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Genetic Contributions to Alzheimer’s Disease:
The Role of Inmune Modulatory Regions

Jessie S Carr

Abstract

Alzheimer’s disease (AD) is a progressive disorder that affects cognitive function. There
is increasing support for the role of neuroinflammation and aberrant immune regulation
in the pathophysiology of AD. The role of the Human Leukocyte Antigen (HLA) region in
neurodegenerative disease is becoming increasingly appreciated as numerous
genome-wide association studies (GWAS) identify significant associations with this
complex genomic region and disease risk.

We used a robust imputation method on two case—control cohorts (a small UCSF
cohort and a large cohort from the Alzheimer’s Disease Genetics Consortium [ADGC])
to identify HLA haplotypes associated with Alzheimer’s disease and followed up these
studies with direct sequencing of the HLA region in AD cases and controls, including
both typical amnestic and atypical clinical forms of disease. In our imputed study, we
found the haplotype A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 (p =
9.6 x 10™, odds ratio [OR] [95% confidence interval] = 1.21 [1.08—1.37]) was associated
with increased risk of AD in the combined UCSF + ADGC cohort (n = 11,690).
Secondary analysis suggested that this effect may be driven primarily by individuals
who are negative for APOE-¢4. Separate analyses of class | and Il haplotypes further
supported the role of class | haplotype A*03:01~B*07:02 (p = 0.03, OR = 1.11 [1.01-
1.23]) and class Il haplotype DRB1*15:01~DQA1*01:02~DQB1*06:02 (DR15) (p = 0.03,

OR =1.08 [1.01-1.15]) as risk factors for AD. We followed up these genetic



associations in a separate clinical dataset representing the spectrum of cognitively
normal controls, individuals with mild cognitive impairment, and individuals with AD to
assess their relevance to disease. Carrying A*03:01~B*07:02 was associated with
higher CSF amyloid levels. We also found a dose-dependent association between the
DR15 haplotype and greater rates of cognitive decline on two different assessments.
We also directly sequenced the HLA region in an expanded cohort of AD cases,
controls, and atypical AD cases seen at UCSF. We corroborated the accuracy of HLA
imputation via direct sequencing of 308 overlapping samples and confirmed the
association of the haplotype previously associated with AD risk in the UCSF cohort. We
also found that the A*03:01~B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01
haplotype was associated with decreased risk of atypical AD in our cohort (p = 0.01, OR
= 0.18 [0.02-0.74]). Taken together, our findings corroborate a role of the HLA in AD risk

and suggest a differential role of HLA variation in amnestic versus atypical AD.
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Chapter I:

Genetics of neurodegenerative diseases: An overview



Neurodegenerative diseases are characterized by the progressive degeneration of the
structure and function of specific components within the nervous system, leading to
changes in cognition, behavior, and/or movement, and ultimately resulting in death. The
neurodegenerative diseases described in this chapter, including Huntington’s disease
(HD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), frontotemporal
lobar degeneration (FTLD), and Alzheimer’s disease (AD), are devastating diseases
that affect millions of people. There are currently few effective therapies for this class of
disorders. In general, neurodegenerative diseases often present with similar or
overlapping clinical features, and may share underlying pathological features resulting
from specific forms of protein misfolding and aggregation, alterations in neuronal
function, and mitochondrial dysfunction. While the contributions to neurodegenerative
disease risk are generally thought to be multifactorial in nature, all of these diseases
have a strong heritable component, with many risk-associated loci shared across
multiple neurodegenerative diseases [1-3]. In addition, a subset of neurodegenerative
diseases is familial, most often inherited in an autosomal dominant pattern.

Identification of genetic risk factors for neurodegenerative diseases began in the
late 1980s and early 1990s with linkage analysis studies in families with a history of
inherited neurodegenerative disease. These studies identified large genomic regions
within a given family pedigree that segregated with disease carriers, and required
subsequent fine-mapping studies to identify the causative gene and/or specific genetic
variants underlying disease. These early studies commonly identified rare variants that
often only account for a very small proportion of all disease cases. The advent of

genome-wide association studies (GWAS) in the mid-2000s allowed researchers to



assess the association with disease risk of millions of common single nucleotide
polymorphisms (SNPs) that occur across the genome at a frequency of 2 1%. GWAS
have been reasonably successful, identifying a number of genetic loci associated with
risk for different neurodegenerative diseases. However, these studies require large
cohorts of patients since common variants typically have modest risk contributions to
disease. Finally, candidate gene studies examine the association between specific
genetic variation and disease risk based on evidence that a gene of interest is related to
the disease through underlying biological function. Findings from these three types of
studies have contributed to our understanding of how genetic variation contributes risk
to development of neurodegenerative disease, and to the underlying etiology of these
diseases.

This chapter presents a basic overview of the most important genetic risk factors
for five different neurodegenerative diseases. The lists of genes and variants associated
with each disease are not intended to be comprehensive, particularly with respect to
common genetic variants identified by GWAS, as that is beyond the scope of this
chapter. Rather, we use the identified genetic loci as a means of highlighting how
genetic discoveries — particularly in familial forms of disease—inform our
understanding of underlying disease pathobiology and can provide candidates for
therapeutic intervention. While findings from genetic studies have greatly enhanced our
understanding of the biological processes underlying these diseases, it should be noted
that our understanding of the causes of these diseases — both genetic and non-genetic
— is constantly evolving. The increasing availability of deep sequencing information and

detailed, multi-modal phenotypic data from diverse populations are some of the



mechanisms through which future studies may elucidate additional genetic contributions
to these devastating diseases. Moreover, much work remains to be done to identify

effective disease-modifying treatments and cures for neurodegeneration.

Huntington’s disease

Also known as Huntington chorea, HD is a dominantly transmitted, progressive
neurodegenerative disorder that leads to cognitive impairments, motor abnormalities,
and psychiatric disturbances [4]. In populations of European ancestry, the prevalence of
HD is approximately 5-7 affected individuals per 100,000 [5]. Symptoms typically occur
starting around 35-44 years of age, and affected individuals survive an average of 15-18

years after symptom onset [4].

HD: Trinucleotide CAG repeat expansions in HTT
Early studies in the 1980s linked HD to chromosome 4 [6], though the exact gene and
genetic alteration responsible for the disease remained a mystery until the early 1990s.
In 1993, studies identified the Huntingtin gene (HTT) and discovered that longer
expansions of the repetitive trinucleotide sequence CAG within the HTT gene appeared
in families with disease, with affected individuals carrying 42-100 CAG repeats [7].
Further research has elucidated a length-dependent effect of the CAG repeat
expansion, with increased expansion size associated with greater risk of developing
symptoms and transmitting disease to offspring. The median CAG repeat length
observed in unaffected individuals is 18, and up to 26 repeats does not confer any risk

for developing or transmitting HD [8] (Table 1). Individuals carrying “intermediate alleles’

or “mutable normal alleles” (27-35 CAG repeats) will not develop HD, but the meiotic



instability of these repeats means that these individuals may transmit a slightly smaller
or slightly larger repeat to their offspring [9—11]. While carrying a repeat of this size is
relatively rare (approximately 3.2% of all repeats are in this range) [12], if the repeat
expands over the threshold of 36 CAG repeats, the offspring of an unaffected parent will
be at risk for HD. The risk of CAG repeat expansion is associated with both the sex and
the age of the transmitting parent, with older parents and males being more likely to
transmit an expansion [9,13,14]. HD risk associated with the 36-39 CAG repeat range is
less clear. No individuals with fewer than 36 CAG repeats have ever been diagnosed
with HD [9], but some individuals who carry 36-39 CAG repeats develop symptoms of
HD while others do not, suggesting that these repeat lengths are not fully penetrant [15—
18]. Individuals with 40 or more CAG repeats will develop HD and have a 50% chance
of transmitting the disease-causing allele to an offspring.

HTT expansion length is also associated with age of symptom onset. Greater
numbers of CAG repeats are associated with earlier disease onset [15,19,20], and
individuals with 60 or more CAG repeats develop juvenile HD, which has an age of
onset as early as 3 years old [21]. Approximately 60% of the variance in HD age of
onset can be explained by CAG repeat length, while additional modifying genes, as
described below, and environmental factors likely contribute to the remaining
phenotypic variance [5]. An excellent historical perspective of the molecular genetics of

HD is provided in Gillian Bates’ review [22].



Table 1. CAG repeat expansion length in Huntington’s disease

Number of | Classification Effect

Repeats

< 26 Normal Individual not at risk for HD

27 — 35 Intermediate Individual not at risk for HD, but has risk of
passing allele in disease-causing range to
offspring

36 — 39 Reduced-penetrance Individual may or may not develop HD, has

HD 50% risk of passing disease allele to offspring

> 40 Full-penetrance HD Individual will get HD and has 50% risk of

passing disease allele to offspring

More recently, candidate gene studies and GWAS have aimed to identify genetic
variation outside of HTT that contributes to clinical features of HD, including age of
onset. While studies of the HTT gene itself and other candidate genes have failed to
provide convincing and replicable evidence of genetic modifiers for HD risk [23], a
recent GWAS of over 4,000 HD patients identified several loci that do not contribute to
HD risk by themselves but, in combination with a sufficient CAG repeat length, can
modify age of disease onset. Two variants within a locus on chromosome 15 were
associated with either 6 years earlier onset or 1.4 years later onset, while a locus on
chromosome 8 was associated with disease onset 1.6 years earlier. Pathway analysis
in this study suggests that DNA handling and repair mechanisms may be responsible

for modifying age of symptom onset in HD [24].

Mapping of HTT repeat expansion highlights importance of huntingtin in disease
pathogenesis
Within the context of the neurodegenerative diseases described in this chapter, HD is

unique in that a single pathogenic variant has been established to cause this disease.




Based on identification of CAG repeats in HTT as causative of HD, researchers have
focused on understanding the normal and pathologic role of the HTT protein product,
huntingtin, with a particular focus on the brain regions and neuronal subtypes most
affected by disease. The CAG expansion is believed to cause neurodegeneration
through the accumulation of mutant huntingtin and polyglutamine (polyQ) aggregates at
the protein level, rather than the effects of the CAG expansion at the DNA or mRNA
level [25]. Larger CAG repeat expansions are thought to confer a toxic gain of function
to the huntingtin protein as polyQ repeats aggregate in the brains of HD patients and
lead to a host of deleterious effects. These polyQ expansions can form amyloid-like
aggregations in vitro and in vivo [26] and are thought to be involved in transcriptional
dysregulation, deficits in protein folding and degradation, impaired energy metabolism
and mitochondrial dysfunction, and perturbations in neuronal circuitry [27].

The molecular underpinnings of HD and the progressive deterioration of
executive function due to the loss of neurons that is correlated with the accumulation of
pathogenic protein aggregates is strikingly similar to other neurodegenerative disorders.
Additionally, the trinucleotide repeat expansion in HTT observed in HD is just one
disease within an entire class of trinucleotide repeat disorders, including spinal and
bulbar muscular atrophy and many types of spinocerebellar ataxia. This nucleotide
repeat expansion, while different in exact nucleic acid sequence and repeat length, is
also comparable to the hexanucleotide repeat expansion in C9ORF72, which is the

most common genetic cause of the ALS-FTLD spectrum of disorders [28].



HTT and therapeutic strategies in Huntington’s disease

HD provides a sobering lesson on the immense difficulties of developing therapies for
neurodegenerative diseases. HD is unique amongst neurodegenerative diseases in
that a single pathogenic variant is solely responsible for disease risk, with essentially full
penetrance. For many neurodegenerative diseases, a complete understanding of the
genetic contributions to disease risk is seen as the holy grail that will enable the field to
fully understand disease pathogenesis, and thus identify targets for intervention and
develop effective therapies. However, despite our knowledge — for over 20 years — of
this singular genetic variant that leads to HD, we still lack any effective therapies for this
devastating disease. One exciting avenue of therapeutic intervention in HD involves
directly targeting the pathogenic HTT RNA through RNA interference or antisense
oligonucleotides — while these therapeutic approaches are still in development, this
strategy of reducing RNA has been approved by the FDA for the treatment of other
diseases and may also be useful in other neurodegenerative diseases such as AD, the
ALS-FTLD spectrum, or tauopathies (diseases characterized by the pathological

aggregation of misfolded tau protein).

Parkinson’s disease

Worldwide, PD is the most common movement disorder, and second most common
neurodegenerative disease after AD [29]. PD is clinically characterized by the presence
of four typical motor symptoms (or a subset of these symptoms): bradykinesia
(slowness of movement), rigidity, resting tremor, and/or postural instability [30].
Definitive diagnosis of PD requires neuropathological examination of the substantia

nigra pars compacta to confirm the loss of dopaminergic neurons within this region. In



the remaining neurons, the neuropathological hallmark of PD is the presence of
aggregated a-synuclein protein in Lewy bodies or Lewy neurites. Although this ‘typical’
neuropathological hallmark is observed in the majority of PD cases, it is missing in a
subset of cases [29].

PD was considered a prototypical non-genetic disorder, potentially caused by
environmental factors such as viral illness or exposure to specific chemicals, until 1997
when the first causal pathogenic variant for PD was discovered [31]. Subsequent
studies have used a variety of techniques, including linkage analysis, direct sequencing,
and genetic association studies, to identify further genetic variants that contribute to PD
risk. GWAS in particular have identified 26 risk loci for PD, suggesting the 24 genes
nearest to these SNPs may be involved in PD risk [29]. Additional chromosomal regions
have been linked to PD risk, though the exact genes responsible for disease risk within

these regions have yet to be determined [32].

Autosomal dominant PD: SNCA, LRRK2, and VPS35

The first gene linked to PD was an autosomal dominant A53T variant in SNCA
(synuclein alpha) identified in 1997 in three unrelated Greek families and an lItalian
family with PD [33]. The SNCA gene encodes for the a-synuclein protein, which within
three months of the discovery of SNCA variants was shown to be the primary
component of Lewy body pathology in PD [34]. Additional variants within SNCA have
been identified as causative for PD through family studies, including A30P [35], E46K
[36], H50Q [37,38] and G51D [39,40]. Other studies have also identified structural
variants of SNCA as PD risk factors, such as gene duplications [41,42] and triplications

[43]. Interestingly, triplications of SNCA lead to an earlier age of onset by ~10 years



compared to duplications [44]. Similar to when APP and PSEN1/2 pathogenic variants
were found to cause familial autosomal dominant AD (described in detail later in this
chapter), the discovery of SNCA variants led to increased research focus on a-synuclein
in PD pathogenesis. Even though these pathogenic SNPs and structural variants in
SNCA are rare and only account for a very small proportion of PD cases, more recent
GWAS have identified common variants within SNCA that are also associated with PD
risk [45—47]. Beyond the presence of accumulated a-synuclein in the neuropathological
hallmark of PD (Lewy bodies), the a-synuclein protein is also involved in assembling a
protein complex that is involved in neurotransmitter release from the presynaptic
terminal [48], implicating the process of synaptic transmission in the etiology of PD.

In 2004, autosomal dominant pathogenic variants in LRRKZ2 (Leucine-rich repeat
kinase 2, initially known as PARK8) were found to segregate with PD cases [49,50], and
subsequent studies revealed seven highly penetrant pathogenic variants in LRRK2:
G2019S, R1441G/C/H, 12020T, Y1699C and N1437H [51,52]. The most common of
these variants, G2019S, occurs in 1% of sporadic PD patients and 4% of familial PD
cases, and increases the risk of developing PD by 74% by age 79. The frequencies of
each LRRK?2 variant differ across ancestral populations [51], and different LRRK2
mutations are responsible for varying incidences of disease in different populations; for
example, the G2019S mutation is responsible for 1-7% of PD patients with European
ancestry, 20% of cases in Ashkenazi Jewish PD patients, and up to 40% of PD cases in
patients of Arab ancestry [51]. Although LRRK2’s function is currently unknown, the
protein has kinase and GTPase domains, and has been implicated in cellular processes

involved in other neurodegenerative diseases, including vesicle trafficking and
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autophagy [53]. Just as GWAS identified common variations in SNCA as PD risk
factors, common variants in LRRK2 have also been implicated as risk factors for PD
[54,55], further supporting a role of the LRRK2 protein in disease pathogenesis.

More recently, whole exome sequencing of a Swiss family and an Austrian family
with late-onset, autosomal dominant PD identified variants in VPS35 (vacuolar protein
sorting 35) segregating with affected individuals in these families [56,57]. VPS35
encodes an essential component in the retromer complex, which is important in protein
transport and recycling pathways [58]. As retromer dysfunction has also been implicated
in AD, the identification of variants in VPS35 as risk factors for PD further highlights how
disparate neurodegenerative diseases may have similar underlying pathological

processes [59].

