4 distinct data fields (9 columns) present in dataset

Field list output to "fields.ukb"


https://bbams.ndph.ox.ac.uk/ams/resApplications
http://biobank.ctsu.ox.ac.uk/showcase/download.cgi
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Headers loaded for 9 columns
Done 10,000

Done 20,000

Done 490,000
Done 500,000
Starting data processing
Done 10,000

Done 20,000

Done 490,000

Done 500,000

Read 502616 rows

502616/502616 data rows processed
Output finished

Open and run the .do file that was generated. This will open a Stata dataset with all the fields
downloaded and column headings included. As multiple datasets were downloaded from UKB,
it was then necessary to use the “Combine datasets” feature in Stata to merge all data into a

single file.

19.3 Quality control

19.3.1 Sex

Open dataset in Stata and generate new column.

. gen sex_discrepancy=.

(502616 missing values generated)

Label unmatched as 1.

. replace sex_discrepancy = 1ifn_31 0 0==1&n_22001 0 0==
(235 real changes made)

. replace sex_discrepancy =1ifn_31 0 0==0&n_22001 0 0==



(143 real changes made)

Label matched as 2.

. replace sex_discrepancy =2ifn_31 0 0==0&n_22001 0 0==
(264622 real changes made)

. replace sex_discrepancy =2ifn_31 0 0==1&n 22001 0 0==
(223363 real changes made)

Drop subjects whose genetic sex and self-reported sex do not match.
. drop if sex_discrepancy==1

(378 observations deleted)

Drop subjects with sex chromosome aneuploidy.

.drop if n_22019 0 _0==1

(408 observations deleted)

19.3.2 Ethnicity

Drop subjects whose genetic ethnicity is not Caucasian.

. drop if n_22006_0_0!=1

(92858 observations deleted)

19.3.3 Related individuals

Identify related subjects and sort by missingness.
.sortn_22012 0 O

. gen dups=n_22011 0 0O

(392818 missing values generated)

. sort dups n_22005_0_0

. by dups: genj=_n

For related pairs, drop those with highest missingness.

. drop if j==2

(7122 observations deleted)

Remove columns created for this task.



. drop dups

.dropj

Repeat process for each of the other four “genetic relatedness factor” fields.
.sortn_22012 0 1

. gendups=n_22011 0 1

(400394 missing values generated)
. sort dups n_22005 0 O

. by dups: genj=_n

. drop if j==2

(179 observations deleted)

. drop dups

.dropj

.sortn_22012 0 2

. gen dups=n_22011 0 2

(401219 missing values generated)
. sort dups n_22005 0 0

. by dups: genj=_n

. drop if j==2

(11 observations deleted)

. drop dups

.dropj

.sortn_22012 0 3

. gen dups=n_22011 0 3

(401296 missing values generated)
. sort dups n_22005_0_0

. by dups: genj=_n

. drop if j==2
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(5 observations deleted)

. drop dups

.dropj
.sortn_22012 0 4

. gendups=n_22011 0 4
(401306 missing values generated)
. sort dups n_22005 0 O
. by dups: genj=_n

. drop if j==2

(1 observation deleted)

. drop dups

.dropj

19.3.4 Other exclusions

Drop subjects with “poor heterozygosity/missingness” as advised by “genomic analysis

exclusions” field.

.dropifn_22010 0 0 ==

(347 observations deleted)

19.4 Initial Plink analysis: all types

Remove superfluous variables to reduce file size.
Open dataset in Stata and remove unneeded columns.
.drop n_3005 0 0n_3005_1 0n_3005_2 0 [etc]
Combine columns if necessary before removing data.

. replace n_2976_0_0=n_2976_1 0 if missing(n_2976_0_0)
(288 real changes made)

Change missing values to -9 per plink standard.

. mvencode FIDIIDn_eidn_31 0 O0n_34 0 0...n_30520 0 _0n_30530_0_O0 waisthipratio
kidneytx, mv(-9)

s _20202_2 0: string variable ignored
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s _20206_2 0: string variable ignored

n_30530 0 0: 11715 missing values recoded

waisthipra~o: 750 missing values recoded

Export file as .csv (tab delimited) to directory with plink and .bed/.bim/.fam files
. export delimited using "reducedpheno.csv", delimiter(tab) nolabel

19.4.1 Analysing white British subjects

In Command Prompt, use Plink commands:

plink --bfile ukb_cauc --linear --pheno reducedpheno.csv --pheno-name n_30510 0 0 --out

creatinine
PLINK v1.90b3.39 32-bit (5 Aug 2016) https://www.cog-genomics.org/plink2
(C) 2005-2016 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to creatinine.log.
Options in effect:
--bfile ukb_cauc
--linear
--out creatinine
--pheno reducedpheno.csv

--pheno-name n_30510 0 0

32648 MB RAM detected; reserving 2047 MB for main workspace.
Allocated 1535 MB successfully, after larger attempt(s) failed.

362 variants loaded from .bim file.

408972 people (187902 males, 221070 females) loaded from .fam.
390397 phenotype values present after --pheno.

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 408972 founders and 0 nonfounders present.

Calculating allele frequencies... done.
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Total genotyping rate is 0.998533.

362 variants and 408972 people pass filters and QC.

Phenotype data is quantitative.

Writing linear model association results to creatinine.assoc.linear ... done.

plink --bfile ukb_cauc --logistic --1 --pheno reducedpheno.csv --pheno-name kidneytx --ci 0.95
--out kidneytx

PLINK v1.90b3.39 32-bit (5 Aug 2016) https://www.cog-genomics.org/plink2
(C) 2005-2016 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to kidneytx.log.
Options in effect:
-1
--bfile ukb_cauc
--logistic
--out kidneytx
--pheno reducedpheno.csv

--pheno-name kidneytx

32648 MB RAM detected; reserving 2047 MB for main workspace.
Allocated 1535 MB successfully, after larger attempt(s) failed.

362 variants loaded from .bim file.

408972 people (187902 males, 221070 females) loaded from .fam.
401307 phenotype values present after --pheno.

Using 1 thread (no multithreaded calculations invoked).

Before main variant filters, 408972 founders and O nonfounders present.
Calculating allele frequencies... done.

Total genotyping rate is 0.998533.

362 variants and 408972 people pass filters and QC.
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Among remaining phenotypes, 258 are cases and 401049 are controls. (7665 phenotypes

are missing.)
Writing logistic model association results to kidneytx.assoc.logistic ...done.
19.4.2 Covariate analysis

plink --bfile ukb_cauc --linear --pheno reducedpheno.csv --pheno-name n_30510_0_0 --covar

reducedpheno.csv --covar-name n_34 0 0, n_31 0 0 --out creatinine_covar
PLINK v1.90b3.39 32-bit (5 Aug 2016) https://www.cog-genomics.org/plink2
(C) 2005-2016 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to creatinine_covar.log.
Options in effect:

--bfile ukb_cauc

--covar reducedpheno.csv

--covar-namen_34 0 0,n. 31 0 0

--linear

--out creatinine_covar

--pheno reducedpheno.csv

--pheno-name n_30510 0 0

32648 MB RAM detected; reserving 2047 MB for main workspace.
Allocated 1535 MB successfully, after larger attempt(s) failed.

362 variants loaded from .bim file.

408972 people (187902 males, 221070 females) loaded from .fam.
390397 phenotype values present after --pheno.

Using 1 thread (no multithreaded calculations invoked).

--covar: 2 out of 7 covariates loaded.

7665 people were not seen in the covariate file.

Before main variant filters, 408972 founders and 0 nonfounders present.

Calculating allele frequencies... done.
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Total genotyping rate is 0.998533.

362 variants and 408972 people pass filters and QC.

Phenotype data is quantitative.

Writing linear model association results to creatinine_covar.assoc.linear ... done.

plink --bfile ukb_cauc --logistic --pheno reducedpheno.csv --pheno-name kidneytx --1 --covar

reducedpheno.csv --covar-name n_34 0 0, n_31 0 0 --ci 0.95 --out kidneytx_covar
PLINK v1.90b3.39 32-bit (5 Aug 2016) https://www.cog-genomics.org/plink2
(C) 2005-2016 Shaun Purcell, Christopher Chang GNU General Public License v3
Logging to kidneytx_covar.log.
Options in effect:

-1

--bfile ukb_cauc

--covar reducedpheno.csv

--covar-namen_34 0 0,n. 31 0 0

--logistic

--out kidneytx_covar

--pheno reducedpheno.csv

--pheno-name kidneytx

32648 MB RAM detected; reserving 2047 MB for main workspace.
Allocated 1535 MB successfully, after larger attempt(s) failed.

362 variants loaded from .bim file.

408972 people (187902 males, 221070 females) loaded from .fam.
401307 phenotype values present after --pheno.

Using 1 thread (no multithreaded calculations invoked).

--covar: 2 out of 7 covariates loaded.

7665 people were not seen in the covariate file.

Before main variant filters, 408972 founders and 0 nonfounders present.



Calculating allele frequencies... done.

Total genotyping rate is 0.998533.

362 variants and 408972 people pass filters and QC.

Among remaining phenotypes, 258 are cases and 401049 are controls. (7665
phenotypes are missing.)

Writing logistic model association results to kidneytx_covar.assoc.logistic ...done.
19.5 HLA types and frequencies

Table 7: HLA types and frequencies

Class | Class

HLA- Frequency HLA- Frequency
A*02:01 | 26.24% DPB1*04:01 42.36%
A*01:01 | 18.71% DRB3 —nogene | 35.17%
C*07:01 |[17.15% DRB4 — no gene | 34.03%
C*07:02 | 15.40% DRB4*01:03 24.50%
B*07:02 | 14.14% DQA1*05:01 23.03%
A*03:01 | 13.94% DPA1*01:03 20.02%
B*08:01 | 13.69% DQA1*03:01 19.56%
C*05:01 | 10.65% DQA1*01:02 19.14%
B*44:.02 | 10.47% DQB1*03:01 17.61%
C*06:02 | 9.06% DRB3*01:01 16.19%
C*04:01 | 8.87% DRB5 —no gene | 15.25%
C*03:04 | 7.53% DPA1*02:01 15.12%
A*24.02 | 7.40% DQB1*02:01 14.62%
A*11:01 | 6.20% DRB1*03:01 14.41%
B*44:03 | 5.73% DQA1*02:01 14.39%
B*15:01 | 5.69% DRB1*07:01 14.34%
B*40:01 | 5.24% DRB3*02:02 14.23%
C*03:03 | 5.21% DQA1*01:01 14.18%
B*35:01 | 4.51% DRB5*01:01 14.18%
C*16:01 | 4.33% DRB1*15:01 13.95%
A*29:02 | 4.01% DQB1*06:02 13.75%
B*57:01 | 3.83% DQB1*05:01 11.94%
B*27:05 | 3.70% DPB1*02:01 11.12%
B*51:01 | 3.66% DPB1*04:02 10.64%
C*08:02 | 3.66% DRB1*04:01 10.28%
B*18:01 | 3.62% DQB1*03:02 10.08%
C*02:02 | 3.52% DQB1*02:02 9.11%
A*32:01 | 3.44% DPB1*03:01 8.83%
C*01:02 | 3.40% DRB1*01:01 8.78%
C*12:03 | 3.19% DRB4*01:01 7.82%
A*68:01 | 3.07% DPB1*01:01 6.24%
A*31:01 | 2.61% DQA1*01:03 5.85%
B*14:02 | 2.58% DQB1*03:03 5.13%
A*26:01 | 2.08% DQB1*06:03 5.07%