Recessive PD: PARK2 (Parkin), PINK1, PARK7 (DJ-1), and DNAJC6

To date, pathogenic variants in four genes have been established to cause PD in an
autosomal recessive mode of inheritance. Although these variants are rare, they are
enriched in early-onset PD cases (< 50 years). AlImost one-third of PD patients under
the age of 30 years old carry recessive variants in one of these four genes [60]. The first
gene in which recessive pathogenic variants were found to cause PD was
PARKZ2/Parkin, an ubiquitin protein ligase involved in targeting proteins for degradation
[61]. Variants in PARKZ are implicated in approximately 8% of early-onset PD cases
[60]. Subsequent studies of families with early-onset PD identified recessive variants in
PINK1 (PTEN-induced putative kinase 1) as the next most common genetic cause of
early-onset PD, explaining approximately 4% of early-onset cases [60,62]. Both PINK1

and PARK2 have been implicated in mitophagy, the process of degrading mitochondria
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via autophagy [63], suggesting a role for this process in the pathogenesis of PD.
Recessive variants in DJ-1/PARK7, a component in the cell’s response to oxidative
stress, were first associated with PD in 2003 [64], but are considered an extremely rare
cause of PD and account for less than 0.5% of early-onset cases [60]. Interestingly, in
tauopathies, DJ-1 protein co-localizes with tau inclusions [65]. DJ-1 is also hypothesized
to provide functional relevance parallel to the PINK1/PARKZ2 mitophagy pathway in
response to oxidative stress [66], again highlighing a potential connection between
distinct neurodegenerative diseases and their underlying pathogenic processes. Most
recently, variants in DNAJC6 (DNaJ heat shock protein family 40 member C6; auxilin)
were found to cause both juvenile Parkinsonism, in which symptoms develop in patients
younger than 11 years old [67,68], and early-onset PD [69]. Auxilin protein is involved in
endocytic/lysosomal trafficking [67], yet again emphasizing the importance of protein
homeostasis as a shared pathogenic process between multiple neurodegenerative

diseases.

Non-Mendelian PD: HLA-DQB1, MAPT, and other loci

A recent meta-analysis of GWAS for PD across 19,061 PD cases and 100,833 controls
identified 28 independent risk variants for PD [45]. The effect size of each individual
variant is small, but cumulatively these loci may account for a substantial increase in
disease risk [45]. Several of the loci identified in this meta-analysis, previous GWAS,
and other prior association studies are of particular relevance to this chapter, given the
implication of these same loci in other neurodegenerative diseases. Interestingly, this
meta-analysis and several prior studies implicated a role of the immune system — and

particularly variation in the human leukocyte antigen (HLA) system — in PD risk. While
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this study identified a protective SNP proxying HLA-DQB1 that was associated with
decreased risk of developing PD [45], prior studies identified SNPs proxying HLA-DRA
[70] and HLA-DRB1 [71] that associated with increased PD risk. Given the extreme
degree of variation in the HLA region, the strong linkage disequilibrium between various
HLA alleles, and the significant effect of genetic ancestry on these factors, fine-mapping
the region to identify the specific loci responsible for protective and risk-associated
signals is a challenging task. However, increasing evidence implicating the immune
system in other neurodegenerative diseases [72] underscores the importance of
understanding the contribution of this complex genetic region to the etiology of these
diseases.

Another risk loci shared between PD and other neurodegenerative diseases is
MAPT (microtubule-associated protein tau), which encodes the tau protein. Tau
aggregation is the pathological hallmark of tauopathies, including progressive
supranucelar palsy (PSP), corticobasal degeneration (CBD), chronic traumatic
encephalopathy (CTE), and Pick’s disease. Furthermore, neurofibrillary tangles of tau
protein are one of the two neuropathological hallmarks of AD, along with plaques made
up of aggregated amyloid beta. The MAPT region was found to be associated with PD
risk through both GWAS and a number of candidate gene studies. Eventually an
extended haplotype across a large region of chromosome 17921 termed the H1
haplotype, which includes MAPT, was identified as the responsible risk locus for PD
[73]. The H1 haplotype has a stronger association with PD patients who also have
dementia compared to PD patients without dementia [74], suggesting tau contributes to

these cognitive changes. One SNP within this region in particular has been implicated in
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risk for both PD and AD [1]. While sub-haplotype variation within the H1 haplotype is
subtly different between PD and other neurodegenerative diseases (for example,
compared to controls the H1-rs242557* sub-haplotype is increased in individuals with
PSP/CBD while the H1-rs242557€ sub-haplotype is increased in PD) [75], the
involvement of this overall genetic region in multiple neurodegenerative diseases again

highlights the potential for common underlying disease mechanisms.

Genetic causes of PD converge on critical roles of a-synuclein aggregation,
mitochondrial function, synaptic transmission, and endosomal/lysosomal
trafficking and recycling in PD pathogenesis

Although PD was originally thought to primarily have an environmental etiology, the
studies discussed in this section provided crucial evidence for the contribution of genetic
risk factors to PD. Elucidation of many genetic risk factors for PD has spurred great
advances in our understanding of the pathological processes underlying disease. The
genes implicated in PD risk described above connect PD with numerous biological
functions, including pathogenic accumulation of a-synuclein, impaired mitochondrial
function, synaptic transmission, and dysregulation of endosomal/lysosomal pathways
involved in protein trafficking and recycling. a-synuclein is the protein aggregate in the
primary neuropathological hallmark of PD, Lewy bodies, and it is unsurprising that
pathogenic variation within the SNCA gene can cause disease. PARKZ2/parkin, PINK1,
and DJ-1 are all directly involved in mitochondrial energy metabolism, while
overexpression of a-synuclein or pathogenic variation within LRRKZ2 have also been
shown to impair mitochondrial function in vitro and/or in vivo [76]. Taken together, the

involvement of numerous genes that affect mitochondrial function suggest that deficits
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at several steps within this critical process may lead to PD. Beyond mitochondrial
function, the genetics of PD have implicated other biological processes in the
pathobiology of PD, including synaptic transmission. a-synuclein is not only the primary
component of Lewy bodies but is also involved in the formation of a protein complex
that plays a role in neurotransmitter release. LRRK2 has also been shown to be
involved in multiple facets of synaptic transmission [76]. Lastly, several genes
implicated in PD risk (including DNAJC6/auxilin and VPS35) are involved in protein
trafficking and/or recycling through endosomal/lysosomal systems, highlighting the
potential involvement of these pathways in disease etiology. Despite the advances in
understanding of PD in the past few decades, a large component of PD heritability
remains unexplained, and continued efforts are required to provide a more complete
picture of the genetic contributions to PD risk.

Identification of dopaminergic neuron loss in the substantia nigra as a hallmark of
PD has resulted in development of relatively effective therapies for treating symptoms
related to PD, primarily through increasing dopamine levels or mimicking the effects of
dopamine in the brain. However, these therapies can only slow the clinical progression
of disease. Hope remains that further understanding of the genetics that underlie PD
may inform development of a true cure or disease-preventing therapeutic strategy for

this common disorder.

Amyloid Lateral Sclerosis and Frontotemporal Lobar Degeneration spectrum
Amyloid lateral sclerosis (ALS, also commonly known as Lou Gehrig’s disease or motor
neuron disease [MND]) is a neurodegenerative disorder characterized by the

degeneration of motor neurons in the cerebral cortex, brainstem, and spinal cord
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leading to progressive paralysis and eventual death from respiratory failure. The
progression of this devastating disease is particularly quick, with most ALS patients
succumbing to disease within 2-5 years of symptom onset. While the prevalence of this
disease is estimated at ~5 cases per 100,000 people [77], these numbers are skewed
by the short duration between diagnosis and death. This is supported by recent
estimates of ALS being implicated in more than 1 in 500 adult deaths in the US and UK
[78]. Neuropathologically, brains of patients with ALS contain protein inclusions, the vast
majority (97 %) of which contain TDP-43, while a small percentage are composed
primarily of SOD1 (2%) or FUS (<1%) [79]. Approximately 10% of ALS cases are
familial, most of which are inherited in an autosomal dominant fashion, while the
remaining 90% are considered to be sporadic [80].

Frontotemporal dementia (FTD) is the umbrella clinical diagnosis that represents
a large and heterogeneous group of clinical syndromes due to underlying
frontotemporal lobar degeneration (FTLD) pathology. FTD is the second most prevalent
form of dementia after AD and affects approximately 10-30 per 100,000 people [81],
with approximately 40% of all cases considered familial [82]. Clinically, there are three
major subtypes of FTD: behavioral variant FTD (bvFTD), characterized by early
changes to behavior and personality, and non-fluent variant primary progressive
aphasia (nfvPPA) and semantic variant primary progressive aphasia (svPPA), which are
characterized by speech and language impairments [83,84]. In 75-80% of FTD cases,
the age of onset is < 65 years of age [81], making FTD a leading cause of presenile
dementia. Similar to the clinical symptomology, the underlying neuropathological

characteristics of FTLD are heterogeneous, and are generally categorized by the major
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protein present in pathological inclusions. The majority of FTLD cases have either tau
inclusions (45%) or TDP-43 inclusions (45%), while a smaller fraction are positive for
FUS (9%), UPS (ubiquitin-proteosome system; 1%), or do not contain protein pathology
[79]. However, all FTLD cases are characterized by progressive neuronal loss and/or
dysfunction in the frontal and temporal lobes. FTLD diagnoses are composed of 3-
repeat tau pathology (Pick’s disease), 4-repeat tau pathology (with tufted astrocytes in
PSP or astrocytic plaques in CBD) [85], and TDP-43 pathology (Types A, B, C, or
unspecified) [86].

Historically, ALS and FTD were thought to be distinct, unrelated disorders, and
the initial findings of genetic associations with these diseases (SOD7 in 1993 for ALS,
MAPT in 1998 for FTLD) were consistent with this hypothesis. However, recent
discoveries of shared clinical symptoms, overlapping neuropathological hallmarks, and
common genetic risk factors suggest that ALS and FTD exist on a spectrum, with the
extreme ends of the spectrum being patients showing ‘pure’ ALS or ‘pure’ FTD and a
middle ground consisting of patients with genetic and/or phenotypic characteristics of
both diseases.

Clinically, a significant proportion of FTD patients display motor impairments, with
~40% of cases displaying measurable motor dysfunction (likely due to underlying PSP
or CBD pathology), and 15% meeting clinical criteria for a diagnosis of ALS. Similarly,
ALS often occurs in conjunction with cognitive and/or behavioral changes, with up to
50% of ALS patients displaying some symptoms falling within the FTD spectrum and
~15% of ALS patients meeting formal criteria for a clinical diagnosis of FTD [87-90]. As

mentioned above, the neuropathological presence of TDP-43 in tau-negative, ubiquitin-
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positive protein inclusions has been identified in both FTD and ALS [91,92]. Notably,
TDP-43 pathology is not unique to the ALS-FTD disease spectrum, as it has also been
observed in a substantial number of AD and dementia with Lewy bodies (DLB) patients
[93]. Indeed, the preponderance of mixed pathology in neurodegeneration is
underappreciated and likely more common with increasing age [94], though there are
often clear primary pathological diagnosis that are most congruent with clinical
diagnosis, with co-pathology modestly or minimally contributing to clinical syndrome.
The genetic risk factors for ALS and FTD are discussed in more detail below, beginning

with ALS, then moving to shared risk factors, and concluding with FTD.

Autosomal dominant ALS: SOD1 and other genes

The first discovered pathogenic variant causative for ALS was SOD1 (superoxide
dismutase 1), identified in 1993 [95]. To date, 185 pathogenic variants in SOD17 have
been identified [96] and these variants are responsible for ~13% of familial ALS cases
and < 1% of sporadic cases [80]. Variants in SOD17 have variable frequencies across
different ethnic populations, and exert strikingly different effects on disease progression.
For example, A4V is the most common pathogenic SOD17 variant in the US (responsible
for ~60% of SOD1 ALS cases) and is associated with extremely rapid disease
progression and death within one year of symptom onset, while the most common
SOD1 variant in Japan (implicated in ~40% of Japanese SOD1 ALS cases) is H46R and
is associated with an extended disease course of approximately 15 years [97,98].
Highlighting the effect of SOD17 variation on the extreme ALS end of the ALS-FTD
spectrum, cases of SOD7-associated ALS generally do not develop cognitive

impairment [99] and are considered neuropathologically distinct from other types of ALS
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due to their lack of TDP-43 and/or FUS inclusions [100]. SOD1 variants are thought to
contribute to ALS through a variety of pathways, including mitochondrial dysfunction,
oxidative stress, and pathogenic aggregation of misfolded proteins [101], and
therapeutic treatments targeting SOD1 are in clinical trials [102].

In addition to SOD1, rare variants in several other genes have been linked to
inherited forms of ALS. Moreover, common variants identified as risk factors or disease
modifiers have been identified in large GWAS of ALS patients. For a detailed

description of these genetic risk factors, refer to Alan Renton’s review [99].

ALS-FTLD: TARDBP, FUS, C90RF72, VCP, UBQLN2, SQSTM1
Shortly after the discovery of TDP-43 positive inclusions in the brains of both ALS and
FTLD cases, follow-up studies identified pathogenic variants in the gene encoding this
protein, TARDBP (TAR DNA binding protein), in ALS [103—-106], FTD [107-109], and
ALS-FTLD cases [107,110,111]. While TARDBP pathogenic variants occur throughout
the ALS-FTLD spectrum, these variants tend to occur more frequently in ALS cases,
accounting for 3-4% of familial ALS cases and approximately 1% of sporadic ALS, and
occur only very rarely in pure FTLD [93]. As TDP-43 is a DNA- and RNA-binding protein
that regulates transcription and splicing (among other functions), identification of
TARDBP variants in these diseases spurred interest in the role of RNA processing in
disease pathogenesis across the ALS-FTLD spectrum.

Shortly after linking TARDBP variants to ALS and FTLD, pathogenic variants in
FUS (fused in sarcoma) were linked to ALS [112,113]. Like TDP-43, FUS is involved in
RNA binding and processing, and ALS cases with FUS pathogenic variants are

characterized by FUS-positive inclusions rather than TDP-43- and ubiquitin-positive

19



inclusions. Though only a few rare FUS variants of uncertain pathogenicity have been
identified in clinical FTD or ALS-FTD patients [114,115], FUS-positive inclusions are
present in up to 9% of FTLD patients [79]. Furthermore, there appear to be domain-
specific effects of pathogenic variants in FUS on disease phenotype, with variants that
strongly affect the nuclear localization signal of FUS associated with younger ages of
disease onset [93]. Since the FUS and TDP-43 proteins have similar functions in RNA
processing and regulation, and pathogenic variants in both genes are linked to ALS, it
has been suggested that motor neurons are particularly sensitive to disruptions of RNA
processing [116].

One of the most seminal discoveries in the ALS and FTD fields — and
undoubtedly one of the most pivotal findings for the reclassification of these diseases as
a spectrum instead of disparate clinical syndromes — was the finding that a repeat
expansion in C9ORF72 caused both ALS and FTLD [28,117,118]. While the repeat
expansion (a repeat of six nucleotides, GGGGCC) may vary between 2-23
hexanucleotide repeats in healthy individuals, FTLD and ALS patients have dramatically
higher repeat expansions, in the range of 700-1600 repeats [28]. A cut-off of >30-35
repeats has been tentatively established as the pathogenic threshold, though shorter
repeat lengths have in rare cases been observed in ALS or FTD patients [119,120].
Intermediate length repeats between 23-30 have been investigated for their role as risk
factors in ALS, FTD, and even PD [121], with variable findings [119,120]. While the
frequency of pathogenic repeat expansions in C9ORF72 varies by ancestral population,
this genetic alteration is widely recognized as the most common cause of familial ALS

(~40%) and FTLD (~25%), and underlies a significant number of sporadic cases of both
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these diseases (~6%) [122]. The penetrance of pathogenic repeat expansions appears
to be age-dependent, with no instances of disease in expansion carriers under 35 years
of age, 50% penetrance in carriers age 58, and almost complete penetrance in carriers
80 years and older [122]. Clinically, FTLD and ALS C9ORF72 repeat expansion carriers
have considerable symptom heterogeneity [123]. Repeat expansions in C9ORF72 have
also been implicated in rare cases of PD [124] and AD [125-127], as reviewed
elsewhere [128]. Many hypotheses have been suggested for the pathogenic
involvement of these intronic repeat expansions in FTLD and ALS. These hypotheses
include loss of function of the C9ORF72 protein, toxic accumulation of dipeptide-repeat
proteins produced by repeat-associated non-ATG-dependent translation, and toxic
accumulation of RNA foci leading to the sequestration of RNA-binding proteins and
subsequent dysregulation of RNA processes including splicing, trafficking and
translation (reviewed in [129,130]). Further understanding the molecular mechanisms by
which C90ORF72 expansions contribute to disease is an important focus of ongoing
research in the ALS-FTLD field and has already resulted in preclinical studies for
therapeutic intervention through anti-sense oligomers targeting the expansion [131].
Rare variants in several other genes have been implicated in risk for ALS, FTLD,
and ALS-FTLD. Pathogenic variants in VCP (valosin containing protein) were initially
identified in a rare, autosomal dominant subtype of FTLD known as inclusion body
myopathy associated with Paget’s disease of the bone and frontotemporal dementia
(IBMPFD) [132,133]. VCP encodes for a protein critical in protein degradation through
the ubiquitin-proteasome complex [134] and in vitro and in vivo studies have highlighted

the involvement of VCP in TDP-43 pathology (reviewed in [135]). In 2010, whole exome

21



sequencing of several ltalian families linked pathogenic variants in VCP to autosomal
dominant ALS and ALS-FTLD [136]. Subsequent studies confirmed the link between
VCP and ALS, and have identified pathogenic variants in VCP in rare cases of sporadic
ALS [137-139].

Pathogenic variants in UBQLNZ2 (ubiquilin 2), another gene with an important role
in ubiquitin-mediated protein degradation, were linked to ALS and ALS-FTLD in 2011
[140], and later with rare cases of pure FTLD [141]. As UBQLN2Z is located on the X-
chromosome, familial cases involving UBQLNZ2 variants are characterized by an
absence of observed male-to-male transmission in families. Although disease-linked
variants in UBQLNZ are rare in all populations studied to date [142—144], the fact that
these variants impair protein degradation as well as the presence of ubiquilin 2
pathology in ALS and ALS-FTLD cases regardless of UBQLNZ2 variant status [140]
further highlights the importance of proper protein degradation in the ALS-FTLD disease
spectrum.

Along the same lines, pathogenic variants in SQSTM1 (sequestosome 1) have
also been linked to familial and sporadic ALS cases [145]. SQSTM1 encodes the
ubiquitin-binding p62 protein, which is involved in targeting other proteins for autophagy.
Additional studies have validated this genetic finding in ALS [146—150], and expanded it
to link pathogenic variants in SQSTM1 to ALS-FTLD [151] and pure FTLD [146] cases
as well. Ubiquitin-binding p62 protein is found in ubiquitin-positive inclusions in several
forms of ALS, including familial ALS due to pathogenic variants in SOD1 [145]. Variants

in SQSTM1 account for ~1-5% of familial ALS cases and ~2-4% of sporadic cases
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[150]. Interestingly, SQSTM1 is also implicated in Paget’s disease of bone [152], which
is part of the IBMPFD phenotype associated with pathogenic variants in VCP.

Another shared genetic risk factor between the ALS-FTLD spectrum and Paget’s
disease of bone is OPTN (optineurin), which encodes for the optineurin protein and is
involved in autophagy [153-155]. Finally, rare pathogenic variants in several additional
genes have been implicated in the ALS-FTLD spectrum, including TBK7 (TANK binding
kinase 1), a gene encoding a kinase that binds to adaptor proteins including optineurin
[156—159], CHCHD10 (coiled-coil-helix-coiled-coil-helix domain containing 10), a gene
involved in mitochondrial function [160-164], and CHMPZ2B (charged multivesicular
body protein 2b), a gene involved in the endosomal/lysosomal degradation pathway
[165-169]. For further descriptions and details of the genetic risk factors associated with
the ALS-FTLD spectrum of disorders please refer to many detailed reviews
[93,98,116,129]. Recent publications highlight the oligogenic hypothesis for ALS-FTLD,
which suggests that variants in multiple loci contribute to both disease risk and clinical

presentation [80,170].

FTLD: MAPT and GRN

Just as SOD1 variants have only been linked with ALS risk and have not been
implicated in FTLD, several genes have been linked to FTLD risk without being
associated with ALS risk. Early investigations of the genetic contributions to a subtype
of FTLD known as FTLD with parkinsonism identified the 1721 region on chromosome
17, which was subsequently fine-mapped to two distinct risk loci. The first FTLD-
causative pathogenic variants were identified in MAPT (microtubule associated protein

tau), encoding for the tau protein, in 1998 [171-174]. As of 2017, 44 pathogenic variants
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in MAPT have been identified (for an updated count, see the AD & Frontotemporal

Dementia Mutation Database at http://www.molgen.ua.ac.be/FTDMutations). As

mentioned previously, tau is one of the primary proteins present in pathogenic
inclusions in brains of FTLD patients, with 45% of FTLD cases positive for tau protein
inclusions [79]. While MAPT variants are not risk factors for ALS, the association of
MAPT variants with PD risk and the presence of pathological aggregates of tau protein
in AD again underscore the shared genetic etiology and pathological processes
underlying several neurodegenerative diseases [2].

Surprisingly, after the mapping of MAPT, some families with FTLD with
parkinsonism linked to chromosome 17 did not have pathogenic variants in MAPT and
lacked tau inclusions upon pathological examination, suggesting another disease-
causing locus existed outside of MAPT, yet within the same chromosomal region.
Subsequent family studies identified pathogenic variants in GRN (granulin precursor,
encoding progranulin protein), within the 17921 region and just 1.7 mega bases from
MAPT, that segregate with affected individuals [175,176]. After repeat expansions in
CI90RF72, GRN variants are one of the most common genetic causes of both sporadic
and familial FTLD [98], accounting for 5-10% of all FTLD cases and 10-22% of familial
FTLD [177]. While the function of the progranulin protein is an area of active research,
the majority of the 70 pathogenic variants within GRN that contribute to FTLD risk are
thought to do so through loss of progranulin function due to haploinsufficiency [178].
GRN pathogenic variants have also been linked with AD (both phenotypic presentation
and pathologically confirmed cases) in rare instances [179], possibly driven by presence

of AD risk factor APOE-g4 [180].
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Historically, the clinical and pathological heterogeneity of FTLD has made it
difficult to use GWAS to identify common genetic risk factors for this disorder. However,
a recent GWAS focusing on pathologically confirmed FTLD cases with TDP-43
pathology identified a SNP tagging the TMEM106B (transmembrane protein 106B) gene
associated with FTLD risk [181]. Subsequent studies have not only shown that SNPs in
TMEM106B modulate risk for FTLD-TDP, but also regulate the penetrance of
pathogenic GRN variants [182] and can decrease age of disease onset by a mean of 13
years in GRN pathogenic variant carriers [182,183]. Furthermore, TMEM106B variants
can also modify disease risk in C9ORF72 repeat expansion carriers — the minor allele is
protective for FTD but not ALS [184], though interestingly the variant that increases FTD
risk is associated with later age of onset and death in C9ORF72 repeat expansion
carriers [185]. While TMEM106B by itself has not been implicated in risk for ALS,
variants within this gene have been associated with cognitive impairment in ALS cases
[186]. Additional GWAS have identified other genetic variants that contribute to FTD;
given the GWAS findings from PD and AD, the finding of FTD association with a SNP

localized in the HLA region is of particular relevance [187].

Genetic contributions to the ALS-FTLD spectrum converge on a critical role of
RNA and protein homeostasis in disease pathogenesis

The genetic variants associated with ALS and FTLD risk have contributed greatly to our
understanding of the pathobiology underlying this spectrum of diseases, highlighting the
importance of several biological processes in the etiology of ALS and FTLD. Chief
among these are, at the broadest level, RNA homeostasis and protein homeostasis.

TDP-43 and FUS are both involved in numerous processes related to RNA
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homeostasis, including association with transcriptional machinery, regulation of splicing,
transcriptional inhibition, and many other processes [129]. Combined, these two
proteins regulate hundreds of downstream RNA targets, implicating genetic variation
within TARDBP and FUS in a multitude of cellular processes that may be important in
ALS-FTLD disease etiology. C9ORF72 is also hypothesized to contribute to disease
pathogenesis through RNA dysregulation, among other processes, as previously
mentioned.

Many of the other genes involved in the ALS-FTLD spectrum are involved in
protein homeostasis, particularly protein degradation and lysosomal/endosomal
function. VCP is critical in protein quality control through the protein’s involvement in the
ubiquitin-proteasome complex, which targets proteins for degradation or recycling.
UBQLNZ2 is also involved in ubiquitin-mediated protein degradation, particularly in the
transport of ubiquitin-tagged proteins targeted for destruction to the proteasome, as is
the p62 protein encoded by SQSTM1. Both p62 and optineurin (encoded by OPTN) are
involved in physically binding proteins targeted for autophagy to the autophagosome,
and the TBK1 protein binds to optineurin and other adaptor proteins. CHMP2B is
involved in sorting and transporting ubiquitinated targets to autophagosomes [129].
Genetic variation within these genes that are associated with risk for the ALS-FTLD
disease spectrum highlights the critical role of dysregulated protein homeostasis —
particularly within the processes of protein degradation and recycling — in disease
pathogenesis. Targeting deficits in protein degradation is one area of therapeutic

development for ALS-FTD, though further work is required to elucidate the molecular
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mechanisms by which pathogenic variants in each of these genes specifically

mechanistically contribute to disease.

Alzheimer’s disease

AD is the most common cause of dementia, accounting for approximately 60-80% of
dementia cases [188]. AD causes progressive cognitive decline, eventually resulting in
the inability to complete everyday tasks, and ultimately death. It is the sixth leading
cause of death in the United States and affects more than 5 million Americans, with
prevalence expected to nearly triple to 13.8 million by 2050 [188]. AD is characterized
by the accumulation of two pathological proteins: amyloid beta, which aggregates into
amyloid plaques outside neurons, and tau, which collects into neurofibrillary tangles of
hyper-phosphorylated protein within neurons.

Age is the greatest risk factor for AD [188], followed by family history, which
suggests that disease risk is heritable. AD cases are classified into two main categories
based on age of onset: early-onset AD (EOAD), occurring before age 65, and late-onset
AD (LOAD), occurring at or after age 65. LOAD represents the vast majority of AD
cases, with estimates ranging from 90% to 98% of AD cases [189,190]. In the early
1990s, epidemiological studies found an increased relative risk of 3.5 for AD in
individuals with a family history of AD in first-degree relatives [191]. Early-onset cases in
particular tend to be familial and highly heritable, with approximately 60% of cases
occurring across at least two generations of a family [192]. The pathogenic variants and
genes linked to early-onset familial AD (EOFAD) were the first genetic risk factors
discovered for AD. Linkage analysis and fine-mapping studies in EOFAD families

initially identified pathogenic variants in three genes linked to amyloid synthesis and
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processing that segregated with affected individuals. These findings heavily influenced
the focus of AD research over the past several decades, particularly with respect to the
“amyloid cascade” hypothesis [193]. However, recent failures of many large-scale AD
clinical trials with amyloid-targeted therapies are prompting a re-evaluation of the

importance of amyloid beta in AD.

EOFAD: APP

Following studies that implicated chromosome 21 in AD, a point mutation in APP
(amyloid precursor protein) was found to cause EOFAD in a British family [194,195].
This pathogenic variant was termed the “London mutation,” and was followed up by
additional studies that confirmed pathogenic variants in APP cause EOFAD [196-198].
APP is located on chromosome 21, and encodes the amyloid precursor protein.
Proteolytic cleavage of APP produces a variety of peptides, including amyloid beta,
which aggregates into amyloid plaques to form one of the two main pathological
hallmarks of AD. Functional analyses of these disease-causing variants identified a shift
in APP cleavage that favored the production of a more pathogenic form of amyloid, AB42
[199]. To date, 51 pathogenic variants in APP have been identified (for an updated

count, see the AD Mutation Database at http://www.molgen.vib-ua.be/ADMutations).

Variants in APP account for approximately 10-15% of EOFAD [192], and the typical age
of onset for pathogenic variant carriers is in their 40s-50s, with a few individuals having
disease onset in their 60s [192]. While the majority of APP variants lead to early onset
disease, rare APP variants have also been associated with LOAD [200].

Finding variants in APP associated with AD helped explain earlier findings from

the mid-1980s showing that individuals with Down’s syndrome (DS) developed amyloid
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plaques and tau tangles approximately 20-30 years earlier than non-DS populations,
and that dementia was clinically diagnosed in DS patients 20-30% more frequently than
the general population [201]. DS is caused by the presence of a full or partial extra copy
of chromosome 21, which includes the APP gene. Mouse models of DS have provided
evidence that overexpressing APP contributes to the early pathological and clinical
features of AD in DS [202].

More recently, whole-genome sequencing of 1,795 Icelandic individuals through
the deCODE project identified a novel variant in APP (A673T) that protects against AD
risk [203]. This variant has a large effect size (OR = 5.29 for control group vs. AD), and
was shown to protect against age-related cognitive decline in non-diseased individuals,
possibly by decreasing amyloid beta production [203]. As might be expected with such a
large effect size, A673T occurs at low frequency in the Icelandic population (0.62% in
controls, 0.13% in AD patients). This variant has not been observed in several Asian or

non-Nordic Caucasian cohorts studied to date [204,205].

EOAD: PSEN1 and PSEN2

A few years after pathogenic variants in APP were linked to AD, two other components
of the cellular amyloid processing machinery were implicated in AD: PSEN1 (presenilin
1) and PSENZ (presenilin 2). The proteins encoded by these genes make up part of the
gamma secretase enzyme complex, which cleaves APP to generate amyloid beta [206].
Pathogenic variants in these genes were initially identified in 1995 [207,208] and to
date, 219 PSEN1 and 16 PSENZ2 pathogenic variants have been identified [209,210].
Variants in PSEN1 account for 30-70% of EOFAD [192], and lead to very severe clinical

presentations of disease with high penetrance and an extremely early age of disease
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onset, as early as 25 years [211]. While there is variability in disease severity,
progression, and age of onset in PSEN1 pathogenic variant carriers [211], on average
these patients develop symptoms around age 40, which is over 8 years earlier than
APP variant carriers, and over 14 years earlier than PSENZ2 variant carriers [209].
Variants in PSENZ2 account for less than 5% of EOFAD cases and display large
variability in age of onset (typically 40-75 years), clinical presentation, and disease
penetrance, with some individuals surviving past age 80 without developing symptoms
[192]. Analysis of 128 individuals in the Dominantly Inherited Alzheimer Network cohort
who all carried a pathogenic variant in either PSEN1, PSENZ2, or APP found increased
hippocampal atrophy, decreased cerebral glucose metabolism, increased amyloid
deposition, and increased tau in the cerebrospinal fluid occurring 10-15 years prior to
expected symptom onset in all variant carriers [212]. To date, variation in PSEN1,
PSENZ2, and APP are considered the major genetic risk factors for EOFAD, but
additional genetic contributions to EOFAD risk are likely to exist since not all EOAD
patients carry a pathogenic variant in one of these three genes. Furthermore, not all
EOAD cases are familial, and the genetic contribution to these non-familial EOAD cases

is poorly understood.

LOAD: APOE-¢4

The vast majority (> 95%) of clinical Alzheimer’s cases are diagnosed at the age of 65
or later and are considered late-onset. The first genetic risk factor to be identified for
these cases was APOE-¢4 (apolipoprotein E4), and even after the discovery of over 20
additional genetic variants associated with LOAD risk, APOE-¢4 remains the most

common genetic risk factor of large effect in LOAD cases.
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Concurrent with the discovery of APP variants causing AD, several linkage
studies in families with late-onset disease failed to establish a link between disease risk
and chromosome 21, suggesting that additional genetic risk factors beyond APP were
contributing to AD risk [213]. Further studies implicated chromosome 19, and in 1993 a
small study found that AD patients had a much higher frequency of the APOE-¢4 allele
than controls (0.50 vs. 0.16) [214]. Within half a year, two additional studies
demonstrated the association of APOE-¢4 with AD [215,216], and with subsequent
studies, it has become clear that APOE-¢4 is the most common genetic risk factor for
AD and exerts a strikingly strong effect size, particularly for such a common variant.

There are three alleles of the APOE gene: €2, which is very rare and is
suggested to be protective against AD; €3, the most common allele, considered to be
‘neutral’ (neither protective nor conferring risk); and €4. Carrying the APOE-¢4 allele
increases the risk of developing AD in a dose-dependent manner, with one copy of €4
increasing the odds of developing AD by 2.7-3.2 fold and two copies of €4 increasing
the odds of disease 12.5-14.9 fold [217]. The APOE-¢4 allele also decreases the
average age of onset, with one copy of €4 decreasing the age of onset by ~9 years and
two copies of €4 decreasing the age of onset by an additional ~7 years [215,217].
APOE-¢4 also has similar effects on average survival, as carrying the APOE-¢4 allele is
associated with shorter survival by 6.1 — 6.8 years [215]. While frequency of the APOE-
€4 allele varies with both ancestry and latitude [218], approximately 23% of the US
population carries at least one copy of the APOE-¢4 allele [219]. APOE-¢4 allele carriers
are highly enriched in AD populations, with ~40-60% of AD patients carrying at least

one APOE-¢4 allele [220]. The APOE-¢4 allele effect size also appears to vary by sex.
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While women, regardless of genotype, are more likely to develop AD [217], the APOE-
€4 allele also appears to confer greater AD risk in women [219]. Functionally, APOE-£4
is hypothesized to contribute to AD risk through both amyloid beta-dependent and
amyloid beta-independent mechanisms [221,222]. In particular, a single amino acid
difference between the APOE-£3 protein and the APOE-¢4 protein allows for greater
interaction between the N-terminal and C-terminal domains of the APOE-¢4 protein,
making this protein more susceptible to proteolytic cleavage, which in turn generates
neurotoxic fragments that lead to cytoskeletal alterations and mitochondrial dysfunction
[223]. Beyond increasing the risk of LOAD, APOE-¢4 has been shown to influence age
of onset of both PSEN1 [224] and PSENZ variant carries [225]. Without a doubt, the
APOE-¢4 allele is one of the strongest, most well established genetic risk factors for

LOAD.