B*13:02 | 1.93% DRB1*13:01 5.01%
A*23:.01 | 1.89% DRB3*03:01 4.02%
C*15:02 | 1.89% DRB1*13:02 3.85%
B*55:01 | 1.76% DPA1*02:02 3.79%
C*07:04 [ 1.71% DRB1*04:04 3.72%
A*25:01 | 1.58% DRB1*11:01 3.42%
B*37:01 | 1.37% DQB1*06:04 2.70%
B*49:01 | 1.20% DPB1*11:01 2.48%
A*30:01 | 1.18% DQB1*05:03 2.32%
B*14:01 | 1.12% DPB1*05:01 2.18%
A*30:02 | 1.09% DQA1*04:01 2.13%
C*14:02 | 1.00% DQB1*04:02 2.12%
B*35:03 | 0.97% DRB1*14:01 1.90%
B*50:01 | 0.92% DRB1*08:01 1.71%
B*38:01 | 0.90% DPB1*13:01 1.68%
A*02:05 | 0.83% DRB1*01:03 1.59%
B*40:02 | 0.78% DPB1*10:01 1.55%
C*12:02 | 0.74% DRB1*12:01 1.44%
A*68:02 | 0.73% DRB1*09:01 1.33%
B*52:01 | 0.73% DPB1*17:01 1.30%
C*17:01 | 0.72% DRB1*11:04 1.25%
B*58:01 | 0.72% DQB1*06:09 1.10%
B*45:01 | 0.69% DQB1*05:02 0.97%
B*39:01 | 0.69% DRB1*01:02 0.93%
B*39:06 | 0.64% DRB1*13:03 0.90%
A*33:01 | 0.61% DQB1*06:01 0.85%
A*33:03 | 0.57% DPB1*14:01 0.84%
B*53:01 | 0.49% DRB5*02:02 0.83%
B*41:02 | 0.36% DRB1*10:01 0.77%
A*66:01 | 0.32% DPB1*15:01 0.74%
C*03:02 | 0.32% DPB1*02:02 0.74%
B*35:02 | 0.29% DRB1*15:02 0.72%
B*47:01 | 0.29% DRB1*16:01 0.60%
B*56:01 | 0.29% DRB1*04:05 0.54%
C*16:02 | 0.24% DPB1*19:01 0.50%
B*41:01 | 0.24% DPA1*01:04 0.50%
A*02:06 | 0.24% DRB1*04:07 0.44%
B*15:17 | 0.23% DPB1*09:01 0.43%
B*15:18 | 0.22% DRB1*04:02 0.42%
B*07:05 | 0.21% DPB1*16:01 0.39%
A*29:01 | 0.18% DQA1*06:01 0.37%
B*15:03 | 0.17% DPB1*06:01 0.30%
A*74:01 | 0.16% DRB1*08:03 0.28%
A*34:02 | 0.16% DRB1*11:03 0.27%
A*03:02 | 0.16% DRB1*15:03 0.26%
A*02:02 | 0.15% DRB1*11:02 0.24%
A*02:03 | 0.14% DPA1*03:01 0.23%
B*42:01 | 0.14% DRB1*08:04 0.22%
C*08:01 | 0.13% DRB1*04:03 0.17%
B*35:08 | 0.13% DRB1*14:04 0.14%
B*44:05 | 0.13% DRB1*03:02 0.14%
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B*40:06 | 0.12% DQB1*05:04 0.14%
C*15:05 [0.11% DQB1*03:04 0.12%
A*30:04 | 0.11% DRB1*12:02 0.12%
A*02:11 | 0.10% DPB1*23:01 0.12%
B*15:10 | 0.09% DPB1*26:01 0.11%
B*27:02 | 0.09% DPB1*18:01 0.10%
C*18:01 | 0.08% DQA1*03:03 0.09%
B*51:08 | 0.08% DRB1*16:02 0.09%
A*36:01 | 0.08% DPB1*20:01 0.08%
B*15:16 | 0.07% DQA1*05:05 0.07%
B*15:02 | 0.07% DRB1*04:08 0.06%
A*26:08 | 0.07% DPA1*01:05 0.06%
C*16:04 | 0.07% DRB1*08:06 0.06%
B*58:02 | 0.06% DRB1*04:06 0.05%
B*57:03 | 0.06% DPA1*04:01 0.04%
B*46:01 | 0.06% DRB1*08:02 0.04%
A*24:03 | 0.05% DQB1*04:01 0.04%
B*13:01 | 0.05% DRB1*13:05 0.03%
C*04:03 | 0.05% DPB1*85:01 0.03%
A*69:01 | 0.05% DPB1*40:01 0.03%
B*38:02 | 0.05% DPB1*28:01 0.02%
B*44:04 | 0.04% DRB1*13:04 0.02%
B*48:01 | 0.04% DPB1*21:01 0.01%
A*02:07 | 0.04% DRB1*14:02 0.01%
B*57:02 | 0.04% DRB3*02:24 0.01%
B*81:01 | 0.04% DRB1*11:11 <0.01%
A*24:07 | 0.04% DQA1*05:09 <0.01%
A*01:02 | 0.03% DRB1*14:06 <0.01%
A*80:01 | 0.02% DRB1*04:10 <0.01%
B*15:24 | 0.02% DRB1*14:05 <0.01%
B*39:10 | 0.02% DRB3*02:10 <0.01%
A*66:02 | 0.02% DQA1*03:02 <0.01%
C*08:04 | 0.02% DRB1*13:12 <0.01%
B*73:01 | 0.02% DQB1*06:05 <0.01%
B*54:01 | 0.02% DRB1*14:03 <0.01%
A*11:02 | 0.02% DQA1*01:04 <0.01%
B*35:05 | 0.02% DPB1*34:01 <0.01%
B*27:07 | 0.02% DQA1*05:03 <0.01%
A*34:01 | 0.02% DRB1*14:15 <0.01%
B*18:03 | 0.02% DRB1*08:10 <0.01%
C*15:04 | 0.01% DRB1*14:10 <0.01%
B*27:04 | 0.01% DRB1*04:11 <0.01%
B*15:25 | 0.01% DRB1*08:07 <0.01%
B*78:01 | 0.01% DRB1*08:11 <0.01%
B*27:03 | 0.01% DPB1*30:01 <0.01%
B*51:07 | <0.01% DPB1*33:01 <0.01%
B*51:06 | <0.01% DRB1*11:06 <0.01%
C*07:26 | <0.01% DRB1*13:15 <0.01%
C*14:03 | <0.01% DRB1*13:21 <0.01%
A*11:03 | <0.01% DPB1*31:01 <0.01%
B*15:13 | <0.01% DRB1*14:09 <0.01%
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B*15:21 | <0.01% DPB1*09:02 <0.01%
A*02:20 | <0.01% DPB1*45:01 <0.01%
A*02:16 | <0.01% DRB1*14:44 <0.01%
B*35:43 | <0.01% DPA1*01:07 <0.01%
A*74:03 | <0.01% DPB1*22:01 <0.01%
B*51:05 | <0.01% DPB1*35:01 <0.01%
A*26:03 | <0.01% DPB1*48:01 <0.01%
B*15:07 | <0.01% DPB1*05:02 <0.01%
B*35:12 | <0.01% DPB1*81:01 <0.01%
A*43:86 | <0.01% DRB1*11:43 <0.01%
A*24:04 | <0.01% DRB1*14:07 <0.01%
A*31:04 | <0.01% DRB5*01:02 <0.01%
B*15:26 | <0.01%
B*40:12 | <0.01%
A*24:10 | <0.01%
B*15:04 | <0.01%
B*15:05 | <0.01%
B*39:02 | <0.01%
B*55:02 | <0.01%
A*68:17 | <0.01%
B*15:37 | <0.01%
B*15:27 | <0.01%
B*35:22 | <0.01%
B*15:08 | <0.01%
B*15:20 | <0.01%
B*35:10 | <0.01%
B*27:06 | <0.01%
B*35:09 | <0.01%
B*56:04 | <0.01%
B*39:24 | <0.01%
B*40:09 | <0.01%
B*50:02 | <0.01%
C*03:05 | <0.01%
A*01:03 | <0.01%
B*51:23 | <0.01%
B*59:01 | <0.01%
C*03:06 | <0.01%
B*15:06 | <0.01%
B*41:04 | <0.01%
B*51:02 | <0.01%
B*35:41 | <0.01%
B*15:09 | <0.01%
B*15:15 | <0.01%
B*18:04 | <0.01%
B*39:11 | <0.01%
C*02:10 | <0.01%
B*15:29 | <0.01%
B*44:07 | <0.01%
B*39:03 | <0.01%
B*82:01 | <0.01%
A*40:27 | <0.01%
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B*18:02 | <0.01%
B*35:20 | <0.01%
B*56:03 | <0.01%
A*02:10 | <0.01%
B*35:17 | <0.01%
B*39:05 | <0.01%
B*48:02 | <0.01%
B*67:01 | <0.01%
B*70:20 | <0.01%
A*02:14 | <0.01%
A*02:64 | <0.01%
A*31:03 | <0.01%
B*15:11 | <0.01%
B*15:12 | <0.01%
B*15:30 | <0.01%
B*15:31 | <0.01%
B*35:04 | <0.01%
B*35:19 | <0.01%
B*35:21 | <0.01%
B*39:08 | <0.01%
B*39:09 | <0.01%
B*39:15 | <0.01%
B*40:04 | <0.01%
B*40:10 | <0.01%
B*48:03 | <0.01%
B*82:02 | <0.01%
C*04:07 | <0.01%
This table shows all 362 HLA types included in the analysis, split into class | and 1l and
sorted by frequency in the study population. 101 types have frequency >1%, and 53 types
have frequency >5%.

19.6 Other published work

This section shows three peer-reviewed papers (one that | authored and two that | co-
authored) that were published while this project was ongoing. They are discussed in section
9.3 but they are not included in the main text of the thesis as they are not directly related to

the research question.

19.6.1 Monthly variance in UK renal transplantation activity: a national retrospective

cohort study

This paper was published in BMJ Open on 17" September 2019.
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ABSTRACT

Objective To identify whether renal transplant activity
varies in a reproducible manner across the year.

Design Retrospective cohort study using NHS Blood and
Transplant data.

Setting All renal transplant centres in the UK.
Participants A total of 24270 patients who underwent
renal transplantation between 2005 and 2014.