LOAD: TREM2

While recent GWAS have identified a number of common variants associated with AD
risk (as described below), these variants typically have relatively small effect sizes and
modest contributions to disease risk relative to APOE-£4. In contrast to the identification
of common variants, the deCODE project (the same study that identified the protective
APP variant described above) and another group concurrently identified rare variants in
TREM_? (triggering receptor expressed on myeloid cells 2), in particular the R47H
variant, as risk factors for AD [226,227]. While somewhat rare (e.g. frequency of R47H =
0.26% [228]), these variants tend to be more common than the rare pathogenic variants
in APP, PSEN1, or PSENZ linked to EOFAD [229]. TREMZ2 encodes for a receptor

expressed on myeloid cells, and is expressed in microglial cells in the brain. Combined
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with the relatively large effect size of R47H (odds ratio of 4.5 (95% confidence interval
1.7-11.9) in AD cases vs. controls [230]), this discovery has ignited a flurry of studies
focusing on the role of microglial activation and neuroinflammation in AD
pathophysiology. Interestingly, rare homozygous recessive pathogenic variants in
TREM_?2 have also been linked to FTD and Nasu-Hakola disease, a rare degenerative

bone condition [231,232].

LOAD: Additional common variants
The first GWAS for AD was conducted in a relatively small cohort of 1,808 LOAD cases
and 2,062 older adult controls without dementia in the UK, and was only able to identify
SNPs within APOE as significantly associated with AD risk [233]. Further GWAS using
larger study cohorts and SNP panels with greater genomic coverage have identified and
replicated a number of additional variants associated with AD risk, and are summarized
elsewhere [234]. A recent meta-analysis of GWAS that included 74,046 individuals from
4 prior studies as well as analysis of new cases and controls from 11 different countries
identified several new loci associated with AD, and replicated ten SNPs associated with
AD risk in prior GWAS near the following genes: ABCA7, APOE, BIN1, CD33, CLU,
CR1, CD2AP, EPHA1, MS4A6A, PICALM [235]. The most statistically significant of the
novel findings was within the HLA-DRB5/DRB1 region, followed by SNPs in close
proximity to SORL1, PTK2B, SLC24A4, ZCWPW1, CELF1, NME8, FERMT2, CASS4,
INPP5D, and MEF2C.

The loci and proximal genes identified by AD meta-analysis and other studies
can generally be clustered into several functionally related groups reflecting pathways

and processes that contribute to AD risk, such as immune response, endocytosis,
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cholesterol metabolism, and ubiquitination. Furthermore, genes involved in the immune
system and cholesterol metabolism are significantly overrepresented in GWAS for AD
[236]. Of particular relevance to this chapter, the categories of immune response,
endocytosis, and ubiquitination are shared amongst other neurodegenerative disorders.
For example, while fine-mapping the HLA risk association has been difficult, recent
studies have identified an association between several HLA haplotypes and AD risk
[237], with numerous on-going fine-mapping efforts attempting to identify the specific
HLA genes and/or haplotypes conferring risk of AD. It is also important to recognize that
beyond genetic association studies, in vitro and in vivo experimental studies have
confirmed the importance of the immune system in AD [238] and this continues to be a
growing area of research in AD.

Because of the polygenic nature of this complex disease, some groups have
begun using information from multiple disease-associated variants, with and without the
inclusion of APOE-¢4, to make predictions of an individual’s disease risk [239—-244].
Very recently, Desikan and colleagues have identified a polygenic hazard score that
predicts an individual’s age-specific LOAD risk based on a combination of common

genetic loci (including APOE-£4) and population-level age-associated AD risk [245].

The paradox of AD genetics: Two pathological proteins, a variety of genetic risk
factors, and no disease-modifying treatments

While the neuropathological diagnosis of AD requires the presence of two pathogenic
protein aggregates (amyloid beta plaques and tau neurofibrillary tangles), there is
debate in the AD field about whether the disease process is driven primarily by one of

these two proteins, or even by APOE-¢4 itself, either independently or in conjunction
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with amyloid and/or tau. Therapeutic development thus far has focused primarily on
reducing amyloid accumulation in the brain. These approaches have proved largely
ineffective, as the majority of drugs targeting amyloid have failed in the clinical trial
stage (though a few amyloid-focused trials with promising interim results are currently
underway) [246]. The discovery of genetic variants in the amyloid processing pathway
(in APP, PSEN1 and PSENZ2) with extremely high penetrance is likely an unfortunate
reason for this singular focus on amyloid in the AD field. These pathogenic variants
were an extremely exciting and early discovery in the AD field and led to the “amyloid
cascade” hypothesis, which posits that aberrant APP processing leads to pathogenic
amyloid beta accumulation which, in turn, causes neuronal loss and cognitive deficits
[193,247].

The amyloid cascade hypothesis has led to animal models and experiments that
have informed our understanding of how dysregulation in the amyloid processing
pathway can lead to cognitive deficits, particularly in the subset of patients that carry
pathogenic variants in genes in this pathway. Although this line of biological inquiry is
highly relevant for individuals harboring pathogenic variants in APP, PSEN1 and
PSENZ2, these are overall a very rare cause of AD. In non-genetic and late-onset forms
of AD, it is becoming increasingly clear that the majority of AD cases are not driven
solely — or perhaps even primarily — by amyloid aggregation. For example, in the
Clifford Jack model of disease pathogenesis and biomarker status, amyloid aggregation
is the earliest step in AD pathogenesis, and plaque formation is necessary but not
sufficient for clinical AD. Amyloid beta deposition is followed by increases in measures

of pathogenic tau, which in turn is followed by structural and metabolic imaging changes
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and, eventually, by cognitive decline [248]. Proponents of the amyloid cascade
hypothesis argue that future trials focusing on disease prevention, rather than
symptomatic treatment or reversal, may show more promising effects; the results of
these trials, many of which are currently underway, will inform our understanding of the
validity of the “amyloid cascade” hypothesis in AD etiology. Based on the Jack model of
AD progression, however, preventing AD through amyloid-directed therapies may
require individuals to be treated up to 20 years prior to symptom onset. While identifying
genetically at-risk individuals is one way to do this, other strategies to modify disease
trajectory at different stages of AD — e.g., prior to tau deposition or neuronal loss —
may prove alternative or complementary strategies to modifying AD. Therapeutic
strategies targeting tau or APOE-¢4 are currently in the preclinical and/or early clinical
stages; the results of these trials over the next five to ten years will provide great insight
into the pathophysiology of AD, especially in assessing the contributions of amyloid, tau,
and APOE-¢4 to disease. Work also suggests that preventing aberrant neuronal
function (e.g., epileptiform activity [249,250]), neuronal pruning [251], and augmenting
synaptic plasticity [252—254] may promote maintenance of cognitive function in the face

of burgeoning disease pathology.

Conclusions

There is considerable overlap between genetic risk factors and disease presentation
among the neurodegenerative diseases described in this chapter. Several of these
diseases can be caused by autosomal dominant pathogenic variants in a single gene
(such as HTT in HD, SCNA in PD, C9ORF72 and TARDBP in ALS-FTD, MAPT in

FTLD, and APPin AD). These pathogenic variants lead to deleterious accumulation of
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a single protein (usually a neuropathological hallmark of that disease), though the
prevalence of these mutations ranges from all patients (as in HTT pathogenic variants in
HD) to only very rare cases of a given disease (like APP pathogenic variants in AD).
While these autosomal dominant, disease-causing variants can provide insight into the
etiology of neurodegenerative diseases, we have yet to develop effective therapies
targeting any of these genetic causes of disease, and in some cases, the concentrated
focus on a single disease-causing gene (at the expense of focus on the plethora of
genetic regions that can contribute to disease risk) may even be leading us astray, as
may be the case with the focus on amyloid beta in AD.

More often, neurodegenerative diseases may arise through a combination of
subtle effects from many genes that have been linked to disease risk. While the exact
genes that contribute to disease risk vary between diseases, many genes involved in
RNA homeostasis, protein homeostasis, mitochondrial function, and the immune system
have been implicated in one or more of the neurodegenerative diseases described in
this chapter. As demonstrated on numerous occasions, genetic variation within a single
region can also confer risk for multiple distinct neurodegenerative diseases, such as
MAPT (FTD and FTLD, PD) and the HLA region (PD, FTD, AD). This so-called
“pleiotropy” can be detected statistically [2,255,256] and may have implications for “pan
neurodegenerative” strategies for disease treatment.

Beyond the overlap of individual risk loci between numerous neurodegenerative
diseases, diverse loci are also associated with shared pathways and processes
between different neurodegenerative diseases, suggesting that these discrete disorders

may have common mechanistic underpinnings. Chief among these are aggregation of a
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pathological protein (such as a-synuclein, TDP-43, tau, or amyloid beta) and
impairments in protein degradation or autophagy, which can compound the deleterious
effects of pathogenic protein aggregation. Both endocytosis and ubiquitination are
involved in cellular proteostasis, which is hypothesized to be dysregulated in several
neurodegenerative diseases. Growing evidence has shown that pathogenic proteins
such as tau (in AD and FTLD), TDP-43 (in ALS and FTLD) and alpha-synuclein (in PD)
can be transmitted from cell to cell within the brain and even outside the brain. This
process clearly necessitates the internalization of these proteins by the receiving cell,
which most likely occurs through endocytosis. Once a pathogenic protein has entered a
cell, deficits in proteolysis linked to lysosomal or ubiquitination defects likely prevent its
destruction, and allow the protein’s pathogenic effects to proliferate and spread. The
involvement of ubiquitination in the neurodegenerative diseases described within this
chapter is described in detail in Atkin & Paulson’s review [257].

Altered immune system function has also been implicated in several
neurodegenerative disorders, and may play an important role in the brain’s response to
pathological protein aggregates. The immune system has been a growing area of
interest in AD research in particular, with recent studies finding genetic polymorphisms
linked to autoimmune disorders are often also associated with AD risk [255], and
validating previous studies identifying variation in genes such as CD33 (a myeloid cell
surface receptor), TREMZ2 (described in detail above, receptor on myeloid cells), CR1
(complement receptor 1), and the HLA (human leukocyte antigen) region as risk factors
for AD. As mentioned previously, the identification of variants within the HLA region

associated with PD and FTD risk in addition to AD highlights the importance of this
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association across the spectrum of neurodegenerative diseases, though whether all
diseases are linked to a single risk locus or different risk loci within this region remains
to be elucidated.

While translational research aimed at discovering therapies for
neurodegenerative diseases has historically focused on genetic risk factors for these
diseases, one area of growing interest is the focus on genetic factors that contribute to
healthy cognitive aging, with the hope that genetic variation linked to healthy aging may
provide alternative therapeutic targets [258—265]. While a description of these factors is
beyond the scope of this chapter, readers may find some useful information in reviews
of healthy cognitive aging [266] or more general reviews of healthy aging and longevity
[267,268].

As biomedical research provides solutions for common health problems such as
heart disease and cancer, neurodegenerative diseases will become increasingly more
prevalent due to our aging population. The enormous burden this will create on our
society makes developing therapies for these devastating diseases increasingly
important. Of course, it is important to keep in mind that genetic variation is only one of
many factors that contribute to overall disease risk. However, research has shown that
the likelihood of success for a therapeutic approach is much higher when supported by
evidence of a genetic factor contributing to disease risk in humans [269]. Further
exploration of the mechanistic contributions of established genetic risk factors to the
pathobiology of neurodegenerative diseases, in addition to the identification of
additional novel genetic risk factors for these disorders, will continue to provide

invaluable insight into how genetics influences the process of brain aging.
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Chapter II:

Fine-mapping of the human leukocyte antigen locus as a risk factor for
Alzheimer’s disease: A case—control study
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and has a global
burden of approximately 46 million people worldwide, with prevalence projected to
double over the next 20 years [1]. The hallmark features of the disease include the
accumulation of amyloid plaques, tau neurofibrillary tangles, and neuronal destruction,
leading to brain atrophy and loss of cognitive function. The etiology of these processes
stems from synergistic interactions of environmental and genetic factors, many of which
remain obscure and therefore complicate research efforts aimed at identifying
efficacious therapies.

The three largest genetic contributors identified thus far are rare variants in
amyloid precursor protein (APP) and presenilin 1 and 2 (PSEN1, PSENZ2) [2]. These
variants are uncommon, cause an early onset form of the disease, and typically
segregate in an autosomal dominant fashion. Studies of late onset AD (typically defined
as onset age >65 years) have demonstrated the risk of sequence variants such as the
common €4 allele of apolipoprotein E (APOE), rare variation in TREMZ2 [3—7], and MAPT
[8], as well as numerous common variants contributing modest AD risk [9], including
single nucleotide polymorphisms (SNPs) in the following loci: CR1, BIN1, INPP5D,
MEF2C, CD2AP, ZCWPW1, NMES8, EPHA1, CLU, PICALM, MS4A4, CELF1, FERMT2,
ABCA7, CD33, CASS4, PTK2B, SORL1, SLC24A4-RIN3, DSG2, and HLA-DRB5/HLA-
DRB1 [9,10]. However, there remain additional unexplained genetic contributions to
non-familial forms of AD, suggesting polygenic contributors as well as the potential for

epistatic and epigenetic interactions [11].
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There is increasing support for the role of neuroinflammation in the etiology of AD
as well as evidence that inflammatory processes are an early event in the brains of
patients with AD [12]. Several studies have provided biochemical and histological
evidence of classic immune components, including active microglia [13—15],
complement factors [16,17], inflammatory cytokines [18], and C-reactive protein [19]
within the parenchyma of AD brains. This is further supported by work in mouse models
providing strong evidence for the role of complement-dependent destruction of
synapses by phagocytic microglia prior to plague deposition; similar mechanisms may
even contribute to age-related cognitive decline [20,21]. Given these findings, there is a
great deal of interest in identifying genetic determinants of inflammation related to AD
susceptibility.

Located on chromosome 6p21, the major histocompatibility complex (MHC) is a
dense region of approximately 150 genes that encode the human leukocyte antigen
(HLA) immunoregulatory proteins [22]. Because of their proximity to each other, many of
the MHC genes exist in linkage disequilibrium (LD) and are inherited as haplotypes with
varying frequencies in global populations. MHC genes encode cell surface receptors
and are classified based on their ability to present endogenous or exogenous antigens
to T cells. MHC class | proteins exist on the surface of all nucleated cells and present
fragments of antigens generated intracellularly to CD8+ T cells to induce a cytokine-
mediated immune response. MHC class |l molecules are only expressed by
professional antigen-presenting cells, including B cells, macrophages, and microglia,

and present exogenous material taken into the cell via endocytic vesicles to CD4+ T
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cells. Together, the diverse repertoire of the human immune system partly stems from
the extremely polymorphic nature of the MHC class | and Il regions.

Many associations are established between neurodegenerative and autoimmune
diseases, specific class | and Il alleles, and combinations of alleles (haplotypes) in the
HLA region. Previous genome-wide association studies (GWASSs), pleiotropic analyses,
and meta-analyses by our group and others have investigated MHC susceptibility loci in
a wide range of diseases, including AD [9,23,24]. However, because of the complex
genetic organization of the HLA region and differences in the haplotype substructure of
different ethnic populations, as well as differences in sequencing and allelic imputation
methods, studies have yet to definitively elucidate which genes and specific alleles
contribute to the observed association signals.

As mentioned, HLA-DRB5/HLA-DRB1 has been implicated in numerous GWASs
as a significant contributor to AD risk [9]. This prior work has established a significant
association of the HLA locus to AD risk in over 75,000 individuals, yet the specific allele
or alleles contributing to this association remain elusive. We thus used a robust HLA
imputation method and case—control approach to fine-map the contributions of HLA
polymorphisms and haplotypes to AD in over 11,500 patients and controls from
independent cohorts from the University of California, San Francisco (UCSF) Memory
and Aging Center (MAC) and the Alzheimer’s Disease Genetics Consortium (ADGC).
We also examined longitudinal neuropsychological measures of cognitive function and
cross-sectional biomarker data from cerebrospinal fluid (CSF) from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) to assess the clinical relevance of identified risk

haplotypes.
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Materials and methods

Participants were consented (as described below) for research in accordance with the
Institutional Review Board at the University of California, San Francisco, and
Institutional Review Boards at each site for multicenter study data approved all aspects
of this study as they fall under the purview of the respective research groups (ADNI and

ADGC).

Participants

UCSF MAC Cohort. The participants included in this study were 309 white individuals
over the age of 50 years, including 191 controls and 118 individuals with AD seen at the
UCSF MAC between 1999-2012 who were genotyped as part of their participation in
longitudinal research on neurodegenerative disease and healthy cognitive aging. DNA
from the UCSF MAC cohort was collected from 2000-2012, and genotyping was
performed in 2012. Because individuals are followed up longitudinally, we verified
clinical diagnosis at the beginning of this study (May 2015). A multidisciplinary team of
neurologists, neuropsychologists, and nurses performed a detailed evaluation on
individuals with AD and established a diagnosis according to consensus criteria for AD
[25]. Individuals included as controls underwent a similar assessment and were
diagnosed as having normal cognition for their age. Participants who carried a known
genetic risk variant in APP, PSEN1, or PSENZ2 were excluded from this study.
Participants or surrogates completed written informed consent for all genetic research
related to neurodegenerative disease and healthy cognitive aging during their initial visit
in accordance with the Institutional Review Board at the University of California, San

Francisco.
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ADGC. The ADGC is an NIH-funded collection of GWAS data created for the goal of
identifying genetic contributions to late-onset AD. Participants included in this study
were from 30 merged datasets combined by Boehme, Mukherjee, Crane, and Kauwe
and included 28,730 individuals carrying either an AD or cognitively normal control
clinical diagnosis [26] A list of the datasets and basic information is included in S1
Table; full details on the datasets and the merging process are available at
http://kauwelab.byu.edu/Portals/22/adgc_combined_1000G_12032014.pdf [26].
Analyses were limited to white individuals for maximum statistical power to
reduce potential for confounding due to the known population-based contribution to
diversity in the HLA region. Participants were recruited and seen between 1984—-2012.
Written informed consent for genetic studies falling under the purview of the ADGC was
obtained from all study participants, and institutional review boards at each site
approved all aspects of this study. Specific consent for this study was obtained from the
ADGC based on an application describing the proposed work.
ADNI. We also utilized data from 346 individuals recruited for participation in the ADNI
study with data from SNP genotyping and longitudinal cognitive scores. All individuals
included in this study had a minimum of two clinic assessments. At baseline, 120
individuals were cognitively normal (CN) older adults, 113 individuals were diagnosed
with mild cognitive impairment (MCI), and 113 with AD. Of these, 163 individuals also
had CSF measurements of plasma biomarkers available (S2 Table). The ADNI cohort is
well characterized and has been used in previously published studies [27—-29]. The
clinical severity of symptoms in the MCI and AD groupings was measured using the

Clinical Dementia Rating sum of boxes (CDR-SB) [30]. A clinician diagnosed each
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participant using a structured protocol that utilized clinical judgment and
neuropsychological tests that are provided in S1 Methods. The mean follow-up time was
3.15 + 2.04 years for control participants (n = 91), 2.39 + 1.71 years for participants with
MCI (n = 148), and 1.37 + 0.75 years for patients with AD (n = 69). Written informed
consent was obtained from all study participants for research studies falling under the
purview of ADNI, and the University of California, San Francisco Institutional Review

Board approved all aspects of this study.

Genotype acquisition

UCSF MAC Cohort. Patient and control genotypes were obtained via genotyping on the
[llumina Omni1-Quad array (lllumina, San Diego, California) using manufacturer’s
instructions. APOE genotype was determined with a TagMan Allelic Discrimination
Assay for the two SNPs, rs429358 and rs7412, on an ABI 7900HT Fast Real-Time PCR
system (Applied Biosystems, Foster City, California) using the manufacturer's
instructions.

ADGC. Details of genotyping in the 30 datasets that comprise the combined ADGC
dataset are available online [26] and partially described in previously published papers
[10].

ADNI. Haplotypes were determined using genotypes from the Human610-Quad
BeadChip (lllumina, San Diego, California) as previously described [31]. APOE

genotypes were determined by Cogenics (now Beckman Coulter; Pasadena, California).

CSF biomarker measurements
ADNI. Baseline CSF biomarkers levels were measured using the Human

DiscoveryMAP panel developed by Rules Based Medicine (Myriad RBM; Austin,
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Texas). The Human DiscoveryMAP panel is commercially available and measures a
collection of metabolic, lipid, inflammatory, and other AD-relevant indicators. We limited
our analyses to 28 immune proteins in the panel that were associated with inflammatory
or immune processes (S1 List). The samples were processed and analyzed by Myriad
RBM and checked for quality by the ADNI Biomarker core. CSF amyloid B 1-42 was
measured using the AlzBio3 Luminex xMAP immunoassay (Innogenetics, Ghent,
Belgium) according to previously described methods [32]. This method utilizes a
monoclonal antibody specific for amyloid B 1—42 that is chemically bonded to color-
coded beads along with analyte-specific detector antibodies. Additional details are

available in S1 Methods.

Clinical assessments

ADNL. In this study, we analyzed two neuropsychological measures of cognitive function
and one measure of clinical severity in ADNI participants. The Rey Auditory Verbal
Learning Test (RAVLT) [33] is a test of verbal memory. It begins with the administrator
reading a list of 15 unrelated words to the participant, who is then asked to verbally
repeat as many of the words as they can. This happens for a total of five learning trials,
and the administrator records the number of words correctly recalled after each trial.
The test administrator then reads a set of 15 new words to the participant (interference
word list), and, immediately following this, the participant is asked to recall as many of
the first list of words as possible (immediate recall score). After a 30-min delay during
which unrelated tests are administered, the participant is asked to recall as many words
as possible from the initial list (delayed recall score). The RAVLT “forgetting score” is

calculated as the difference between immediate recall versus delayed recall scores [33].
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The forgetting score remains relatively stable over time in individuals with consistent
memory function; the forgetting score tends to get smaller as the number of recalled
items decreases. The 11-item Alzheimer’s Disease Assessment Scale (ADAS) cognitive
subscale assesses learning and memory, orientation, and several aspects of language
including production, comprehension, and constructional and ideational praxis [34,35].
Higher scores indicate more impairment. Finally, the Clinical Dementia Rating (CDR)
scale is a measure of three cognitive domains (memory, problem solving, and
orientation) and three functional domains (self-care, community engagement, and
hobbies). Information is collected directly from the study participant, as well as from a
study informant. The scores for the six domains are combined into the CDR sum of

boxes (CDR-SB) score [36].

Statistical analysis

Cohort demographic summary statistics. Summary statistics for participants’ age,
sex, age of onset, and APOE-¢4 carrier status were calculated using R.

Imputation of HLA alleles. HLA genotypes were derived from chromosome 6 SNP
data using an imputation program, HLA Genotype Imputation with Attribute Bagging
(HIBAG) v1.3, which calculates predictions of genotype by averaging HLA-type
posterior probabilities over an ensemble of classifiers built on bootstrap samples [37]. It
relies on a training set of known HLA and SNP genotypes. We imputed the following
HLA genes: A, B, DRB1, DQA1, and DQB1. For the UCSF MAC cohort and the ADGC
merged dataset, a training set for four-digit resolution using ethnic-specific models for

Europeans based on Omni1_Quad_v1_0_H was used. For the ADNI cohort clinical
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biomarker analyses, we used four-digit resolution ethnic-specific models for Europeans
derived from lllumina Human610-Quad v1.0.

Quality control of HLA imputation. Based on the distribution of posterior probabilities
for each of the five imputed alleles (S1 Fig), we chose a call threshold (CT) of 0.75. As
previous studies have shown that a CT of 0.5 leads to HIBAG prediction accuracies of
94.8%—-99.2% for individuals of European ancestry [38], we expect our more stringent
CT will correspond to similar or higher HIBAG prediction accuracies based on assumed
accuracy of imputed ADGC SNPs. After excluding samples with any imputation
probability below this cutoff at any locus, our final ADGC cohort size was 11,381.
Calculating locus and haplotype odds ratios (ORs). OR estimates for patients with
AD and cognitively normal controls were calculated using a statistical package designed
to specifically probe associations with the HLA (BIGDAWG), including tests of Hardy-
Weinberg equilibrium and case—control association analyses for haplotypes as
previously described [39]. Analyses were performed for each cohort (UCSF + ADGC)
separately and in combination. As this was a fine-mapping study based on a previous
genome-wide significant, and replicated, finding at HLA-DRBS5; and considering that this
study represents a first analysis of the highly polymorphic HLA region in the context of
AD, a complex disease, we did not require a multiple testing correction. To strike a
balance between reducing Type | error while also allowing for full exploration of the loci
underlying this association with the MHC region, we implemented a stepwise
assessment of HLA gene contributions to AD: using allelic information, we established a
priori significance at p < 0.05 at the haplotype level based on the prior GWAS-significant

results. We then examined the contingency table from which the haplotype result was
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derived to identify the specific allele(s) contributing to the association signal. We
accepted allele-level significance at p < 0.05 given the haplotype-level significance
[40,41]. Based on a sample size of 11,690 in our combined UCSF+ADGC cohort, with
326 degrees of freedom and an alpha of 0.05, we had 64.1% power to detect an OR of
1.21 based on the haplotype frequencies of AD versus cognitively normal controls for
the top associated five-allele haplotype.

Biomarker and cognitive data. Discrete and continuous demographic variables were
compared across the ADNI cohort using chi-squared and ANOVA analyses,
respectively. Linear mixed effects models were used to assess the relationship between
the risk haplotype of interest and changes in the longitudinal cognitive measurements,
ADAS and RAVLT, while controlling for baseline and time interactions of age, sex,
education, baseline CDR-SB score (to account for baseline differences in clinical
severity/diagnosis), and APOE-¢4 carrier status. Use of linear mixed effects models
allowed us to account for variable data missingness across participants by estimating
subject-specific slopes. This enabled us to estimate cognitive changes for each
individual despite varying numbers of visits. Missing data were omitted from the
analyses, and all participants were required to have at least two time points to be
included in the analysis. All interactions and main effects were modeled as fixed effects
with random slopes and intercepts across individuals. The main effects of all variables
were included in all longitudinal analyses but have been omitted from the definitions
below to improve their clarity.

The linear mixed effects model for ADAS11 scores was defined as follows:
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A ADAS = B, + B,At + ,DR15 * At + ;Age * At + B,Sex * At + fsEducation * At +
BsCDR-SB * At + 3,APOE €4 * At + e.

The linear mixed effects model for the RAVLT forgetting score was defined as
follows:
A RAVLT = B, + B;At + B,DR15 * At + B;Age * At + [,Sex * At + SsEducation x At +
BsCDR-SB * At + 3,APOE €4 * At + e.
Cross-sectional CSF biomarker analyses. Linear models were used to test for an
association between baseline CSF biomarker levels and the haplotype of interest. We
controlled for age, sex, education, baseline CDR-SB score (to account for baseline

differences in clinical severity/diagnosis), and APOE-¢4 dosage.

Results

Five-allele haplotype analysis implicated DR15 in AD risk
The discovery UCSF cohort consisted of 309 individuals with clinically diagnosed AD
and cognitively normal older adult controls (Table 1). Because of the small sample size,
all imputed alleles were included in the haplotype analysis (HLA A, B, DRB1, DQAT,
and DQBT1). We performed association analysis on the four haplotypes with sufficient
frequency in this small cohort. Of these four, one showed a significant association with
AD risk: HLA A*02:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 (OR = 3.69;
95% confidence interval [Cl] 1.16-13.69; p = 0.01) (Table 2).

After quality control, 11,381 individuals were available for analysis in the
validation ADGC cohort (Table 1). Of the 318 haplotypes available for analysis, 12 five-

allele haplotypes were significantly associated with AD risk (p < 0.05, Table 2). The
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strongest association was HLA A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~
DQB1*06:02 (OR = 1.22 [1.08-1.38], p = 8.5 x 10™*). This haplotype differed from the
UCSF finding by one allele, at HLA-A. The third most significant haplotype association
in the ADGC cohort was A*02:01~B*13:02~DRB1*07:01~DQA1*02:01~DQB1*02:02,
which showed a protective effect, (OR = 0.66 [0.50-0.89], p = 4.2 x 10'3). This
haplotype shared the HLA-A allele associated with AD risk in the UCSF discovery
analysis. The full A*02:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 haplotype
associated with AD in the UCSF cohort was not significant in the ADGC cohort (p =

0.30).

Table 1. Cohort demographics.

Cohort n CN/AD % Male Age at onset
T S—S—S—S—_—_—€—€$€$€$§$§$—$—$——$—#—R§—n—R—m—m—§—§—m§§mSm@§$§—€—Mm§m—;y,
UCSF 309 191/118 46.3% 727 +£9.0

ADGC 11,381 5,728/5,653 41.4% 74077

Mean + standard deviation of age of onset indicates age of first reported symptoms. CN, cognitively
normal; ADGC, Alzheimer’s Disease Genetic Consortium merged dataset; UCSF, University of California,
San Francisco Memory and Aging Center.
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In combined analysis of both the UCSF and ADGC cohorts, 326 haplotypes were
available for analysis (additional haplotypes beyond the 4 + 318 haplotypes analyzed in
the separate UCSF and ADGC cohorts resulted when sufficient numbers of AD and CN
controls for rare haplotypes became available in the combined UCSF + ADGC dataset).
HLA A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 (OR = 1.21 [1.08-
1.37), p= 9.6 x 10*)and A*02:01~B*13:02~DRB1*07:01~DQA1*02:01~DQB1*02:02,
[OR = 0.66 [0.49-0.88], p = 3.8 x 10°°] remained as two of the three most significant
associations with AD (Table 3). Locus-level analyses of the combined cohort showed
independent AD associations of B*07:02, DRB1*15:01, DQA1*01:02, and DQB1*06:02

(Table 4).
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Table 4. Individual alleles with significant risk associations in combined cohort.

European

ClassILoci OR(95%Cl)  p-Value CN AD population
frequency frequency frequency

estimate

T ———S—mS§§F(
A*23:01 0.81 (0.67-0.98) 0.03 0.0223 0.0182 0.0168
A*33:03 1.97 (0.97-4.21) 0.04 0.0011 0.0022 0.0013
B*07:02 1.07 (1.00-1.15) 0.04 0.1629 0.1727 0.1400
B*15:01 0.87 (0.78-0.98) 0.02 0.0627 0.0553 0.0665
B*41:01 2.15 (1.00-4.88) 0.03 0.0009 0.0020 0.0038
B*57:01 1.15(1.01-1.30) 0.03 0.0406 0.0462 0.0383

- —————————————— —————————— |
European

ClassliLoci OR(95%Cl)  p-Value CN AD population
frequency frequency frequency

estimate

T ———@—§—§m——
DRB1*15:01 1.08 (1.01-1.15) 0.03 0.1795 0.1907 0.1444
not
DQA1*01:02 1.06 (1.00-1.13) 0.04 0.2373 0.2487 .
available

DQB1*06:02 1.08 (1.01-1.15) 0.03 0.1782 0.1895 0.1425

All significant loci results (p < 0.05) for combined UCSF and ADGC cohort (n = 11,690). Alleles present in
one of the top three most significant (p < 0.01) five-allele haplotypes (Table 3) are shown in bold. The
number of analyzed alleles differed by loci (A: n =23, B: n =39, DQB1: n =27, DQA1: n=13,DQB1:n=
15). In addition to OR with 95% CI, a breakdown of allele frequency in individuals with Alzheimer’s
disease (AD) versus cognitively normal (CN) older adult controls is also provided in addition to the
expected frequency in populations of European descent [42].
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Five-allele haplotype contributed to AD risk independently of APOE-g4 and may
be driven by £4-negative individuals

We next assessed whether the strong genetic AD risk factor APOE-¢4 can account for
the most significant five-allele haplotype association we identified in the combined
UCSF+ADGC cohort. We recoded individuals as carriers or non-carriers of the
A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 haplotype and assessed in
a logistic regression framework the independent contributions of the risk haplotype,
APOE-¢4 carrier status, and whether there was an interaction between the two. As
expected, APOE-g4 was strongly associated with AD risk (p < 2 x 107'°). The five-allele
risk haplotype remained a significant contributor to AD risk (p = 0.036), but there was no
statistically significant interaction between haplotype and APOE-¢4 (p = 0.19). However,
dividing the cohort by APOE-¢4 carrier status showed that the frequency of the
A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 haplotype was higher only
in individuals with AD who are negative for €4 (Table 5). Analysis of variance performed
separately in €4 carriers and non-carriers resulted in a significant association of the five-
allele haplotype with AD only in €4-negative individuals (p = 0.036 in €4 non-carriers; p

=0.90 in €4 carriers).
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Table 5. AD/CN control distribution by APOE-£4 and A*03:01~B*07:02~
DRB1*15:01~DQA1*01:02~DQB1*06:02 haplotype carrier status.