Primary outcome Monthly transplant activity was
analysed to see if transplant activity showed variation
during the year.

Secondary outcome The number of organs rejected due
to healthcare capacity was analysed to see if this affected
transplantation rates.

Results Analysis of national transplant data revealed

a reproducible yearly variance in transplant activity.

This activity increased in late autumn and early winter
(p=0.05) and could be attributed to increased rates of
living (October and November) and deceased organ
donation (November and December). An increase in
deceased donation was attributed to a rise in donors
following cerebrovascular accidents and hypoxic brain
injury. Other causes of death (infections and road traffic
accidents) were more seasonal in nature peaking in the
winter or summer, respectively. Only 1.4% of transplants
to intended recipients were redirected due to a lack of
healthcare capacity, suggesting that capacity pressures
in the National Health Service did not significantly affect
transplant activity.

Conclusion UK renal transplant activity peaks in late
autumn/winter in contrast to other countries. Currently,
healthcare capacity, though under strain, does not

affect transplant activity; however, this may change if
transplantation activity increases in line with national
strategies as the spike in transplant activity coincides with
peak activity in the national healthcare system.

INTRODUCTION

When organ donors and families of poten-
tial donors consent to donation, they make
a very valuable gift which is life-changing for
the recipient. Despite recent improvements
in the UK' and other countries regarding
access to transplantation, demand for renal
transplantation still exceeds the number of
available donors.” This results in increased

Strengths and limitations of this study

» The study was a 10-year retrospective study involv-
ing all the registered renal transplant recipients in
the UK over this time period.

» The national transplant database is filled using data
submitted by each transplant centre; therefore, the
data has not been independently corroborated.

» A minority of patients will have refused to be en-
rolled in the national database potentially affecting
our findings.

» The database is used to audit transplant provision
and outcomes in the UK; therefore, it was not set up
specifically for this research project.

patient mortality and morbidity.” Since many
potential donors cannot be used for various
reasons, it is vital that these reasons are
minimised so that every potential organ for
transplant is used for the primary intended
recipient. One of the reasons transplantation
does not proceed is due to a lack of clinical
capacity. Therefore, healthcare planning
plays a key role in ensuring that sufficient
capacity exists so that all transplants are used
for the primary intended recipients. This
could be potentially difficult as the National
Health Service (NHS) often works near or
at maximum capacity,' especially in winter
months.

Renal transplantation uses both living and
deceased donors. Human mortality rates are
known to oscillate in a seasonal manner for
some diseases.” This can be attributed to the
effects of endogenous seasonal rhythms and
climatic factors on human performance and
activity patterns. In the UK, seasonal varia-
tions are commonly observed for infectious
diseases, such as inﬂuenza,6 cerebrovascular
disease’™® and myocardial infarctions."
Several studies have recently shown how
understanding these oscillations are crucial
for planning and delivering optimum

BM)
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healthcare delivery.'* For example, the USA covers many
different climate zones, but depite this cerebrovascular
accidents in the USA peak in the winter'” in a similar
pattern to the UK."™'? Surprisingly, transplant activity in
the USA is lowest in the winter months for both renal'®
and heart transplantation, despite these deaths being a
leading cause of organ donation."” A similar pattern is
also seen in Italy,'® suggesting that this seasonal pattern is
conserved in other countries.

To the best of our knowledge, seasonal fluctuations
in transplant activity have not been investigated in the
UK. We, therefore, examined the national cohort over a
10-year period to establish both seasonal fluctuations and
whether healthcare capacity influences activity.

METHODS

All UK renal adult transplants, performed between 2005
and 2014 to recipients over 18 years old, were included
in the study. Data were provided by NHSBT (NHS Blood
and Transplant) who maintain a comprehensive national
database on the 24 adult kidney transplant centres in
the UK. This data was combined with data collected on
donor activity, provided by the National Organ Retrieval
Service. Deceased donation is categorised into donation
after brain death and donation after circulatory death. All
donor deaths are further classified according to the cause
of mortality. ‘Cerebrovascular event’ was defined as death

Transplants per day

f:o”i S

o)

Living Donor transplants

Month of the Year

Figure 1

due to intracranial haemorrhage, intracranial thrombus
or unclassified intracranial event. ‘Infection’ was defined
as death due to meningitis, septicaemia, pneumonia or
unclassified infection. Deceased donor transplants form
about two-thirds of all UK kidney transplant activity. The
other one-third of kidney transplants are transplants
from living donors. Living donor transplants are logisti-
cally different as they are planned and scheduled elec-
tive cases depending on several factors which can usually
be controlled. Deceased donor transplants, on the other
hand, are unplanned occurring when organs become
available after the death of a suitable donor. Recipients
are then allocated organs according to agreed national
allocation criteria.

Data were analysed according to the month and year the
transplant occurred. Donation details were analysed in a
similar manner. The observed data were compared with
the expected transplant activity calculated by measuring
the total number of transplants divided by the number of
days in the same year.

Data were also analysed according to organs offered to
different centres for named patients and declined, for
various reasons by the centre, including capacity issues.
These issues for the purposes of this paper were subclas-
sified into different categorical values (centre already
transplanting, no beds, no staff, no theatre and no time).

(@)

Deceased Donor Transplants

Month of the Year

Changes in transplant activity during the year. (A) The number of UK renal transplants per month varied significantly

during the year (p<0.01) peaking in November. (B) Renal transplants arising from living donors varied significantly throughout the
year peaking in October and November. (C) Transplant activity using deceased donors varied significantly over the year peaking
in December. (*P<0.05, **p<0.01 Pearson residual, dotted line shows average activity).

Lowe M, et al. BMJ Open 2019;9:6028786. doi:10.1136/bmjopen-2018-028786

“ybuAdoo Aq parosrold 1sanb Aq 6102 ‘2T Joqualdas uo ywod fwg uadolwgy/:dny wouy papeojumoq "6T0Z Joquaidas /T uo 98/820-8T02-uadolwag/9eTT 0T Se paysignd 1say :uado NG


http://bmjopen.bmj.com/

A

Transplants per day

Month of the Year

C

>
=)

hed
o

3.0

Transplants per day

n
o

< S
F T

B

-
o

o
©

Transplants per day
o
o

OO LA EN S G S &
o“&;‘&\&é WY \’Q@éoc}'éieéoeéo
o & O '

Month of the Year

* %
* %

N 2N &
RN
~ Nl S

&
:,QQ\ 4

Month of the Year

Figure 2 Changes in transplant activity using donors after cerebrovascular events or hypoxic brain injury. (A) Transplant
activity using donors following cerebrovascular events peaks in November. (B) Transplant activity using donors with hypoxic
brain damage also increased in activity at the end of the year (November and December). (C) By combining both these causes,
the graph mirrors the fluctuation seen in transplant activity for all deceased donors (shown in figure 1C). (*P<0.05, **p<0.01

Pearson residual, dotted line shows average activity).

Statistical methods

Generalised linear models (GLMs), with a Poisson link
function, were used to model the effect that month of
the year had on our data. Offset variables were used to
account for the slight differences in the number of days
per month. To account for the unknown correlation struc-
ture in our data, generalised estimating equations (GEEs)
per year were used to estimate the GLM parameters.lg

The x° goodness-offit tests assessed whether the
observed number of transplants per month differed from
the expected value if there was no seasonal variability.
When this test was significant (ie, the expected values
were significantly different from the observed values),
Pearson residuals were used to identify the particular
months which caused this mismatch. Residuals that are
greater than two in magnitude suggest some degree of
lack of fit.*

Sine and cosine curves were fitted to the transplant data
to investigate whether repeating patterns occurred across
the months. All analyses were performed using SPSS V.22
(IBM corp.).

Patient and public involvement
Patients and the public were not involved in the design or
analysis of data for this study.

Ethics

Data were collected by NHSBT and analysed after
obtaining approval from them in accordance with their
policies. Since the data were fully anonymised, no ethical
permission was sought.

RESULTS

During the 10-year study period, 24270 adult kidney
transplants were performed in the UK. A total of 15094
(62%) were from deceased donors and 9166 (38%) were
from living donors.

Kidney transplant activity changes in a consistent manner
throughout the year
Kidney transplant activity varied by 17.1% within a year
(p<0.01, %, figure 1A). Transplant activity was highest in
November (11% increase from mean, p<0.01) and lowest
in August (6% decrease from mean, p<0.01). Investi-
gating seasonal variation, transplant activity increased in
the autumn compared with spring and summer (p<0.05,
one-way analysis of variance); these patterns were
consistent every year during the 10-year study period
(p<0.01,GEE).

Kidney transplantation uses both living and deceased
donors. Our data set was, therefore, examined to see
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Table 1 Seasonal variation in kidney transplants using
organs from deceased donors

Table 3 Seasonal variation in kidney transplants using
organs from donors after circulatory death

P value for whether
donation varied

Cause of death in the donor n across the year

P value for whether
donation varied

Cause of death in the donor n across the year

Intracranial/cerebrovascular 9452 <0.01
causes

Hypoxic brain damage 2448 <0.01
Trauma 1532 <0.01
Infective causes 367 <0.01
Cardiovascular 237 0.13
Respiratory/pulmonary causes 192 0.17
Brain tumours 180 0.14
Poisoning/drug overdose 55  0.08
Organ failure (various causes) 53 <0.01
Other/unknown 578  0.01

All deceased donations over a 10-year period were split into
groups according to aetiology defined by NHS Blood and
Transplant. The incidence for the majority (7/10) of causes varied
significantly during the year.

if one of these types was responsible for the variance
in activity. Transplant activity using organs from living
donors (figure 1B) significantly increased in October and
November and decreased in December, April, May and
August. Transplant activity using organs from deceased
donors (figure 1C) increased in December and a similar
trend was observed in November. Therefore, the increase
in activity for November, which has the highest activity,
is due to an increase in transplants using kidneys from
both living and deceased organ donors. This contrasts

Table 2 Seasonal variation in kidney transplants using
organs from donors after brain death

P value for whether
donation varied

Cause of death in the donor n across the year

Intracranial/cerebrovascular 6985 <0.01
causes

Hypoxic brain damage 1232 <0.01
Trauma 970 <0.01
Infective causes 260 <0.01
Cardiovascular 71  <0.01
Respiratory/pulmonary causes 7 0.18
Brain tumours 149 0.57
Poisoning/drug overdose 26 <0.01
Other/unknown 350 0.21

All donations after brain death over a 10-year period were split
into groups according to aetiology defined by NHS Blood and
Transplant. The incidence for the majority (6/9) of causes varied
significantly during the year.

Intracranial/cerebrovascular 2467 0.60

causes

Hypoxic brain damage 1216 0.16
Trauma 562 <0.01
Infective causes 107  0.05
Cardiovascular 166  0.88
Respiratory/pulmonary causes 185 0.25
Brain tumours 31 0.07
Poisoning/drug overdose 29 <0.01
Other/unknown 228 <0.01

All donations after circulatory death over a 10-year period were
split into groups according to aetiology defined by NHS Blood
and Transplant. The incidence for a minority (3/9) of causes varied
significantly during the year.

with August, which had the lowest activity, and is solely
explained by a fall in living donor activity.