APOE-¢4 + APOE-¢4 -
Haplotype status AD CN AD CN
T ————§—§—§—§—§—§—S—§—§$—§$—$—$—$—$—$—$—$—$§—$—$§—$§$§$§$§$§$§$§$§$§$—$—§$—§$—$R$§$§$—$—$—§$§—§—§—§—§—§—§—@—@—@—@—@—@———§—m—$——$@$—$ftyy¥¥§
A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~
DQB1*06:02 carriers 0.726 = 0.274 | 0.391 . 0.609
A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~
DQB1*06:02 non-carriers 0.723 | 0277 | 0.344 | 0.656
p-Value (ANOVA) 0.901 0.036

Alzheimer’s disease (AD)/cognitively normal (CN) distribution by APOE-¢4 status and risk haplotype
carrier status. Of the full cohort, 9,517 individuals had information on APOE genotype and were included
in this analysis. Individuals with either one or two €4 alleles were classified as APOE-¢4 positive.
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Separate class | and class Il haplotype analyses corroborated A*03:01~B*07:02
and DR15 in AD risk

Given the different roles of HLA receptors in recognizing endogenous (class I) or
exogenous (class Il) ligands, we also assessed class | (HLA A~B) and class Il (HLA
DRB1~DQA1~DQB1) haplotypes separately for their role in AD risk in the combined
UCSF+ADGC cohort. Of 202 analyzed class | haplotypes, ten two-allele haplotypes
were significantly associated with AD (p < 0.05), including A*03:01~B*07:02 (p = 0.03,

OR =1.1[1.0-1.2]) (Table 6). Only one three-allele class Il haplotype (out of 30

analyzed) was associated with AD risk, DR15 (p = 0.025, OR = 1.1 [1.0-1.2]). Together,

these two separate haplotypes represent the most strongly associated five-allele

haplotype identified in the combined analysis.
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Table 6. Separate class | and class Il haplotypes with significant risk associations
in combined cohort.

clase |;|fg|0types OR (95% Cl) p-Value freqi':ncy freqﬁgncy
—————————————————————
01:01~57:01 1.21 (1.01-1.46) 0.04 0.0187 0.0225
02:01~13:02 0.66 (0.51-0.86) 1.4x10°  0.0130 0.0087
03:01~07:02 1.11 (1.01-1.23) 0.03 0.0703 0.0777
03:01~15:01 0.63 (0.45-0.87) 4.1x 107 0.0083 0.0052
11:01~15:01 0.54 (0.29-0.99) 0.03 0.0029 0.0016
24:02~38:01 0.36 (0.13-0.88) 0.01 0.0017 0.0006
26:01~39:01 0.07 (0-0.48) 9.4x10™ 0.0012 0.0001
26:01~44:02 0.15(0.02-0.64) 3.2x 10°° 0.0012 0.0002
32:01~14:02 4.62 (0.96-43.93) 0.03 0.0002 0.0008
68:01~40:01 0.48 (0.30-0.75) 7.0x 10 0.0054 0.0026
_—_—m—e——eennnnrnrnrnrnrnrnrnrnrrrrrrrrr
gil'(’aBs:JIDI-CIIaBp;Sgg:j OR (95% €1) p-Value freq?:ncy freqﬁchy
15:01~01:02~06:02 1.08 (1.01-1.15) 0.03 0.1781 0.1894

All significant (p < 0.05) class | (A~B) and class Il (DRB1~DQA1~DQB1) haplotypes for combined UCSF
and ADGC cohorts (n = 11,690). Class | and class Il haplotypes present in one of the top three most
significant (p < 0.01) five-allele haplotypes (Table 2) are shown in bold. In total, 202 class | haplotypes
and 30 class Il haplotypes were analyzed. In addition to OR with 95% CI, a breakdown of allele frequency
in individuals with Alzheimer’s disease (AD) versus cognitively normal (CN) older adult controls is also
provided.



Class | haplotype A*03:01~B*07:02 was associated with baseline CSF amyloid
levels

We utilized a subset of the ADNI cohort with genetic and cognitive data available to
assess the disease-specific relevance of the class | A*03:07~B*07:02 and class || DR15
haplotypes across the AD spectrum, including cognitively normal controls, individuals
with MCI, and those with AD. We analyzed the two haplotypes separately to assess
whether class | and class |l risk-associated haplotypes were correlated with similar or
different clinical measures of AD. The cohort was balanced with respect to age, sex,
and haplotype distributions (Table 7). The cohort was significantly different with respect
to education and number of time points and showed expected differences in CDR-SB
baseline score, APOE-¢4 carrier status, ADAS baseline score, and RAVLT forgetting

baseline score.
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Table 7. Summary statistics for ADNI participants with longitudinal cognitive

measures.
CN MCI AD p-Value
n 120 113 113

Age (years) 756+4.87 |74.0+£6.17 | 75.9+6.72 NS

Sex (% female) 45.8% 35.4% 47.8% NS
Education (years) 16.0 £ 2.7 155+29 | 146+3.0 | <0.001
CDR-SB score 0.02+0.1 1.7+£0.9 4317 <0.001
APOE-¢4 carrier (%) 31.7% 67.3% 69.0% <0.001

Hap'Otyp:u?notf:r g}“{;‘;ﬁi{e")‘c single / 33/0 30/3 33/3 NS
Time points 74128 6.6+24 3.8+£0.8 <0.001
ADAS score (baseline) 6.0+29 122+41 | 185+6.1 | <0.001
RAVLT forgetting score (baseline) 3.5+28 48+23 45+19 <0.001

Descriptive data are summarized by diagnostic category. Values represent the mean + standard deviation
and the percent or number of participants in a given diagnostic category. Two-tailed p-values were from
analysis of variance (continuous traits) or chi-square (categorical values) tests by diagnostic group. NS,

not significant (p > 0.05)

Carrying A*03:01~B*07:02 was associated with higher baseline levels of amyloid

B as measured in CSF (Fig 1, p = 0.01). Traditionally, CSF amyloid levels are inversely

correlated with amyloid burden in the brain; our results suggest that carrying

A*03:01~B*07:02 is correlated with lower amyloid levels in the brain [43]. This is

observed despite the fact that there were no statistically significant differences in

baseline clinical or biomarker measures in patients with versus without the risk

haplotype (S3 Table, S2 Fig). A*03:01~B*07:02 was not associated with any other

baseline measures and was not associated with change in longitudinal measures over

time.
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Figure 1. Carrying the A*03:07~B*07:02 risk haplotype was associated with CSF
(cerebrospinal fluid) amyloid .

300 -

250 4

200 -+

150

CSF Amyloid § (pg/mL)

100 -
‘{\0‘ ‘{\Q“

'o'b ?
‘\o
Haplotype Status

CSF amyloid B levels were on average higher in carriers of the A*03:01~B*07:02 haplotype, suggesting
that haplotype carriers may have lower average intracranial amyloid pathological burden compared to
noncarriers. The plotted points are best linear unbiased predictions from a multiple regression model,
which controlled for age, sex, education, CDR-SB score, and APOE-¢4 status. Data shown are the mean
+ standard deviation (SD).
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DR15 risk haplotype correlated with worse cognitive decline and greater baseline
inflammation across the AD spectrum

Longitudinal analysis of cognitive data identified a statistically significant association
between the number of alleles of the DR 15 risk haplotype and ADAS cognitive scores (p
= 0.03), as well as with RAVLT forgetting scores (p = 0.02, S4 Table). The DR15
haplotype was associated with worse decline over time on both measures,
corresponding to increasing longitudinal ADAS cognitive scores and decreasing
longitudinal RAVLT forgetting scores over time (shown relative to non-carriers in Figs 2
and 3). DR15-associated changes in cognitive trajectory occurred despite the fact that
there were no baseline differences in clinical severity or cognitive function in patients
with AD based on DR15 carrier status (S5 Table). In addition, baseline biomarker
measures most relevant to AD were similar in both patients with AD who are DR15
carriers and those who are noncarriers (S5 Table, S3 Fig), indicating that all patients
had equivalent baseline disease severity.

In a subset of individuals who also had baseline CSF data available (S2 Table),
we tested whether the DR15 risk haplotype altered any biomarker measures of
immunological function and inflammation. We tested 28 analyte levels related to
immune function and inflammation (S1 List). At baseline, there was an association
between chemokine CC-4 (CC4) and age (p = 0.02, S4 Fig), as well as CC4 with dose
of DR15 risk haplotype (p = 5.18 x 10, Fig 4, S6 Table). Although not reaching strict
statistical significance after adjustment for the 28 biomarkers tested (at Bonferroni
adjusted p < 1.79 x 107), this analysis provides suggestive biomarker evidence of

heightened baseline inflammation in individuals carrying the DR 15 risk haplotype.
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Figure 2. DR15 haplotype carriers showed greater change over time on the ADAS
cognitive assessment when compared to noncarriers.
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Longitudinal ADAS 11-item cognitive subscale scores from the ADNI cohort are shown. The ADAS
broadly measures cognitive functions impaired in AD [34], with higher scores representing more cognitive
impairment. DR15 haplotype carriers (in red) showed worse cognitive function over time when compared
to noncarriers (in black) (p = 0.03). The plotted data represent the best linear unbiased prediction results
from the regression model specified (see Methods) with 95% Cls (shaded regions).
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Figure 3. DR15 haplotype carriers declined more on the RAVLT forgetting score
when compared to non-carriers.
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Longitudinal RAVLT measurements from the ADNI cohort are shown. The RAVLT forgetting score is
defined as the difference between the delayed recall and immediate recall scores on the RAVLT and
represents a measure of memory consolidation. Over time, DR15 risk haplotype carriers showed more
change on the forgetting score (i.e., more forgetting) than non-carriers. The plotted data represent the
best linear unbiased prediction results from the regression model specified (see Methods) with 95% Cls
(shaded regions).
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Figure 4. DR15 dosage was associated with higher baseline levels of chemokine
CC4.
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As the number of DR15 risk haplotype alleles increases, there were higher average levels of chemokine
CC4, suggesting higher levels of inflammation at baseline. Chemokine CC4 levels are quality controlled
and transformed as described in S1 Methods. The plotted points are partial residuals with 95%
confidence bands provided in shading.
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HLA haplotype risk effects differed by sex

Given previous reports of greater risk effects of DR15 in female patients with multiple
sclerosis (MS) [44] and the stronger effect of APOE-¢4 in females [45], we assessed
whether men versus women showed similar or different HLA haplotype associations
with AD risk. When split by sex, two of the three most significant five-allele haplotypes
from the combined sex analysis were significant in an individual sex. The five-allele
haplotype A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 was significant
only in men (OR 1.31 [1.09-1.58], p = 0.0035) (Table 8). However,
A*02:01~B*13:02~DRB1*07:01~DQA1*02:01~DQB1*02:02 was significant only in
women (OR 0.68 [0.46—0.99], p = 0.034) (Table 8). Similar findings appeared in
separate class | and class Il haplotype analyses. Only men showed significant
associations with class | haplotype A*03:01~B*07:02 (p = 0.027), and only women
showed significant associations with A*02:07~B*13:02 (p = 0.0049) (Table 9). Finally,
class Il haplotype DR 15 was only significantly associated with AD risk in men (p = 0.01)
(Table 9). Locus-level analyses were consistent, with only men showing significant
associations with ten alleles, including B*07:02 (p = 0.013), DRB1*15:01 (p = 0.0096),
DQA1*01:02 (p = 0.029), and DQB1*06:02 (p = 0.01) (Table 10). There were four
individual alleles associated with AD risk in women, none of which were components of
any of the top three significant five-allele haplotypes in the combined sex analysis

(Table 10).
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Iterative subanalyses corroborate role of HLA-A*03:01~B*07:02~DRB1*15:01~
DQA1*01:02~DQB1*06:02 in AD

To attempt to alleviate concern over possible Type | error in this analysis, we randomly
split the combined ADGC+UCSF cohort ten times (maintaining the same proportion of
AD:controls) and reran the five-allele haplotype analysis in the 20 resulting (smaller)
cohorts. Two of the top-associated five-allele haplotypes showed p-values < 0.05 in
over half of the randomly split analyses (Table 11), which was more than any of the
other “top” haplotypes from the original analysis. This included the one we focused on in
this study (A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02), which showed
significance in 11 iterations of the randomly split analysis, with p-values from 0.026—
0.0001 and ORs of 1.21-1.40, further corroborating the contributions of this haplotype

and its subcomponents to AD risk.
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Table 11. Twenty iterative analyses of randomly-split ADGC and UCSF combined
cohort to corroborate top 5-allele haplotype associations with Alzheimer’s

disease risk.
Haplotype Original

A~B~DRB1~DQA1~DQB1 OR (95% ClI) p-Value nrep %
01:01~08:01~07:01~02:01~03:03  0.43 (0.16 - 1.02) 0.037 5 25
02:01~13:02~07:01~02:01~02:02 0.66 (0.50 - 0.89) 0.004 1 55
02:01~15:01~07:01~02:01~02:02  0.39 (0.14 - 0.99) 0.030 6 30
02:01~44:02~13:01~01:03~06:03  1.44 (1.03 - 2.03) 0.027 6 30
02:01~57:01~07:01~02:01~03:03  1.31 (1.01 - 1.69) 0.038 6 30
03:01~07:02~12:01~05:05~03:01  0.30 (0.09 - 0.84) 0.011 1 5
03:01~07:02~15:01~01:02~06:02 1.22 (1.08 - 1.38) 0.001 1 55
11:01~35:01~07:01~02:01~02:02  0.31 (0.07 - 1.01) 0.031 0 0
24:02~38:01~13:01~01:03~06:03 0.14 (0.02 - 0.63) 0.003 4 20
24:02~44:05~01:01~01:01~05:01 4.56 (0.94 - 43.38) 0.033 0 0
29:02~58:01~08:04~04:01~04:02 4.56 (0.94 - 43.38) 0.033 0 0
68:01~44:02~01:01~01:01~05:01 1.96 (0.99 - 4.04) 0.038 7 35

We randomly split our full ADGC + UCSF cohort (n = 11,381) in half 10 times, balancing cases and

controls, to determine how often the haplotypes we found to be significant (p < 0.05) in our original

analysis replicated in these 20 smaller cohort analyses. Odds ratio (OR), 95% confidence interval (Cl),

and p-value from original analysis (all values from Table 3) are listed for each haplotype, and results are

listed for any of the replication cohorts in which a given haplotype was significant. Each haplotype also
lists the number of smaller cohorts (n rep) and the percentage (number of replication cohorts / 20) in

which a significant finding was found. The three most significant findings in our original 5-allele haplotype
analysis in the combined ADGC + UCSF cohort are highlighted here in blue.
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Discussion
In a total of over 11,000 individuals, we found evidence suggesting that the five-allele
HLA haplotype A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 is a risk
factor for AD and that this effect may be driven by men who do not carry the major AD
risk factor, APOE-¢4. Locus-level analysis further confirmed AD associations of the
individual alleles B*07:02, DRB1*15:01, DQA1*01:02, and DQB1*06:02. In separate
class | and class Il haplotype analyses, the class | A*03:07~B*07:02 haplotype and the
class Il DRB1*15:01~DQA1*01:02~DQB1*06:02 (DR15) haplotype were both
significantly associated with risk for AD. We assessed the clinical relevance of each of
these haplotypes separately in a smaller cohort representing the spectrum of cognitively
normal controls and individuals with MCI and AD. Carrying the MHC class | haplotype
A*03:01~B*07:02 was associated with higher CSF amyloid levels, suggesting lower
levels of amyloid in the brains of haplotype carriers across the AD spectrum. The class
Il haplotype DR15 was associated with greater rate of decline on two different measures
of cognitive function relevant to AD in a dose-dependent manner. In a subset of the
same cohort, carrying the DR 15 risk haplotype was also associated with higher baseline
levels of CC4, a biomarker of AD-related inflammation [46]. Taking these findings
together, this study provides evidence for the contribution of the A*03:01~B*07:02
~DRB1*15:01~DQA1*01:02~DQB1*06:02 haplotype and its components, A*03:01
~B*07:02 and DR15, to risk of AD.

Over 30 years of research into HLA alleles and risk of AD has yielded mixed
conclusions due in part to limitations in mapping alleles within this complicated genomic

region. Early studies mapped risk of AD to the HLA region of chromosome 6 [47], and
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the studies that followed differed significantly in their methodological approach, the
identities and resolution of the alleles studied, the ethnicity of the study cohorts, and the
inferences drawn from the data. MHC class | molecule HLA-A*02 has been shown to
either be associated with increased risk of AD or to have no effect in nearly 15 different
studies [48—61]. Given that only B*07:02, DRB1*15:01, DQA1*01:02, and DQB1*06:02
showed significant locus-level associations with AD, our findings are consistent with an
ambiguous role of HLA-A*02 in AD. In terms of class Il alleles, one study by Mansouri
and colleagues demonstrated a link between DRB1*15:01~DQB1*06:02 and AD in a
small cohort of Tunisians [62], consistent with our findings. Previous GWASs have
found that AD risk is associated with a SNP in DRBS5 [63]. As there is strong LD
between DRB5*01 and DRB1*15:01~DQB1*06:02 [64], it is possible that the AD
association we have detected with DR15 is due in part or wholly to DRBS. Finally, our
finding that HLA associations with AD are stronger in APOE-¢4 -negative individuals is
consistent with prior work for different HLA alleles [65,66].

The HLA region has been studied to a varying extent for its contributions to
neurological disease, and many of the risk alleles implicated in the present studies have
also been linked to other disorders. Most notably, the class Il DR15 haplotype is the
most consistently replicated genetic finding in MS [67—69]. DR 15 also correlates with
worse clinical progression in women with relapsing-onset MS (e.g., younger age at
onset and more subcortical atrophy) [44]. Class | allele B*07 has also been associated
with MS risk, particularly in those also carrying DRB1*15 [70]. In one Parkinson’s
disease (PD) study, four alleles identified in a risk haplotype overlapped with our top

five-allele haplotype association [71]. Similar to AD, other studies have also implicated
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the HLA-DRBS region in PD risk [72]. In one small autism study, the class | allele B*07
and class Il allele DQB1*06:02 were both associated with disease risk [73]. Finally,
class Il allele DQB1*06:02 has been associated with marked increased risk for [74,75],
and worsened severity of [76,77], narcolepsy. These findings are consistent with our
study, in which we identified a dose-dependent association between DR15 and greater
cognitive decline in individuals representing the AD spectrum.