Incidence for brain injury donors fluctuates over the year
Donation from cerebrovascular and hypoxic brain injury
accounted for 78.8% of all deceased donor transplants;
therefore, we hypothesised that the spike in deceased
donor transplants is due to an increase in donors from
these categories during November and December. Cere-
brovascular deaths, as a cause of donor death, were
significantly increased in November (12% increase
from the mean, p<0.01) (figure 2A). Donations from
donors who had experienced a hypoxic brain injury
tended to increase during this period with the highest
spike being in December (25% increase from the mean,
p=0.15) (figure 2B). When these results are combined,
they mirror the fluctuations seen for all deceased organ
transplant activity (figure 2C) with significant elevations
in transplant activity during November and December
(p<0.01).

Seasonal variance in the incidence of donors after infection
We also noted that other causes of donor death signifi-
cantly varied over the year (table 1). Interestingly, this
variance was mainly observed in donations after brain
death (table 2) rather than circulatory death (table 3).
Donations after road traffic accidents (figure 3A) were
higher during late spring, summer and early autumn
(April-September) compared with other times of the
year. Donations from donors dying from infective causes
peaked in the winter and declined in the summer
(figure 3B); this relationship could be explained by a
cosine curve (figure 3B, p<0.05) suggesting a potential
underlying seasonal oscillation.
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Figure 3 Seasonal variation in transplant activity arising after infection or trauma. (A) Transplant activity using donors following
traumatic incidents increased in the summer (B) as opposed to transplant activity using donors following infection, which
oscillated in a sinusoidal manner peaking in the winter. (“P<0.05, **p<0.01 Pearson residual, best fit line for infection is a cosine

(p<0.05), dotted line shows average activity).

The effect of healthcare capacity on transplant activity

The UK healthcare system routinely works at high
capacity,”’ potentially resulting in reduced transplanta-
tion rates due to bed and staffing shortages. We, therefore,
examined whether the reproducible monthly changes in
transplant activity could be attributed to a lack of capacity
in the healthcare system. Although a large number 28789
of deceased donor offers were declined for transplanta-
tion over the study period only a small fraction of these
were due to lack of capacity (n=480, mean 1.22% (+0.22%
SD)).

DISCUSSION

The NHS in the UK is coping with increased pressures,
especially in the winter.?' This study reveals that UK kidney
transplant activity peaks in November and December, at
the beginning of the winter, in contrast with a number
of European' ** and North American centres.'® "7 This
unexpected finding is due to variations in living and
deceased donation. Although detailed causal analysis
was beyond the scope of the study, the winter increases
in deceased donation could be attributed to increases
in both cerebrovascular and hypoxic brain events. This
is consistent with findings from previous studies studying
the incidence of these events both in the UK’ and other
northern hemisphere countries.' '*

The winter surge in transplant activity has important
implications for the UK health system (NHS). During
the UK winter, there is also a surge in emergency admis-
sions to hospitals, placing the system under significant
strain, sometimes resulting in cancellation of elective and
semi-elective operations for up to several months.* It was,
therefore, reassuring that we found at the national level
no solid evidence of transplant surgery using deceased
donors being cancelled during the winter months. Despite
this, however, it is important that individual transplant
departments plan for this predictable and reproducible
surge in transplant activity making sure that their own
activity is not affected. We are confident that this surge

is likely to continue into the future as two different statis-
tical tests ()(2 and GEE) produced similar results. This is
especially important as UK transplant activity is likely to
increase due to recent changes in legislation.

Certain limitations should be noted when interpreting
the results of this study. The donor rates reported in the
paper are from used donations, and therefore can be
influenced by changes in donor conversion rates; the
proportion of donor offers used in a transplant operation.
This is unlikely, however, as these changes would have to
be consistently occurring in the same way each year for
10 years; furthermore, the peak of deceased donation
activity coincided with the epidemiological peaks for
the underlying diseases.”? Since this was a retrospective
study, there is always the potential for inherent bias, but
since this is relatively a large data set, it should minimise
this effect. The data from each centre could not be inde-
pendently verified, due to anonymisation in the data set.
Finally, the effect of healthcare capacity on living dona-
tions was not investigated, but this would be an important
area to investigate in future research.

Our study clearly shows that UK renal transplant activity
increases in the winter in contrast to previous studies
investigating seasonal transplant activity in other coun-
tries. This could have implications for the UK health
system since winter is when the British health system is
placed under maximal strain. This seasonal variation
should, therefore, be considered for any future plan-
ning especially with the potential impact of the opt-out
legislation and strategies to increase organ donation and
transplantation.
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The impact of the COVID-19 pandemic on renal

transplantation in the UK
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COVID-19 is impacting provision of renal transplantation in the
UK with a reduction in clinical activity. Publicly available Renal
Registry and NHS Blood and Transplant reports were analysed
to model the number of missed transplant opportunities,
waiting list size and change in dialysis population over a
six-month period starting 5 March 2020. An estimated 1,670
kidney transplant opportunities may be lost, which will lead

to 6,317 active patients on the kidney-alone waiting list,
compared to 4,649 based on usual activity estimates. This

will result in 1,324 additional patients on dialysis who would
otherwise have been transplanted. COVID-19 will lead to a
marked loss of transplant opportunities and a significantly
larger national waiting list. The existing strain on dialysis
capacity will be exacerbated as patients remain on dialysis as
the only available form of renal replacement therapy. These
findings will help inform policy and service specific strategies.

KEYWORDS: COVID-19, kidney transplantation, NHS, renal
insufficiency, renal replacement therapy
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Introduction

Kidney transplantation is the most common form of renal
replacement therapy in the UK and provides a sustained cure for
end-stage renal disease (ESRD).! Transplant activity is coordinated
centrally by NHS Blood and Transplant (NHSBT) and over 3,000
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renal transplants across 23 centres are performed each year.?
Transplantation provides significant benefits compared to dialysis
and is the renal replacement therapy of choice in all eligible
patients.’ In spite of increasing access to transplantation in the
UK, deceased donor waiting times remain high with a median
wait of 3 years, predominantly due to a paucity of suitable organ
donors.2 Most patients are therefore established on dialysis for
some time prior to transplantation.” Several national strategies are
in place to increase transplant rates including the use of marginal
donors and the opt-out consent system.®

The global COVID-19 pandemic reached the UK on 31 January
2020, with the first recorded mortality on 5 March 2020.¢ Caused
by the novel coronavirus (SARS-CoV-2), it mostly presents as
arespiratory illness, although 25% can have gastrointestinal
symptoms.” Disease severity can range from mild flu-like symptoms
to an acute respiratory distress syndrome with the requirement
for ventilatory support.® It is highly transmissible and carries a
significantly higher mortality than other coronaviruses.® As the
pandemic establishes itself in the UK, the NHS has been forced to
rapidly evolve existing care models in preparation for significant
front-line service pressures. In particular, NHS England mandated the
suspension of all non-urgent elective surgery from 15 March 2020 to
create hospital capacity for COVID-19 related activity. The majority
of UK transplant centres appropriately suspended kidney transplant
activity in response to this national challenge. In particular, living
donor transplantation was halted at all centres and a limited number
of units continue with selected deceased donor activity.® Decisions
to continue deceased donor transplantation may be based on local
severity of the pandemic as there is a geographic variation across the
UK. Intensive care unit (ICU) capacity, emergency theatre access and
staff resources further play arole in centres’ capacity to continue to
deliver services. The uncertainty in risks combined with resource and
workforce challenges make decisions around transplantation highly
complex at present.

The consequences of infection with novel coronavirus for renal
transplant recipients remain poorly characterised. Post-transplant
immunosuppressed patients are known to be susceptible to
opportunistic viral infection, with coronaviruses previously
reported as a causative agent." The role of immunosuppression
in the context of COVID-19 is still being explored and potential
donor transmission rates are unestablished. Early reports suggest
elective surgery on asymptomatic patients during the incubation
period of COVID-19 carries a significant risk of early post-operative
mortality.'”" The overall impact for the UK is an acute reduction in
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renal transplant activity, but the effects on waiting list times and
dialysis provision are unquantified. The immediate national focus
is appropriately on pandemic response, but consideration should
be given to planning and resource allocation for medium- and
long-term effects, which include challenges for service planning
and resource allocation.

This study aims to help quantify the impact of the COVID-19
pandemic on renal transplantation in the UK.™ The primary
aim is to predict the monthly number of transplants that will
not be performed (‘missed opportunities’) due to suspension of
transplant activity secondary to COVID-19 and model the size
of the prospective waiting list. The secondary aim is to predict
how many additional patients may require dialysis due to lack of
transplantation.

Methods

The latest NHSBT and UK Renal Registry (UKRR) annual reports
were included in the study.?'®" These national reports are collated
by NHSBT and the UK Renal Association respectively. Both reports
include patient-level data submitted by all 23 transplant units and
84 renal centres in the UK. NHSBT also maintains an overview
of national waiting list figures and living and deceased donor
transplant activity.

The day of the first reported death in the UK attributed to
COVID-19 (5 March 2020) was used as ‘day 0’ to model the
loss of transplant opportunities during the pandemic.® The UK
government has modelled a minimum of a 3-month period of
impact, but this remains an estimation. For this reason, we decided
to model a period of 3—6 months. The modelling was performed
on 2 April 2020.

Lost transplant opportunities

All adult and paediatric kidney transplants from 1 April 2018 to 31
March 2019 were included. This included kidney-alone transplants,
and kidney transplants forming part of a multi-organ transplant
such as simultaneous pancreas—kidney transplant. We utilised the
reported activity of the 12-month period as stated in the latest
report to model the expected activity that would have taken place
normally without any pandemic effect. For purposes of this study,
we worked on the assumption that transplant activity would be
uniformly even across the 12 months. This provided the number of
‘missed opportunities’ per month, and allowed modelling of the size
of the prospective transplant waiting list and dialysis population.

Kidney transplant waiting list

The kidney-alone transplant waiting list at ‘day 0" was used

as a starting point for modelling the size of the waiting list at

3-6 months. Over the course of the last decade the kidney
transplant waiting list has been gradually declining. This is a result
of increasing transplant activity, though this appears to have
plateaued over the last two years. A number of patients die on
the waiting list and a number are removed, typically because they
become too unwell for a transplant.

UK dialysis population

The UKRR records the haemodialysis and peritoneal dialysis
capacity of all UK renal centres. These were collated to provide an
estimate on prevalent dialysis numbers on ‘day 0, as well as new
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incident patients starting dialysis over the study period. These
figures were used to model the size of the additional UK dialysis
population as aresult of curtailed transplant activity during the
pandemic.

Modelling analysis

The modelling assumed that activity during the study period
would be identical to the figures reported in the latest NHSBT

and UKRR reports. We identified the key coefficients such as
number of transplants performed, waiting list size and prevalent
dialysis numbers and modelled these with the variable of number
of months since ‘day 0’. Modelling was performed on Microsoft
Excel.® Detailed formulae are available in the supplementary data.