Participants who carried at least one copy of the class | haplotype
A*03:01~B*07:02 on average had higher baseline CSF amyloid levels, suggesting lower
amyloid burden in the brains of these participants. Similar findings have been observed
in APOE-¢4-negative individuals when compared to APOE-¢4-positive individuals
across the phenotypic spectrum of cognitively normal to early MCI, suggesting higher
brain amyloid B in carriers [78]. This finding raises the possibility that there could be a
tau-mediated effect on AD clinical symptoms, as the AD group did not differ in clinical
measures by haplotype carrier status. On the other hand, DR15 haplotype carriers
demonstrated subtle differences in baseline inflammatory biomarker levels, as well as a
worse cognitive trajectory over time, suggesting a disease-modifying effect that could be
mediated by changes in immune function.

Our study benefited from several strengths. The primary discovery cohort was a
well-characterized sample of patients who received extensive clinical evaluations at the
UCSF Memory and Aging Center. The replication dataset from the ADGC of over
11,000 AD and cognitively normal control individuals is the largest dataset to date used
to explore immunogenetic contributions to AD risk. Lastly, longitudinal data from ADNI

allowed us to probe the potential clinical relevance of haplotype findings across the AD
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spectrum. Our study also has caveats that are important to consider. Our imputation
program predicted accuracy for individuals with European ancestry that was likely
higher than 94.8%—-99.2% based on our more stringent call threshold in comparison to
other studies [38]. Imputed HLA alleles have been shown to be reliable classification
tools in studies with similar methodologies [38,79,80]; however, future studies would
benefit from direct sequencing of HLA alleles to avoid potential imputation inaccuracies.
Because of limitations in the imputation package selected for HLA allele calling, we
were only able to impute genotypes for a subset of MHC class | and Il genes. For
example, the imputed genes available did not include DRBS5, which was indicated in
previous studies to be associated with AD risk or pathological processes [9,24,81].
DRBS5 is on the DR15 haplotype, so it is likely that the association we identified reflects
these previous results. However, we can neither directly confirm nor refute this
possibility in the present study. The DR15 risk haplotype is most common in Europeans,
and to minimize genetic heterogeneity in population substructure, we limited the present
analysis to white individuals of non-Hispanic descent. Additional studies are required to
assess the identified HLA risk haplotypes and component alleles for their contribution to
AD in more diverse populations where patterns of LD differ and may uncouple alleles
that were tightly linked in our study population, though the initial study identifying class Il
associations with AD in Tunisians suggests this may be a generalized risk
phenomenon. Although p < 0.05 may be considered lenient based on the number of
total alleles tested, it is also true that all of these alleles represent only five genes within
one genomic region that has been previously linked to AD risk. Despite reduced

statistical power due to low frequency of HLA haplotypes imparted by the extraordinary
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diversity of this region, we feel that this study is an important first step in elucidating the
underlying contribution of the HLA to AD risk given the medical implications of ultimately
identifying immune-related therapies as a means of modifying a complex, common
disease. We have greater confidence in our findings due to corroborating clinical validity
as identified in the ADNI cohort. Iterative subanalyses of the combined study cohort
further support a role of our top five-allele haplotypes in AD risk. In addition, two of the
main alleles of interest we identified, DRB1*15:01 and DQB1*06:02, have been linked to
AD risk in two prior studies, further supporting our results. We also identified several
other risk haplotypes in our analyses beyond the ones we focused on in this study; the
clinical relevance of these additional haplotypes and alleles requires further
investigation. Future work is also required to test whether these findings extend to early-
onset and atypical clinical syndromes with underlying AD pathology.

In summary, we present evidence for a role of the HLA class | A*03:01~B*07:02
haplotype and the HLA class Il DR15 haplotype in AD risk. Our study also suggests that
these risk haplotypes may be associated with CSF AD biomarker levels (class |) and
greater decline in cognition over time, as well as higher levels of inflammation across
aging (class Il). The results of our study indicate that the broad A*03:01~B*07:02
~DRB1*15:01~DQA1*01:02~DQB1*06:02 haplotype may contribute genetic risk to AD
beyond that contributed by the established risk factor APOE-¢4, particularly in men. As
components of this haplotype are well-established risk factors in MS, PD, autism, and
narcolepsy, we propose that they may contribute to underlying biological risk
mechanisms in multiple neurological diseases. Future work is required to establish the

precise molecular processes underlying this risk association, as well as to expand this
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finding to broader, diverse populations of AD and potentially even other

neurodegenerative conditions.
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S1 List. List of immune and inflammation-related CSF biomarkers included in

analysis

I Analgte I

Beta 2 Microglobulin

C-Reactive Protein

CD 40 antigen

Chemokine CC-4

Complement C3

Cortisol

Fas Ligand

Immunoglobulin A

Intercellular Adhesion Molecule 1
Interferon gamma Induced Protein 10
Interleukin-16

Interleukin-25

Interleukin-3

Interleukin-6 receptor

Interleukin-8

Macrophage Colony-Stimulating Factor 1
Macrophage Inflammatory Protein-1 beta
Macrophage Migration Inhibitory Factor
Monocyte Chemotactic Protein 1
Monocyte Chemotactic Protein 2
Monokine Induced by Gamma Interferon
Neutrophil Gelatinase-Associated Lipocalin
Osteopontin

Resistin

Stem Cell Factor

T Lymphocyte-Secreted Protein 1-309
T-Cell-Specific Protein RANTES
Thrombomodulin
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S1 Methods. ADNI Diagnosis and CSF Biomarker Information

ADNI Diagnostic Guidelines

Controls were required to have normal memory function on the Logical Memory Il subscale of
the Weschler Memory Scale— Revised (Binder, Storandt, & Birge, 1999), an MMSE score
greater than 24, CDR total score equal to 0, and clinical determination that the individual was
not significantly impaired in cognitive function or activities of daily living. Individuals with MCI
were required to have abnormal memory function on the Logical Memory Il subscale of the
Weschler Memory Scale — Revised, an MMSE greater than 24, CDR total score equal to 0.5,
and clinical determination that the individual’s general cognition and functional performance was
impaired enough to make a diagnosis of AD. Finally, individuals with AD were required to have
abnormal memory function on the Logical Memory Il subscale of the Weschler Memory Scale —
Revised, an MMSE between 20 and 26, CDR total score equal to 0.5 or 1.0, and judgment by a
clinician that the individual met NINCDS/ADRDA criteria for probable AD (Mckhann et al., 2011).

ADNI CSF Biomarker Measurement

Baseline CSF CC4 levels were measured using the Human DiscoveryMAP panel developed by
Rules Based Medicine (Myriad RBM; Austin, Texas). The Human DiscoveryMAP panel is
commercially available and measures a collection of metabolic, lipid, inflammatory, and other
AD-relevant indicators. A full list of the measured metabolites is available through Myriad RBM.
The CSF measurements in the immunoassay panel were processed and normalized according
to previously described methods (Craig-Schapiro et al., 2011; Siuciak, 2011). Briefly, Myriad
RBM used a Luminex 100 instrument for the measurements and analyzed the resulting data
using proprietary software. The ADNI staff checked analyte distributions for normality using Box-
Cox analyses and, if needed, log10 transformed the data to achieve an approximately normal
distribution. Out of 83 biomarkers with sufficient data available for analysis, we selected 28 that
were most directly relevant to immune function and inflammation (S1 List).
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S1 Table. Summary information for datasets that make up ADGC merged dataset.

Sample
Study Sex(M/F) Cases/Controls/Missing Size
ACT 1 886/1,161 479/1,348/220 2,047
ADC 1 947/1,137 1,503/543/38 2,084
ADC 2 328/364 546/121/25 692
ADC 3 593/721 711/464/139 1,314
ADNI 317/207 215/140/169 524
GSK/GenADA 608/952 796/764/0 1,560
LOAD/NIA-LOAD 628/1,069 745/801/151 1,697
YOUNKIN/MAYO 706/835 616/925/0 1,541
MIRAGE 274/429 398/294/13 705
KRAMER/OHSU 142/188 59/109/162 330
ROSMAP 502/1,119 364/853/404 1,621
TGEN2 560/698 770/488/0 1,258
MIAMI/UMVUMSSM 817/1,380 1,085/1,112/0 2,197
KAMBOH2/UPITT 810/1,377 1,267/834/86 2,187
WASHU/GOATE 217/295 312/166/34 512
ACT 2 144/158 18/5/279 302
ADC 4 332/443 287/340/148 775
ADC 5 370/526 273/496/127 896
ADC 6 432/571 363/304/336 1,003
BIOCARD 75/113 8/123/57 188
CHAP 236/348 20/164/400 584
EAS 116/132 10/209/29 248
MTV 177/261 241/194/3 438
NBB 96/204 215/85/0 300
RMAYO 220/133 12/271/70 353
ROSMAP 2 105/323 62/237/129 428
TARC1 170/260 286/144/1 431
UKS 845/895 767/973/0 1,740
WASHU 2 68/67 30/65/40 135
WHICAP 246/394 74/562/4 640
Total 11,967/16,760 12,532/13,134/3,064 28,730

Study name, male/female distribution, case/control/missing distribution, and sample size
of 30 datasets containing unrelated individuals combined into full ADGC dataset.

Table reproduced from:

Boehme KL, Mukherjee S, Crane PK, Kauwe JSK. ADGC 1000 genomes combined workflow (electronic
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ROSMAP References:
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S1 Figure. Box-and-whisker plot of posterior probabilities of imputation for each
of 5 imputed HLA-alleles in ADGC cohort.
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Thick line represents median, box edges represent 1% and 3" quartile, and whiskers represent 95%
confidence interval. Values higher than 0.75 (dashed line) were included in the present study. Outlier dots
are not shown for clarity.
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S2 Figure. Box-and-whisker plots of AD cognitive and clinical biomarker
measures in HLA A*03:01~B*07:02 haplotype noncarriers and carriers in the ADNI
cohort.

Cognitive Measures in A*03:01~B*07:02 Haplotype Carriers vs. Non-Carriers
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HLA A*03:01~B*07:02 haplotype carriers (n = 3) do not show any significant differences from haplotype
non-carriers (n = 67) in a variety of cognitive assessments and measures of biomarkers in CSF in the
ADNI cohort. The thick line represents the median, box edges represent the first and third quartiles, and
whiskers represent the 95% CIl. MMSE, Mini Mental State Exam; p-tau, phosphorylated tau.
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S2 Table. Summary statistics for ADNI participants with baseline CSF protein

measurements.
CN MCl AD P-Value
N 49 61 53
Age (years) 75.6 £ 5.41 74.3 £6.59 75.8 £ 6.56 NS
Female (%) 57.1% 29.5% 47.2% <0.05
Education (years) 15.5+2.54 15.3+£3.29 14.6 + 3.12 NS
CDR-SB 014+014 | 166+089 | 4.18+1.67 | <0.001
APOE-¢4 Carrier (%) 30.6% 60.7% 71.7% < 0.001
Haplotype Dose
(# single / # double) 20/1 15/0 20/1 NS
Chemokine CC-4 | 4 121017 | 1412020 | -1.49£020 | NS
(ng/mL)
ADAS (baseline) 586+278 | 12.3+341 | 17.9+549 | <0.001
RAVLT Forgetting | 4 081302 | 513+231 | 4.28+2.03 NS
(baseline)

Descriptive data are summarized by diagnostic category. Values represent the mean + standard error,
percent, or number of participants in a given diagnostic category. Two-tailed p-values were from ANOVA
(continuous traits) or chi-square (categorical values) tests by diagnostic group. CN, cognitively normal;
NS, not significant (p > 0.05).
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S3 Figure. Box-and-whisker plots of AD cognitive and clinical biomarker
measures in DR15 haplotype noncarriers and carriers in the ADNI cohort.
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DR15 haplotype carriers (n = 23) do not show any significant differences from haplotype noncarriers (n =
47) in a variety of cognitive assessments and measures of biomarkers in CSF in the ADNI cohort. The

thick line represents the median, box edges represent the first and third quartiles, and whiskers represent
the 95% Cl. MMSE, Mini Mental State Exam; p-tau, phosphorylated tau.
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S3 Table. HLA A*03:01~B*07:02 haplotype carriers do not show any significant
baseline differences on clinical biomarker measures of AD with the exception of
CSF amyloid B level.

Measurement P-value
Volumetrics
Whole brain volume 0.34
Ventricle volume 0.86
Middle temporal lobe volume 0.93
Hippocampus volume 0.86
Entorhinal cortex volume 0.42
Fusiform gyrus volume 0.41
Clinical measures
CDR-SB score 0.38
MMSE score 0.32
ADAS11 score 0.52
RAVLT Forgetting score 0.97
Biomarker measures
CSF amyloid beta level 0.03*
CSF total tau level 0.88
CSF p-tau level 0.74

Analysis of patients with baseline AD diagnosis from the ADNI cohort carrying HLA A*03:01~B*07:02 (n =
3) versus haplotype noncarriers (n = 63) shows no significant differences in volumetric, clinical, cognitive,
and biomarker assessments relevant to AD with the exception of amyloid 8 levels as measured in CSF (p
= 0.03). The p-values for volumetric measurements are the effect of carrying the DR15 haplotype (binary
0/1) in a linear regression model adjusted for baseline age, sex, years of education, dose of APOE-¢4
allele (0/1/2), and intracranial volume. The p-values for clinical and biomarker measures are the effect of
carrying the DR15 haplotype (binary 0/1) in a linear regression model adjusted for baseline age, sex,
years of education, and dose of APOE-¢4 allele (0/1/2). ADAS11, 11-item Alzheimer’s Disease
Assessment Scale cognitive subscale; MMSE, Mini-Mental State Exam.
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S4 Figure. Chemokine CC4 levels are higher in older adults.
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Chemokine CC4 levels are on average higher with greater age, suggesting higher levels of inflammation
in older individuals. Chemokine CC4 levels are quality controlled and transformed as described in S1
Methods. The plotted points are partial residuals with 95% confidence bands provided in shading.
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S4 Table. HLA DR15 risk haplotype dosage is associated with longitudinal
changes in ADAS and RAVLT cognitive test scores.

Outcome Variable Estimate * SE P-Value
Age 0.02 + 0.04 0.56
Time 5.59 + 2.40 0.01
Sex -0.68 + 0.49 0.16
CDR-SB 2.56+0.12 <1x10°
Education -0.16 + 0.09 0.07
APOE-¢4 Status 0.37+£0.36 0.31
ADAS Haplotype Dose -0.05 £ 047 0.92
(11 ltem) Time x Age -0.07 £ 0.03 0.02
Time x Sex -0.07 £ 0.33 0.84
Time x CDR-SB 0.82 + 0.09 < 1x10®
Time x Education -2.50 x 102 + 0.06 0.97
Time x APOE-¢4 0.79 + 0.25 1.20x 10°°
Time x Haplotype 0.69 £ 0.32 0.03
Dose
Age 8.89 x 10°+ 0.02 0.6
Time 0.45+ 0.50 0.36
Sex 0.25+0.20 0.22
CDR-SB 0.14 + 0.05 0.01
Education 5.65x 102+ 0.04 0.87
RAVLT APOE-¢4 Status 0.63+0.15 1.00 x 10
Forgetting Haplotype Dose 0.031 +0.20 B 0.91
Score Time x Age 9.70 x 10* £ 5.74 x 10 0.87
Time x Sex -0.08 + 0.06 0.22
Time x CDR-SB -0.08 + 0.03 2.80x 107
Time x Education -0.02 £ 0.01 0.08
Time x APOE-¢4 -0.10 £ 0.05 0.05
Time x Haplotype
Doae y -0.15 + 0.06 0.02

Results from regression models used to determine the effect of dose of HLA risk haplotype
DRB1*15:01~DQA1*01:02~DQB1*06:02 on longitudinal changes in ADAS and RAVLT cognitive test
scores in cognitively normal, MCI, and AD groups from the ADNI cohort. The beta estimate (Estimate)
and accompanying standard error (SE) reflect the adjusted effect of each independent variable as a
predictor of ADAS 11-item score and RAVLT forgetting index scores. HLA haplotype dose demonstrated
a significant positive and negative association with the rate of change in the ADAS (p = 0.02) and RAVLT
(p = 0.03) scores, respectively, across all diagnostic groups (Time x Haplotype Dose). In other words, a
greater dose of risk haplotype was associated with worse decline in cognitive performance over time. For
all disease groups, the linear statistical model included the following as independent variables: age, time
(from baseline), sex, CDR-SB score, APOE-¢4 carrier status, education, and haplotype dose. All tests

were two-tailed.
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S5 Table. DR15 haplotype carriers do not show any significant baseline
differences on clinical biomarker measures of AD.