Ethical approval

This study analysed data from publicly available NHSBT and
UKRR reports. No explicit consent to use this data was deemed
necessary as they are publicly available and the reports were cited
accurately. Since the data in the reports are fully anonymised, no
ethical permission was required.

Results

We included data on 3,597 kidney transplants in the 2018/2019
NHSBT annual report over a 12-month period.?'® There were
1,020 living donor kidney transplants and 2,577 deceased donor
transplants. The overall active kidney transplant waiting list at
the end of the financial year (31 March 2019) was 4,954 patients,
which was a 2% decrease from the previous year.

Lost transplant opportunities

There was a mean of 300 kidney transplants each month
between 1 April 2018 and 31 March 2019 (85 living donor and
215 deceased donor transplants). This indicates that routine
activity over a 3-month period would predict 900 kidney
transplants. Between ‘day 0" and the time of the analysis, 128
kidney transplants were performed. The COVID-19 pandemic is
thus expected to lead to a potential loss of up to 1,672 transplant
opportunities between 5 March 2020 and the 5 September 2020
(6 months). Table 1 shows the number of transplants projected
based on the anticipated activity in normal and pandemic
circumstances, as well as the number of lost opportunities.

Kidney transplant waiting list

There were 4,748 patients active on the list on 5 March 2020 (‘day
0’). The modelling has shown that between 772 and 1,672 lost
opportunities will result in a 16.3%-35.2% increase in waiting

list size (Fig 1). Projecting the trend of a 4.2% reduction between
31 March 2019 and 5 March 2020 (‘day 0’), the size of the list
would have normally decreased by 1-2% over the same period.

If activity continued as normal, the list would have expected to
reduce by 17 patients a month; however, the modelling predicts a
relative increase of up to 283 patients per month.

UK dialysis population

Many transplant opportunities missed during the COVID-19
pandemic would have benefitted patients currently on dialysis.
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Table 1. Expected cumulative number of transplants performed in normal times and during the COVID-19

pandemic

3 months 4 months 5 months 6 months Lost opportunities
Normal activity 900 1200 1500 1800 n/a
COVID-19 pandemic* 128 128 128 128 772-1672

*Only includes transplants performed from 5 March 2020 until time of analysis (2 April 2020).

62% of living donor transplants go to dialysis patients and a
3-6-month suspension of the living donor programme would
lead to 159-317 additional dialysis patients. The reduction of the next 3-6 months
the deceased donor activity has even greater impact, as 87 % of
deceased donor transplants are for established dialysis patients.

Table 2. Additional dialysis patients in the UK over

Months after  Additional dialysis patients due to missed

With nil deceased donor transplantation, a further 1,121 patients gl AR e

may be on dialysis who would have been transplanted under Deceased Living Total

normal circumstances. Table 2 shows the number of additional donors donors

dialysis patients there will be, based on the projected number of

missed transplant opportunities. 3 561 159 720
The reduction in transplant activity will result in a total of 4 74,8 211 959

720-1,438 patients continuing to require dialysis who would

otherwise have been transplanted. The UKRR states there were 5 935 264 1199

29,064 dialysis patients in the UK on 31 December 2017, and the

number had been increasing by 2.0% per year over the previous 6 1121 317 1,438

two years. Assuming this trend continued until “day O', there “This has not been adjusted for the 128 transplants recorded from ‘day 0 till

would have been approximately 30,337 dialysis patients in the UK. time of analysis (2 April 2020).

The figures from our modelling would thus increase the dialysis
population in addition to normal growth by a further 4.7 % over

6 months. and provision, with additional inevitable morbidity and mortality.

This study demonstrates the value of publicly available UK-based
. . national data, allowing rapid analysis, predict service impact and
Discussion A Zo :
inform urgent strategic policy-making.

This study has quantified the impact of the COVID-19 pandemic
on renal transplant activity in the UK. The modelled loss of Transplantation during the COVID-19 pandemic
transplant opportunities will result in substantially increased

waiting list numbers and times. This will impact dialysis capacity There has been no national policy to halt organ donation and

transplantation across the UK. At the time of analysis, however,
national activity has come to a near stand-still.'® This study
shows that from 5 March 2020 onwards, between 772 and 1672
7,000 - transplant opportunities will be missed over 3—6 months. This
will greatly impact patients and families. Concerted efforts
must be made to provide communication and support during
the pandemic. Using digital technology and telemedicine

is proving crucial in maintaining patient contact and health
service delivery.”® Transplant patients have been shown to have

ist

Anticipated size of active kidney waiting |

4,000 favourable attitudes towards using health information technology
and COVID-19 may be a stimulus to drive change in the way
3,000 services are delivered.’*?°
Transplantation provides superior outcomes and quality of life
2,000 parameters for ESRD; however, the adjuvant immunosuppression
required during and after the surgical procedure may expose
1,000 recipients to additional risk.2"?? Recent case series from the UK
and Italy have reported a mortality of 7-25% of COVID-19 in post-
0 T T T T T T transplant patients, adding to the concern that these patients
0 1 2 3 4 > 6 suffer significantly adverse outcomes.?*?* A post-mortem analysis
Months since day 0 of native kidneys from six patients with confirmed COVID-19
—®— Normal activity —&— COVID-19 pandemic demonstrated a high tropism of SARS-CoV-2 for the human
Fig 1. Predicted change in the size of the kidney-alone waiting list kidney.? Across Europe, many national bodies continue to support
during the COVID-19 pandemic. transplantation but stress the importance of donor COVID-19
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testing.??’ This is advocated to reduce the risk of transmission to
recipients, but also to protect organ retrieval teams. The primary
challenge appears to be that a clear risk/benefit assessment of
transplantation during the active COVID-19 pandemic is still
unclear. Guidance published thus far provides limited objective
data for detailed risk/benefit discussions with patients.'®?® While
the current onus is on individual centres to formulate local practice,
national strategies are mandated to provide clear guidance to
both maintain activity but more importantly provide quantifiable
risk stratification. This requires a focus on understanding the
consequences of COVID-19 in the context of immunosuppression,
and establishing safe approaches to donation. It is imperative
that the transplant community shares knowledge and experience
rapidly to drive research and form a readily accessible evidence
base.

Post-pandemic transplant activity

Following COVID-19, service review with cogent planning and
updated resource allocation will be necessary to minimise the
effects of lost activity on individual patients. While patients are
not currently being added to the transplant waiting list, the rate
of patients developing ESRD will be the same or even higher as
aresult of COVID-19. Therefore, it is envisaged that a backlog
of patients will be added post-pandemic, resulting in an acute
rise in the waiting list size. This study has shown the transplant
waiting list may increase by 720-1,438 active dialysis patients
over 3—6 months. Dialysis significantly impacts health, with an
increased risk for cardiovascular events and sepsis.?® There is
emerging evidence that kidney disease is associated with higher
in-hospital mortality secondary to COVID-19.% It is postulated that
the COVID-19 pandemic may disproportionally affect patients on
dialysis, resulting in a reduced transplant waiting list. Under normal
circumstances 22 patients die each month on the kidney-alone
waiting list, and prospective studies determining the additional
mortality among wait-listed patients will help characterise the
impact more fully.

Halting kidney transplantation will affect living and deceased
donation equally. However, deceased donor transplants will
be missed opportunities due to the temporal nature of organ
offers. Living donor kidney transplantation is a semi-elective
procedure and may be recommenced when deemed safe. This
study has shown that 255-510 living donor pairs will have been
postponed by the end of 3—6 months. It will require significant
resources and efforts to clear this backlog, including operating
theatre capacity and anaesthetic and intensive care support. The
wellbeing of potential living donors is paramount and evidence-
based recommendations will be required for counselling and
decision-making. Early post-transplant patients are regularly
reviewed in the outpatient clinic. In the interest of minimising
exposure and reducing the risk of contracting COVID-19, changes
in ways of working will have to be introduced, with increased
remote monitoring and local blood investigations. This envisaged
increased and altered working will require rationalisation along
with the several other services where activity is currently halted.
Healthcare workers normally involved in transplantation are being
redeployed to work in emergency departments or intensive care
units, which has further contributed to cessation in transplant
activity. To cope with the significant increase in workload, this
trend may need to reversed with additional infrastructural support
post-pandemic.

© Royal College of Physicians 2020. All rights reserved.

Impact on workforce and resource allocation

UK kidney transplant services function under considerable pressure
during ‘normal’ circumstances, with periodic surges in activity. The
service is delivered by highly specialised multi-disciplinary staff
including surgeons, nephrologists, specialist nurses and coordinators.
They provide a round-the-clock national organ retrieval and
implantation service of organs from deceased donors along with
elective living donation. While delivering transplant care is highly
rewarding, the frequency of on-calls and high volume of out-of-
hours work makes recruitment and retention challenging. This study
has quantified the considerable rise in workload for transplant staff
post-pandemic. Reverting back to ‘normal’ work practices is unlikely
to be a safe and effective strategy for delivering the service. This
study further shows a potential unaccounted rise in the UK dialysis
population, which will require additional service provision and
resources. The projected increase in demand on dialysis will further
stretch a recovering NHS. Per patient costs for dialysis are over
£24,000 per year, and a potential increase in the dialysis population
modelled in this study would incur an additional cost of £13.4 to
£31.8 million.? This is caveated by the aforementioned, as yet
unknown, additional mortality risk from COVID-19 for patients on
the transplant waiting list.

Limitations of this study

Due to the novelty and unprecedented impact of the of the
COVID-19 pandemic, there are no other studies to act as
comparators in terms of health care provision modelling. Though the
methodology for modelling this is reproducible, it was dependent

on the availability of national data, which may not be the case
globally. We have based our modelling on the assumption that
activity during the pandemic would have been similar to the last
financial year. Though activity has been near-identical between the
last two years, the change in the organ donation law coming in to
place in May 2020 may have positively impacted on deceased donor
transplantation.?® The missed transplant opportunities predicted

in this study may therefore underestimate the projected shortfall

in activity. On an international scale, however, these databases are
among the largest and most accurate sources for transplant-related
population level data, which would add to the validity of our findings.
In 2018, Lowe et al showed a seasonal variation in kidney transplant
activity by analysing 10 years of NHSBT data.>> We have not included
this variation in our modelling at present. The impact of loss of
activity, however, is nonetheless expected to be significant, especially
if the UK kidney transplant programme is halted entirely. Additional
mortality on the waiting list and the number of patients becoming
too unwell to remain on the list due to COVID-19 is unknown. This
would influence our overall modelling and impact the size of the
waiting list as well as dialysis capacity further. We chose the 5 March
2020 as a defining point of a change in national, regional and local
strategy to shift priorities in NHS services towards preventing and
treating COVID-19. Retrospectively, it may be argued that a different
‘day O’ represents this change more accurately; however, given the
limitations and unpredictability of the situation this was considered a
fair representation.

Conclusion
Kidney transplantation provides a life-enhancing procedure for

patients with ESRD and is a flagship service of the NHS. While
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the unequivocal focus is battling COVID-19 and maintaining
vital frontline services, kidney transplantation will be adversely
affected. This will result in ancillary pressures on national dialysis
capacity and the transplant waiting list. We have quantified this
impact and provided evidence for health providers to recognise
this upcoming change in landscape. It is critical that kidney
transplant services develop innovative solutions and expedite
research to deliver transplantation as soon as possible. ®

Supplementary material

Additional supplementary material may be found in the online
version of this article at www.rcpjournals.org/clinmedicine:
S1—Formulae, coefficients and variables used in our modelling.
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ated with increased risk of rejection and mortality in solid organ transplantation. Such
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entirely on the mean fluorescence intensity (MFI) of circulating donor-directed HLA

that are present in the donor’s HLA but absent in the recipient’s HLA. We hypothesized
that patients with higher epitope mismatch loads would be at increased risk of dnDSA
development. We retrospectively analysed 73 heart and/or lung transplant recipi-
ents who were tested for DSA between 2015 and 2020. HLAMatchmaker, PIRCHE-
Il and HLA epitope mismatch algorithm (HLA-EMMA) were used to calculate eplet
mismatch (EpMM) loads, T-cell epitope mismatch (TEpMM) loads and solvent acces-
sible amino acid mismatch (SAMM) loads, respectively. Multivariate analyses showed
that HLA-EMMA was the only tool with a significant association between the total
score for all HLA loci and dnDSA production [odds ratio (OR) 1.021, 95% confidence
interval (Cl) 1.003-1.042, p = .0225] though this increased risk was marginal. The
majority of dnDSA were directed against HLA-DQ and patients with higher HLA-DQ
TEpMM loads (OR = 1.008, Cl = 1.002-1.014, p = .007), and HLA-DR+DQ SAMM
loads (OR =1.035,Cl = 1.010-1.064, p = .0077) were most at risk of producing dnDSA.
We also showed that patients with a risk epitope within the HLA molecule encoded for
by HLA-DQA1*05 + HLA-DQB1*02/03:01 were significantly more likely to produce
dnDSA. The use of HLA epitope-based matching tools could be used for cardiothoracic
transplant risk stratification to enable early intervention and monitoring of patients at

increased risk of producing dnDSA.
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1 | INTRODUCTION

Cardiothoracic transplantation can offer life-saving treatment for
patients with end-stage heart and lung disease. However, long-term
survival is still relatively low with a median survival of 12.5 years for
heart transplantation and median survival for lung or heart-lung trans-
plantation is close to half that of heart transplantation (Chambers et al.,
2019; Khush et al., 2019). Due to the short acceptable cold ischaemia
time, limited donor pool and the clinical urgency of cardiothoracic
(heart and/or lung) patients, human leukocyte antigen (HLA) match-
ing is not currently considered in the allocation of hearts and lungs,
and clinicians instead rely on high dose immunosuppression to reduce
the risk of rejection (Ansari et al., 2014). However, long-term immuno-
suppression treatment significantly increases the risk of infection and
malignancy which are common causes of mortality in cardiothoracic
transplant recipients (Frohlich et al., 2012; Gallagher et al., 2010).

In the United Kingdom, the allocation of deceased donor hearts and
lungs is primarily based on clinical urgency. Other factors such as donor
and recipient size matching and ABO blood group compatibility are
also considered. Immunological risk assessment at the time of trans-
plant is based solely on the level of pre-transplant donor-directed HLA
antibodies (Walton et al., 2016). The strength of HLA antibody binding
is commonly determined by solid phase Luminex single antigen beads
and is expressed as mean fluorescence intensity (MFI) (BTS, 2014).
However, the MFI cut-offs are not strongly evidence based and were
instead born out of necessity as the clinical significance of antibod-
ies detected by the sensitive Luminex single antigen bead assay was
unclear (Tait, 2016). This application of such cut-off values is controver-
sial as Luminex single antigen bead MFI results are semi-quantitative at
best and were not designed by the bead manufacturers to be quantita-
tive, despite being treated as such (H. C. Sullivan et al., 2017).

It is widely accepted that donor-specific HLA antibodies (DSA) are
strongly associated with rejection, allograft failure and increased mor-
tality in heart and lung transplant recipients (Le Pavec et al., 2016; Lobo
et al.,, 2013; Njue & Chih, 2019; Smith et al., 2011). Without consid-
eration of HLA matching, current guidelines only assess the immedi-
ate post-transplant risk and do not assess the long-term risk of rejec-
tion associated with allorecognition of non-self HLA and production
of de novo DSA (dnDSA). Mismatched HLA is recognized immunolog-
ically at the epitope level rather than recognition of the entire antigen.
Some HLA proteins share epitopes, making some HLA proteins more
similar than others at an epitope level (Claas & Heidt, 2017). This con-
cept underpins in silico HLA epitope-based matching tools which use
algorithms to predict immunologically recognisable B-cell or T-cell mis-
matched HLA epitopes. HLA epitopes are not equally immunogenic, but
an increased number of epitope mismatches theoretically increases the
likelihood of immunogenic epitopes being present (Hénger et al., 2020).

HLAMatchmaker is an algorithm that determines patches of anti-
body accessible amino acid residues at polymorphic positions (eplets)

that are present on donor HLA but absent on recipient HLA which
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are therefore mismatched. Overall, this predicts the mismatch load
of potentially immunogenic eplets that may be recognized by B cells
(Duquesnoy, 2006). Similarly, the HLA epitope mismatch algorithm
(HLA-EMMA\) predicts B-cell epitopes at the amino acid level by calcu-
lating the number of solvent accessible amino acid mismatches at poly-
morphic positions based upon the molecule’s crystal structure (Kramer
etal, 2020).

An alternate approach is the Predicted Indirectly ReCognisable
HLA Epitopes (PIRCHE) algorithm which predicts T-cell epitopes. The
PIRCHE-II module calculates the number of mismatched donor HLA
peptides that can be presented by HLA-class Il to CD4+ T cells by
indirect recognition, leading to subsequent B-cell activation. This path-
way plays a key role in the production of dnDSA. As CD4+ T cells
have an important role in both the activation of CD8+ cytotoxic T
cells and B cells, the calculated PIRCHE-II mismatch load may have a
role in predicting both antibody-mediated and cell-mediated rejection
(Geneugelijk et al., 2018).

Consensus guidelines do not currently recommend regular DSA
monitoring for standard-risk patients who have no history of donor-
directed antibody pre-transplant as it is not deemed cost-effective,
and post-transplant DSA testing is only carried out when clinically
indicated. Regular HLA antibody screening for the first year post-
transplant is only recommended for cardiothoracic transplant patients
above standard risk (BTS, 2014; Tait et al., 2013). HLA epitope-based
matching tools could be used to identify patients at increased risk of
dnDSA production who would be suitable for routine DSA monitoring
to enable early intervention for antibody-mediated rejection.

The relationship between HLA epitope mismatch loads and poorer
survival outcomes including increased dnDSA development is well-
supported in renal transplantation (Daniéls et al., 2018; Geneugelijk
et al., 2018; Lachmann et al., 2017). However, this is still at a popula-
tion level, and individualized risk assessment based on the HLA epi-
tope mismatch load is still in its early days. It has been shown that
patients with increased HLA-DR/DQ eplet mismatch (EpMM) loads are
at increased risk of dnDSA development, antibody-mediated rejection,
T cell-mediated rejection and graft loss in renal transplant recipients
(Wiebe et al.,2019). Another study found that renal transplant patients
with higher HLA-DR/DQ EpMM loads were less able to tolerate low
tacrolimus levels (Wiebe et al., 2017). This demonstrates that epitope
matching tools could be used to facilitate personalized post-transplant
treatment and monitoring.

In heart and lung transplantation, the relationship between the epi-
tope mismatch load and poorer post-transplant outcomes is less clear
as far fewer studies have been carried out and some reports are contra-
dictory. In this study, we aimed to determine if the risk of dnDSA devel-
opment can be determined based on HLA epitope mismatch loads. In
the future, this could be used to inform post-transplant risk stratifi-
cation for heart and lung transplantation. We hypothesize that higher
HLA epitope mismatch loads will be associated with increased produc-
tion of dnDSA.
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2 | MATERIALS AND METHODS

2.1 | Patient population

This retrospective study included all patients who received a heart
and/or lung transplant at Wythenshawe Hospital between 2015
and 2020 and were tested for donor-specific HLA antibodies post-
transplant (N = 79). Patients with donor-directed antibody that was
detected pre-transplant were excluded as this antibody is not de novo
(N = 3). Patients were also excluded if follow-up time was under
2 weeks as this period may be insufficient for dnDSA production
(N = 3). Follow-up time was defined as the time from transplant to
the latest serum sample received. As serum samples are not routinely
sent to the laboratory from post-transplant cardiothoracic patients,
time since transplant was also included. Overall, a total of 73 donor-
recipient pairs were included in this study.

In line with the transplant centre’s standard practice, patients are
expected to have received a standard immunosuppression protocol
(ciclosporin, azathioprine for lung transplant patients or mycopheno-
late mofetil for heart transplant patients and Prednisolone) with rab-
bit anti-thymocyte globulin and Methylprednisolone induction therapy.
Adaptations to this standard protocol are made in high-risk transplants
and in response to evidence of rejection. Such adaptations can include
the use of tacrolimus. Due to the coronavirus disease 2019 pandemic,
ethical review was not possible for this study. As a result, clinical data
could not be accessed, so this study only included retrospective anal-
ysis of anonymized in-house data. Hence, individualized immunosup-
pression treatment protocols and clinical outcomes such as rejection
and mortality could not be included in the analyses.

The primary endpoint of this study was the production of dnDSA as
detected by Luminex single antigen beads.

2.2 | HLA antibody testing and HLA typing

HLA antibody testing of ethylenediaminetetraacetic acid-treated
serum samples was performed using the Labscreen® Single-antigen
Bead assay (OneLambda, CA, USA). A modified protocol was followed,
as described by Liwski et al. (2017). An MFI of 2000 was used as
the cut-off for positivity for newly defined HLA antibodies. This was
not treated as a clear cut-off as factors such as known sensitization,
control reactions, reactions to self-antigens, previous results, previ-
ous sensitization and the reaction pattern were considered in analy-
sis of HLA antibody testing results. This analysis strategy is supported
by consistent satisfactory performance in external quality assurance
schemes.

Variable resolution of HLA typing data was available for donors
and recipients, depending on the techniques routinely used when
the patient was registered on the national transplant list and when
the transplant took place (Table 1). High-resolution HLA types were
obtained by TruSight HLA v2 Next Generation Sequencing (Illumina,
CA, USA and CareDX, PA, USA) following the assay manufacturer’s
protocol. Intermediate resolution HLA types were obtained by reverse
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polymerase chain reaction (PCR) and sequence-specific oligonu-
cleotides (SSO) (OneLambda). A modified protocol was used for SSO
HLA typing where all volumes used were 50% of those in the manu-
facturer’s instructions. Some donor types were obtained by LinkSeq
real-time PCR (OneLambda). The test manufacturer’s protocol was
followed. In all cases, the highest resolution type available was used.
Even with high-resolution techniques, some ambiguities do exist.
Where only low to intermediate resolution HLA typing data was
available, HaploStats (http://www.haplostats.org) was used to predict
of four-digit resolution HLA types.

2.3 | HLA epitope-based matching tools
HLAMatchmaker (http://www.epitopes.net) was used to calculate the
number of mismatched antibody accessible epitopes containing poly-
morphic amino acid residues on the HLA molecule surface, designated
as eplets, between each donor and recipient pair. A mismatched eplet
is classed as an eplet present in the donor’s HLA but not the recipient’s
HLA. The HLA-ABC eplet matching programme v4.0 was used to deter-
mine the EpMM load at HLA-A, B and C for each donor-recipient pair.
The HLA-DRDQDP eplet matching programme v3.1 was used to calcu-
late to EpMM load at HLA-DRB345, DRB1, DQA1, DQB1, DPA1 and
DPB1 for each donor-recipient pair. Both antibody-verified and non-
antibody-verified eplets were included in the analysis.

The PIRCHE-II algorithm (https://www.pirche.com) was used for
prediction of the number of mismatched processed donor HLA pep-
tides that could be presented by recipient HLA class Il molecules to
CD4+ T cells for each donor-recipient pair. PIRCHE-II scores or T cell
epitope mismatch (TEpMM) loads were calculated for each locus as
well as a total score that reflects the contribution of all HLA loci.

HLA-EMMA v1.04 (https://hla-emma.com) was used to determine
the number of solvent accessible polymorphic amino acid mismatches
on the surface of HLA molecules, according to their crystal structure.
The solvent accessible amino acid mismatch (SAMM) load was calcu-
lated as a total for all HLA loci as well as for each HLA locus. For HLA
class Il, the SAMM load was calculated for the entire molecule includ-
ing both the alpha and beta chains. The default settings were used.

Novel HLA alleles could not be recognized by the algorithms used

(N = 1). In this case, the field for the novel allele was left blank.

2.4 | Statistical analysis

Patient population statistics were summarized as mean and SD
for parametrically distributed continuous variables or median and
interquartile range (IQR) in the case of non-parametric distribution.
The D’Agostino and Pearson test was used to test numerical data for
normality. To investigate differences between the dnDSA negative and
dnDSA groups, Fisher’s exact test was used for categorical variables.
For continuous variables, unpaired t-tests were used for normally dis-
tributed data, and the Mann-Whitney U test was used for skewed

data. Multiple logistic regression models were used to investigate the


http://www.haplostats.org
http://www.epitopes.net
https://www.pirche.com
https://hla-emma.com
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TABLE 1 Patient characteristics (n=73)
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Population characteristics DSA negative (N = 50) DSA positive (N = 23) p-Value
Median recipient age, years (IQR) 53(42.25-61.00) 54 (41.00-59.00) .845
Recipient sex, n
Male 29 (58.0%) 11 (47.8%) 457
Female 21(42.0%) 12 (52.2%)
Donor sex
Male, n 27 (54.0%) 8(34.8%) 141
Female, n 23(46.0%) 15(65.2%)
Median donor age, years (IQR) 40 (24.75-52.25) 49 (25.00-57.00) 152
Organ transplanted
Heart,n 15 (30.0%) 1(4.3%)
Double lung, n 30 (60.0%) 18 (78.2%) -
Single lung, n 5(10.0%) 2(8.7%)
Heart lung, n 0(0.0%) 2(8.7%)
Mean time since Tpx, days (SD) 1038 (416.4) 848.1(343.2) 061
Median follow-up time, days (IQR) 423.5(121.8-993.0) 475 (298.0-638.0) 452
Follow-up time, n
0-3 months 8(16%) 0(0%)
3-6 months 6 (12%) 3(13%)
6-12 months 8 (16%) 6(26%) -
1-2years 10 (20%) 11 (48%)
2-6years 18 (36%) 3(13%)
Time from Tpx to first dnDSA detected, n
0-3 months 13 (57%)
3-6 months 2(9%)
6-12 months N/A 4(17%) -
1-2years 3(13%)
2-6years 1(4%)
Recipient HLA typing method
NGS, n 21(42.0%) 11(47.8%) =
PCR-SSO,n 29 (58.0%) 12 (52.2%)
Donor HLA typing method
NGS, n 13(26.0%) 10 (43.5%) -
PCR-SSO,n 31(62.0%) 10 (43.5%)
RT-PCR,n 6(12.0%) 3(13.0%)
Pre-transplant sensitization status
HLA antibody negative 36(72%) 12 (52%) 117
HLA antibody positive 14 (28%) 11 (48%)
Median total HLA mismatches at
HLA-A, B,C,DRB1,DQB1,DPB1,n(IQR) 8(6-9) 8(7-9) .348
Median HLAMatchmaker total score, (IQR) 38 (30.00-51.50) 45 (32.25-62.00) 066
Median PIRCHE-I| total score, (IQR) 399 (296.5-566.5) 498.5(381.3-713.0) 021
Median HLA-EMMA total score, (IQR) 45 (32.25-62.00) 77.0(47.50-111.80) 023

Note: Data is summarized as median (interquartile range, IQR), mean (standard deviation, SD) or n (%). p-Values < .05 are indicated by an asterisk.
Abbreviations: dnDSA, de novo donor-specific antibody; HLA-EMMA, human leucocyte antigen epitope mismatch algorithm; NGS, next generation sequenc-
ing; RT-PCR, real-time polymerase chain reaction; SSO, sequence-specific oligonucleotides; Tpx, transplant.
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relationship between HLAMatchmaker, PIRCHE-II and HLA-EMMA
scores or ‘mismatch loads’ and the presence or absence of dnDSA post-
transplant. Initially, logistic regression models for the total score for all
HLA were performed as well as models for HLA class | (HLA-A, B, C)
and HLA class Il (HLA-DR, DQ, DP) for each algorithm. If significant
findings were observed, further exploration of individual loci was car-
ried out. Non-significant data were not explored further to reduce the
likelihood of incidental findings. Time since transplant and recipient sex
were adjusted for in the analyses, and odds ratios (OR) and 95% confi-
dence intervals (Cl) were calculated. A p-value < .05 was considered
to be statistically significant. The Hosmer-Lemeshow test was used to
assess goodness of fit of the logistic regression models. A p-value < .05
describes poor fit. GraphPad Prism 8.4 was used for statistical analysis
(GraphPad Software, CA, USA).

3 | RESULTS

3.1 | Patient population

Of 79 patients, three patients had donor-directed HLA antibodies that
were identified pre-transplant or in the day of transplant serum sam-
ple. As these were not de novo, these patients were excluded from the
study. Three further patients were excluded as the only serum samples
tested for HLA antibodies were taken <14 days post-transplant. As
the production of de novo antibodies takes approximately 10-14 days,
these patients could not be classified as having been tested for dnDSA
(Murphy et al., 2012). A total of 73 donor-recipient pairs were included
in this retrospective study, 50 of whom were DSA negative and 23 were
DSA positive (Table 1). From this point, all DSA were considered to be
de novo. The majority of patients were double lung transplant recipi-
ents (n = 48), followed by heart recipients (n = 16), single lung (n = 7)
and heart lung (n = 2) recipients. Four-digit high-resolution HLA typing
was available for 43.8% of all recipients and 31.5% of all donors. The
median score calculated by each HLA epitope-based matching tool was
greater in the DSA positive group than the DSA negative group though
overlap of the interquartile ranges was observed in each case. No sta-
tistically significant difference was observed between the dnDSA neg-
ative and dnDSA positive groups for donor and recipient age and sex,
time since transplant or follow-up time. There was also no significant
difference in the total number of HLA antigen mismatches or the HLA-
Matchmaker total score between both groups (Table 1). However, a sig-
nificant difference was observed between the PIRCHE-II total scores
(p=.021) and the HLA-EMMA total scores (p =.023).

3.2 | De novo DSA production

Of the 73 recipients included in this study, 23 developed dnDSA
(31.5%). A total of 62 dnDSA were defined by Luminex single anti-
gen beads, the largest proportion of which were directed against HLA-
DQB1 antigens (38.7%) (Figure 1). Of the dnDSA positive patients,
21 had dnDSA directed against HLA-DQA1 and/or DQB1 antigens
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No. dnDSA

FIGURE 1 The greatest proportion of de novo donor-specific
antibody (dnDSA) is directed against human leukocyte antigen
(HLA)-DQB1. Shown are the total number of dnDSA directed against
each HLA locus from all DSA positive patients. Of 23 DSA positive
patients, 82.6% had at least one HLA-DQB1 dnDSA

(91.3%) with only two patients having no HLA-DQ dnDSA. In both
of these patients, their dnDSA was directed against HLA-B antigens.
Seven patients developed only one dnDSA (30.4%), and the remaining
16 had more than one dnDSA (69.6%). HLA-DR was the second most
common DSA following HLA-DQ.

3.3 | The association of dnDSA development and
HLA epitope mismatch load

In an adjusted logistic regression for recipient sex and time since trans-
plant, no significant association was observed between the number of
HLA antigen mismatches and dnDSA development (Figure 2a). HLA-
matchmaker EpMM was not significantly associated with dnDSA devel-
opment when all HLA loci were included in the analysis (OR = 1.008,
C = 0.9879-1.030, p = .4330) or when HLA class | (OR = 0.9953,
Cl = 0.9506-1.026, p = .7718) or HLA class Il loci (OR = 1.020,
Cl1=0.9917-1.058, p =.2063) were investigated alone (Figure 2b).

The total PIRCHE-II score for all HLA loci was not significantly
associated with dnDSA production (OR = 1.002, Cl = 0.9998-1.005,
p =.0748). However, when HLA class | and class Il loci were considered
separately, HLA class Il TEpMM load was significantly associated
with dnDSA development (OR = 1.004, Cl = 1.001-1.008, p = .0271)
(Figure 2c).

HLA-EMMA was the only tool that reached significance for the
association of SAMM load of all HLA loci with dnDSA development
(OR = 1.021, Cl = 1.003-1.042, p = .0255). When the SAMM loads
for HLA class | and class Il loci were analysed separately, only HLA
class |l showed statistical significance (OR = 1.031, Cl = 1.008-1.058,
p=.0123) (Figure 2d).
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FIGURE 2 Odds ratios (OR) of de novo donor-specific antibody (dnDSA) development according to the number of human leukocyte antigen
(HLA) antigen mismatches (a) and HLA epitope/eplet mismatch loads calculated by HLAMatchmaker (b), PIRCHE-II (c) or HLA epitope mismatch
algorithm (HLA-EMMA) (d). Points on the graph represent adjusted OR determined by multiple logistic regression analyses, adjusted for recipient
sex and time since transplant. The axis range is smaller for PIRCHE-II as the scores generated by this tool are much greater values than
HLAMatchmaker and HLA-EMMA. As a result, the effect of each individual point on dnDSA development is smaller. Similarly, the axis range is
much greater for HLA antigen mismatches as the scores are much smaller. Thus, the effect of each individual point is greater. Bars represent 95%
confidence intervals. Statistical significance is indicated by an asterisk (* = p <.05,** =p < .01)

As only HLA class Il loci reached clinical significance using PIRCHE-
Il and HLA-EMMA, individual class Il loci were examined further.
The greatest proportion of dnDSA in this cohort were directed
against HLA-DQ, so the association between PIRCHE-II and HLA-
EMMA HLA-DQ (HLA-DQA1 and HLA-DQB1) mismatch scores with
dnDSA was investigated. The PIRCHE-II TEpMM load for HLA-DQ
was more strongly associated with dnDSA development (OR = 1.008,
Cl = 1.002-1.014, p = .007) (HL = 6.608, p = .579) than when all
class Il loci were considered. With an OR of 1.008, the odds of dnDSA
development increases 0.8% per HLA-DQ TEpMM. Though this is a
small increase per point, the HLA-DQ TEpMM load in this cohort
ranged from O to 393. Therefore, a patient with an HLA-DQ TEpMM
load of 300 would be 160% more likely to produce dnDSA than a
patient with an HLA-DQ TEpMM load of 100. An increased risk of
dnDSA development was also observed for higher HLA-DQ amino
SAMM, calculated by HLA-EMMA (OR = 1.039, Cl = 1.006-1.077,
p=.0237).

As the second most common HLA class Il locus for dnDSA was HLA-
DR, the cumulative effect of HLA-DR and HLA-DQ epitopes was exam-
ined. The odds of dnDSA development were significantly associated
with the TEpMM load (OR = 1.006, Cl = 1.002-1.011, p = .0114).
A greater level of significance was reached when considering HLA-
DR+DQ SAMM load (OR = 1.035, Cl = 1.010-1.064, p = .0077)

(HL=6.258,p =.618) than HLA-DQ SAMM load alone. This OR reflects
a 3.5% increase in the odds of dnDSA development per HLA-DR+DQ
SAMM.

3.4 | HLA epitope mismatch loads and dnDSA
development in lung transplantation

In this study, only one of 15 heart transplant recipients produced
dnDSA. Due to this, no statistical tests could be performed to inves-
tigate the relationship between dnDSA development and HLA epi-
tope mismatch loads in heart transplantation alone. The same analyses
performed on the entire cohort were performed again with the lung
transplant recipients only (n = 55). A significant association between
the PIRCHE-Il TEpMM PIRCHE-II load for HLA-DQ (OR = 1.008,
Cl=1.002-1.016,p =.0197) and DR+DQ (OR = 1.0086, Cl = 1.001-
1.012, p = .0353) was observed. No other significant associations with
PIRCHE-II TEpMM loads were found. The HLA-EMMA SAMM load
for DR+DQ was also significantly associated with dnDSA develop-
ment (OR = 1.031, Cl = 1.003-1.063, p = .0358). As with the com-
plete cardiothoracic cohort, no significant association was observed
between individual HLA class Il loci HLAMatchmaker EpMM loads or
total EpMM load and dnDSA development.
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3.5 | Risk epitope mismatches and dnDSA
production

The most common dnDSA in this study was directed against HLA-
DQ7 (n = 7). This was followed by HLA-DQA1*05 (n = 6) and HLA-
DQ2 (n = 5). McCaughan et al. (2018) describe a high-risk structural
epitope mismatch found in the DQ antigen coded for by DQA1*05
+ DQB1*02 and DQA1*05 + DQB1*03:01 which conferred a signifi-
cantly increased risk of dnDSA production in heart and lung transplant
recipients (McCaughan et al., 2018). In our cohort, significantly more
patients with DQA1*05 + DQB1*02/DQB1*03:01 mismatched trans-
plants produced dnDSA than those without this mismatch (OR = 4.74,
Cl =1.32-14.99,p=.012).

4 | DISCUSSION

In this retrospective single-centre study, we investigated if the HLA
epitope mismatch loads calculated by HLAMatchmaker, PIRCHE-II and
HLA-EMMA are associated with the production of dnDSA in cardio-
thoracic transplantation. In this study cohort, if dnDSA was produced,
it was targeted primarily against HLA-DQ. This suggests that HLA-DQ
may be more immunogenic than other HLA loci, and as aresult HLA-DQ
epitope mismatches were investigated further.

Despite the association between HLAMatchmaker EpMM load and
poor transplant outcomes being well-supported in renal patients, our
study found no significant association between EpMM load and dnDSA
production. Studies investigating the relationship between EpMM load
and outcomes such as graft loss and dnDSA development in heart and
lung transplant patients have shown contradictory findings. Thus, HLA-
Matchmaker may be less suitable to predict poor transplant outcomes
in heart and lung transplant patients.

Previous studies using HLAMatchmaker, PIRCHE-Il or HLA-EMMA
have found that patients with greater HLA-DR and/or HLA-DQ epi-
tope mismatch loads have increased risk of poor transplant outcomes
including antibody-mediated rejection, dnDSA production, chronic
lung allograft dysfunction, cardiac allograft vasculopathy and graft loss
in heart and lung transplant patients (Nilsson et al., 2019; Osorio-
Jaramillo et al., 2020; Walton et al., 2016; Wu et al., 2020; Zhang et al.,
2020). However, published studies are contradictory, and some inves-
tigations have observed no relationship between HLA epitope mis-
matches and poor transplant outcomes (McCaughan et al., 2018; P. M.
Sullivan et al., 2015). A major limitation of many published studies is
the lack of high-resolution typing data available, and the requirement
for imputation can result in inaccuracies (Engen et al., 2021).

PIRCHE-II and HLA-EMMA are much less studied in cardiotho-
racic transplantation than HLA matchmaker. We found that the total
scores for both PIRCHE-II and HLA-EMMA were significantly differ-
ent between dnDSA negative and dnDSA positive groups. This signif-
icant difference was not observed with the number of HLA mismatches
at HLA-A, B and DR. This suggests that epitope-based matching by
PIRCHE-II and HLA-EMMA may be a better tool to predict dnDSA
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development than traditional HLA matching. Furthermore, our results
suggest that patients with higher HLA-DQ TEpMM and HLA-DQ+DR
SAMM loads are most at risk of dnDSA production. HLA-EMMA may
be the best overall tool to stratify the risk of dnDSA development in
cardiothoracic transplant patients as this was the only algorithm in our
study that demonstrated an association between epitope mismatch
load and dnDSA development for all HLA loci though the greatest sig-
nificance was observed with HLA-DR+DQ SAMM load.

In this study, only 6% of the heart transplant recipients produced
dnDSA, whereas 36% of lung transplant recipients produced dnDSA
and both heart lung transplant recipients produced dnDSA. This sup-
ports the idea that the immunogenicity of lung transplantation is
greater than heart transplantation due to the constant immune chal-
lenge associated with environmental exposure through respiration
(Jiang & Nicolls, 2014). As the immunological risk of both heart and
lung transplantation is currently assessed in the same way, both heart
and lung transplant recipients were analysed together. Additional anal-
ysis of lung transplant recipients alone found that patients with higher
HLA-DQ TEpMM and HLA-DQ+DR SAMM loads are most at risk of
dnDSA production. However, if HLA epitope-based immunological risk
stratification were to be implemented in the future, it may be more
appropriate to assess heart and lung transplant recipients differently
in line with the differing immunogenicity of the transplants.

To our knowledge, only one study has investigated the effect of
amino acid mismatches calculated by HLA-EMMA on heart trans-
plant outcomes, and no studies are published for lung transplant
patients. Osorio-Jaramillo et al. (2020) found inferior graft survival and
increased risk of rejection in patients with a higher HLA-DR amino acid
mismatch load. HLA-A+B amino acid mismatch load had no impact on
graft survival but increased rejection risk. However, they only had low-
resolution typing available at HLA-A, B and DR, so no other loci were
investigated. Our study builds upon this using intermediate and high-
resolution HLA typing data to support the idea that higher SAMM load
can predict an increased risk of poor heart and lung transplant out-
comes including dnDSA development.

The relationship between the number of HLA epitope mismatches
and the risk of dnDSA development may be influenced by the fact
that not all HLA epitope mismatches are equally immunogenic (Kramer
et al., 2017). An alternative approach is to identify HLA epitopes
that confer an increased risk of dnDSA development when mis-
matched. Our study supports the findings of McCaughan et al. (2018)
and shows that the high-risk epitope encoded for by DQA1*05 +
DQB1*02/DQB1*03:01 was associated with a 4.7-fold increase in the
odds of dnDSA production in our cohort. As these HLA alleles are rela-
tively common, it would not be suitable to veto all cardiothoracic trans-
plants with this mismatch. However, these patients may benefit from
increased immunosuppression to reduce the risk of dnDSA production.

This study has several limitations. The follow-up time is variable
within the cohort, and patients with a shorter follow-up time may have
produced dnDSA but have not been tested, resulting in their incor-
rect categorization in this study. Serum samples are often only sent for

post-transplant cardiothoracic patients when clinically indicated such
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as a possible rejection episode or an observed decline in graft func-
tion. Due to this, we decided to include only patients with a long follow-
up time as this may skew the data towards patients with poorer out-
comes. Another major limitation in this study is the lack of informa-
tion of immunosuppression and clinical data as incidence of rejection,
and mortality is unknown which may confound the results. In addition,
56% of recipients and 68% of donors did not have high-resolution typ-
ing available, so a high-resolution HLA type was imputed. Further stud-
ies are required using a larger cohort with high-resolution HLA typing
available for all donor and recipient pairs, longer follow-up and more
clinical information to confirm the findings of this study.

Overall, this study supports the idea that HLA epitope-based
matching tools can be used to predict the risk of dnDSA development
in cardiothoracic transplant recipients. If our findings are supported
by further studies, classification of donor-recipient pairs with a high
number of HLA-DQ TEpMM or HLA-DR+DQ SAMM may allow for
identification of patients for increased post-transplant monitoring.
Patients who receive transplants from donors with mismatched
‘high-risk epitopes’ may also be suitable for increased monitoring.
Similarly, it may be possible to predict patients with low risk of dnDSA
development who may benefit from reduced immunosuppression
regimes. Thus, the risk of poor outcomes associated with immunosup-
pression such as malignancy and infection could be reduced in patients
where this is suitable. This would not be required to be performed
pre-transplant and instead could be calculated in the days following
transplantation. As a result, time-critical factors such as cold-ischaemia
time would not be affected. HLA epitope-based matching tools such
as HLA-EMMA could be used to predict long-term risk and allow for
a personalized therapeutic approach which could potentially improve
overall survival of cardiothoracic transplant patients in the future.
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