Measurement P-value
Volumetrics
Whole brain volume 0.53
Ventricle volume 0.93
Middle temporal lobe volume 0.66
Hippocampus volume 0.51
Entorhinal cortex volume 0.56
Fusiform gyrus volume 0.57
Clinical measures
CDR-SB score 0.92
MMSE score 0.58
ADAS11 score 0.51
RAVLT Forgetting score 0.86
Biomarker measures
CSF amyloid beta level 0.46
CSF total tau level 0.27
CSF p-tau level 0.30

Analysis of patients with baseline AD diagnosis from the ADNI cohort carrying DR15 (n = 23) versus
DR15 noncarriers (n = 47) show no significant differences in volumetric, clinical, cognitive, and biomarker
assessments relevant to AD. The p-values for volumetric measurements are the effect of carrying the
DR15 haplotype (binary 0/1) in a linear regression model adjusted for baseline age, sex, years of
education, dose of APOE-¢4 allele (0/1/2), and intracranial volume. The p-values for clinical and
biomarker measures are the effect of carrying the DR15 haplotype (binary 0/1) in a linear regression
model adjusted for baseline age, sex, years of education, and dose of APOE-¢4 allele (0/1/2). MMSE,
Mini-Mental State Exam.
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S6 Table. HLA DR15 risk haplotype dosage is associated with baseline levels of
chemokine CC-4 in CSF.

Outcome Variable Estimate * SE P-Value
Age 5.08x 102 +2.23x 10° 0.02
Sex -0.15+0.03 5.84 x 107
Chemokine CDR-SB -8.29x10°%+7.09x 107 0.24
CC-4 Education -9.8x10°+4.63x10° 0.04
APOE-¢4 Status -0.01 +0.02 0.53
Haplotype Dose 0.08 £ 0.03 5.18 x 10

Regression models were used to determine the effect of HLA risk haplotype

DRB1*15:01~DQA1*01:02~DQB1*06:02 dose on cross-sectional CSF levels of chemokine CC-4 in the

cognitively normal, MCI, and AD groups of the ADNI cohort are summarized. The beta estimate

(Estimate) and accompanying standard error (SE) reflect the adjusted effect of each independent variable

as a predictor of chemokine CC-4 levels. HLA risk haplotype dose demonstrated a significant positive

association with baseline chemokine CC-4 CSF levels across all diagnostic groups (Haplotype Dose, p =

5.18 x 10-3) such that more copies of the risk haplotype were associated with higher levels of CSF

chemokine CC-4, a measure of inflammation. For all disease groups, the linear statistical model included
the following as independent variables: age, sex, CDR-SB score, APOE-¢4 carrier status, education, and

haplotype dose. All tests were two-tailed.
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Chapter lll:

Direct sequencing of the HLA region identifies differential effect of risk haplotype
in amnestic versus atypical Alzheimer’s disease
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Introduction

The role of the Human Leukocyte Antigen (HLA) region in neurodegenerative disease is
becoming increasingly appreciated as numerous genome-wide association studies
(GWAS) identify significant associations with this complex genomic region and disease
risk. We previously used a robust imputation method on two case—control cohorts to
identify HLA haplotypes associated with Alzheimer’s disease (AD); this study is
described in Chapter Il [1]. Our cohorts consisted of a discovery cohort of 309
individuals from the UCSF Memory and Aging Center (MAC) and a replication cohort of
11,381 individuals from the Alzheimer’'s Disease Genetics Consortium (ADGC). In our
UCSF discovery cohort, the haplotype A*02:01~B*07:02~DRB1*15:01~DQA1*01:02
~DQB1*06:02 was associated with AD risk (p = 0.01, odds ratio (OR) [95% confidence
interval (Cl)] = 3.69 [1.16—13.69]). In our replication cohort, a similar haplotype (identical
at 4 of 5 loci), A*03:01~B*07:02 ~DRB1*15:01~DQA1*01:02~DQB1*06:02, was
associated with AD risk (p = 8.5 x 10, OR = 1.22 [1.08-1 .38]). Separate analyses in
the combined UCSF + ADGC cohort (n = 11,690) of class | and Il haplotypes further
supported the role of class | haplotype A*03:01~B*07:02 (p = 0.03, OR = 1.11 [1.01-
1.23]) and class Il haplotype DRB1*15:01~DQA1*01:02~DQB1*06:02 (DR 15) (p = 0.03,
OR =1.08 [1.01-1.15]) as risk factors for AD. We followed up these findings to assess
their relevance to disease in the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
clinical dataset representing the spectrum of cognitively normal (CN) controls,
individuals with mild cognitive impairment (MCI), and individuals with AD. Carrying the
class | haplotype A*03:01~B*07:02 was associated with higher CSF amyloid levels. We

also found a dose-dependent association between the class || DR15 haplotype and

124



greater rates of cognitive decline as measured by two cognitive assessments (ADAS-
cog and RAVLT). In a subset of the same cohort, dose of DR15 was also associated
with higher baseline levels of chemokine CC-4, a biomarker of inflammation.

One of the main limitations of our previous study was the use of imputed
genotypes and the availability of only a subset of HLA genes. While increasing evidence
supports the high rate of concordance between imputed HLA alleles with sequencing
results [2], the HLA region is genetically complex, with over 15,000 identified allelic
variants [3]. In particular, imputation is critically dependent on an individual’s self-
reported ethnicity to ensure use of the most appropriate reference population,
introducing the possibility for incorrect imputations based on a participant’s self-reported
information. We aimed to validate the genotypes imputed in our previous study through
direct sequencing of the HLA region, as well as expand our analyses to additional HLA
genes that we were not able to impute from SNP data (particularly HLA-C and —DPBT).

Along with confirming the validity of imputed genotypes, we also aimed to confirm
the associations identified previously between HLA haplotypes and AD using directly
sequenced genotypes in an expanded cohort. Finally, through sequencing of additional
individuals with diagnoses beyond typical amnestic AD, we aimed to expand our
analyses to compare and contrast HLA associations with amnestic AD versus atypical
clinical forms, and to explore HLA risk contributions to frontotemporal dementia (FTD)

spectrum disorders.
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Materials and Methods

Participants

UCSF Memory and Aging Center (MAC) cohort: The research participants included
in this study were 745 self-described white individuals over the age of 50 years.
Individuals were clinically assessed at the UCSF MAC and were diagnosed through
consensus conference with the following clinical syndromes, described in detail below:

* AD (n=210)

» atypical AD: including AD (frontal), AD (language), posterior cortical atrophy
(PCA), logopenic variant primary progressive aphasia (IvPPA), and AD with
concomitant dementia with Lewy Bodies (DLB), progressive supranuclear palsy
(PSP), or vascular disease (n = 118)

* behavioral variant of frontotemporal dementia (bvFTD; n = 35)

* semantic variant of primary progressive aphasia (svPPA): including

predominantly left, predominantly right or unspecified svPPA (n = 66)

clinically normal older adults recruited for studies of healthy aging (CN; n = 316)

308 individuals originally imputed for HLA genotypes were also sequenced to confirm
imputation results (one individual from the original study (n = 309) did not have DNA
available for sequencing). In addition, 437 samples were only sequenced. Individuals
were seen at the UCSF MAC between 1999-2012 and were genotyped as part of their
participation in longitudinal research on neurodegenerative disease and healthy
cognitive aging. DNA was collected from 2000-2012, and genotyping (for participants

with imputed genotypes) was performed in 2012. Because individuals are followed up
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longitudinally, we verified clinical diagnosis at the beginning of a previous study (May
2015). A multidisciplinary team of neurologists, neuropsychologists, and nurses
performed a detailed evaluation on all individuals and established a diagnosis according
to consensus criteria for AD [4], atypical AD (which included AD (frontal) [4], AD
(language) [4], PCA [4,5], IVPPA [4,6], AD with DLB [4,7], AD with PSP, or AD with
vascular disease [4,8]), bvFTD [9], or svPPA [9]. Individuals included as controls
underwent a similar assessment and were diagnosed as having normal cognition for
their age. Participants who carried a known pathogenic variant for autosomal dominant
neurodegenerative disease (APP, PSEN1, PSEN2, GRN, MAPT, C9ORF72, TARDBP,
FUS) were excluded from this study. Participants or surrogates completed written
informed consent for all genetic research related to neurodegenerative disease and
healthy cognitive aging during their initial visit in accordance with the Institutional
Review Board at the University of California, San Francisco, and the review board

approved all aspects of this study.

Statistical analysis

Cohort demographic summary statistics. Summary statistics for participants’ sex,
age of onset, and APOE-¢4 carrier status were calculated using R.

Imputation of HLA alleles. HLA genotypes were derived from chromosome 6 SNP
data using an imputation program, HLA Genotype Imputation with Attribute Bagging
(HIBAG) v1.3 [10], as described previously [1].

Sequencing of HLA alleles. HLA genotypes were directly sequenced from genomic
DNA samples extracted using standard procedures and banked at the National Cell

Repository for AD (NCRAD) or the UCSF MAC Neurosciences Clinical Research Unit.
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High-resolution HLA typing was carried out at the American Society for
Histocompatibility and Immunogenetics (ASHI)-accredited laboratory of Histogenetics,
Inc (Ossining, NY). 3x-high resolution typing was carried out with lllumina technology on
the MiSeq sequencing platform (lllumina Inc, San Diego, CA). A total 14 Class | and 8
Class Il amplicons were used for 3x-high resolution typing. All Class | amplicons (for
class | genes HLA-A, -B, -C) were generated by gene specific primers. Class Il
amplicons (for class Il genes HLA-DRB1, -DRB3, -DRB4, -DRBS5, -DQB1 and -DPB1)
were generated by gene specific and group specific primers. Each primer set was
designed to anneal to introns flanking each desired exon. One bridge primer set that
expands from exon 2 to exon 3 for each HLA-A, -B and —C gene was used to resolve
haplotype ambiguities. Primer maps were used as described previously [11]. Alleles
were provided in four-digit form.

Assessing imputed versus sequenced genotype concordance. All genotypes were
given in four-digit form. Genotypes for the same gene and individual derived from
imputation versus sequencing were classified as a full match if all four digits of the
sequenced allele matched all four digits of the imputed allele. For example, an imputed
genotype of A*02:01 and a sequenced genotype of A*02:01 would be considered a full
match. Alleles were classified as a partial match if the first two digits of the sequenced
allele matched the first two digits of the imputed allele. For example, an imputed
genotype of A*02:01 and a sequenced genotype of A*02:02 would be considered a
partial match. Alleles were classified as a mismatch if the first two digits of the
sequenced allele did not match the first two digits of the imputed allele. For example, an

imputed genotype of A*02:01 and a sequenced genotype of A*03:02 would be
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considered a mismatch. Similarly, a sequenced genotype of A*03:071 would be
considered a mismatch based on first two digits not corresponding.

Calculating HLA associations with disease risk. OR estimates for participants with
neurodegenerative diseases versus cognitively normal controls were calculated using a
statistical package designed to specifically probe associations with the HLA
(BIGDAWG, [12]), as described previously [1]. The phenotypes we focused on for this
study were amnestic AD, atypical AD (including frontal/executive predominant,
language predominant, PCA, IVPPA, and AD with concomitant vascular disease or DLB

or PSP), bvFTD, and svPPA.

Results

HLA genotypes derived from sequencing largely agree with Imputed genotypes
We directly sequenced nine HLA alleles: the class | alleles A, B, C and the class Il
alleles DRB1, DRB3, DRB4, DRB5, DQB1 and DPB1. 308 of our sequenced samples
had previously had HLA genotypes imputed for prior studies. HLA genotypes were
previously imputed for class | alleles A and B and class Il alleles DRB1, DQA1, and
DQB1 due to constraints of the imputation program. We compared the results for
imputed genotype and sequenced genotype, i.e., for class | alleles A and B and class |l
alleles DRB1 and DQB1, for all participants who had both types of data.

First, we analyzed the number of alleles that were a full match, a partial match, or
a mismatch between imputed alleles and sequenced alleles in all 308 participants who
had both types of genotypes. Overall, the sequenced alleles were mostly full matches

with the imputed genotypes (Figure 1A). For HLA-A genotypes, which had a high
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average call threshold (CT) of 0.96 suggesting generally high confidence in imputed
results, full matches occurred in 97.6% of all alleles (Figure 1B). HLA-B genotypes were
slightly less consistent than A but were still full matches in 94.6% of alleles (Figure 1B).
HLA-DRB1 genotypes had the lowest CT of all the compared alleles due to DRB17’s
highly polymorphic nature, with a CT of 0.86 (Figure 1B). Overall, however, the DRB1
sequenced genotypes matched relatively well with imputed genotypes, with 91.1% of
alleles matching to four-digit resolution (full match) and an additional 7.5% of alleles
matching at two-digit resolution (partial match). Less than 1.5% of DRB1 alleles did not
match between imputed and sequenced genotype (mismatch). DQB1, while expected to
have a higher concordance between imputed and sequenced genotype than DRB1
given its higher average CT value of 0.96, was the gene that showed the lowest rate of
full four-digit matches in this study. While four-digit matches occurred in 87.0% of
alleles, most of the alleles which did not match to four-digits matched to at least two-
digits (11.9%) and only 1.1% of alleles were a complete mismatch (Figure 1B). Overall,
of the 2,464 alleles compared in the full cohort (308 samples x 8 alleles), 2,281
(92.57%) were a full match, 144 (5.84%) were a partial match, and 39 (1.58%) were a

mismatch (Figure 1C).
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Figure 1. Comparison of imputed and sequenced genotypes in all Individuals.

A. Number of total allele matches for each allele in full cohort.

H Full Match Partial Match ®Mismatch

DRB1.1 DRB1.2 DQB1.1 DQB1.2

B. Percentage of total allele matches for each allele in full cohort.

A1 A2 | B.1 B.2 | DRB1.1 DRB1.2 | DQB1.1 DQB1.2

Full Match 98.38 96.75 194.81 94.48| 9188  90.26 | 81.49 92.53
Partial Match | 0.65 097 | 357 292 | 7.14 779 | 17.53 6.17
Mismatch 097 227 '162 260! 0097 195 | 0.97 1.30
0.96 [ 0.91 [ 0.86 [ 0.96
Average CT For Each Allele

C. Percentage of total allele matches in full cohort.

5.84 1.8

H Full Match
Partial Match

® Mismatch

Comparison of imputed and sequenced genotypes in all individuals with both data types available. A.
Number of total allele matches (out of 308 samples) for each allele in full cohort. Full match denotes four-
digit match, partial match denotes only two-digit match, and mismatch denotes no match. B. Percentage
of allele matches in full cohort. Average CT for each allele is also shown, which provides information on
the average confidence in imputation for each allele on a scale of 0 to 1 (1 being full confidence). C.
Percentage of the total allele matches in the full cohort (out of 2,464 alleles total).
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Sequencing of HLA alleles further validates quality threshold of CT > 0.75

We repeated the analyses described above in a smaller cohort of individuals for whom
we were more confident in imputation quality. This quality control (QC) threshold was
used in our prior study [1] for imputed genotypes in the ADGC cohort (n = 11,381) and
consisted of CT > 0.75 for all alleles for a given individual (for example, if a participant
had CTs > 0.99 for A, B, and DQB1 but had a CT of 0.74 for DRB1, they would not pass
this threshold). This reduced our overall cohort size from 308 to 192, as 116 individuals
had a CT < 0.75 for at least one imputed genotype.

The implementation of our CT cutoff improved the concordance between imputed
and sequenced genotypes (Figure 2). Average CT values for this cohort were
expectedly higher based on our inclusion criteria; average CT values were 0.97-0.98 for
all alleles in this cohort (Figure 2B). As in the full cohort, the A and B alleles showed
very high concordance between imputed and sequenced genotypes, with > 98% of all A
and B alleles matching to 4-digit resolution (Figure 2A, 2B). DRB1 concordance was
substantially increased with the implementation of the CT threshold, increasing four-digit
match rate to 97.1%, with an additional 2.6% matching only at two-digit resolution, and
only one allele (0.26% of all alleles compared) mismatched between imputed and
sequenced genotypes (Figure 2B). Excluding CT values < 0.75 did not have much effect
on concordance between imputed and sequenced genotypes at DQB7, with 87.5% of
alleles matching to four-digit resolution, 11.7% matching just at two-digit resolution, and
0.78% not matching (compared to 87.0%, 11.9%, and 1.1% in the full cohort prior to CT
threshold implementation) (Figure 2B). Overall, of the 1,536 alleles compared in the

cohort that passed our CT threshold (192 samples x 8 alleles), 1,497 (95.51%) were a
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full match, 61 (3.97%) were a partial match, and only 8 (0.52%) were a mismatch

(Figure 2C).
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Figure 2. Comparison of imputed and sequenced genotypes in individuals
passing CT threshold > 0.75 for all alleles.

A. Number of total allele matches for each allele in cohort that passes CT
threshold > 0.75.

H Full Match Partial Match ®Mismatch

DRB1.1 DRB1.2 DQB1.1 DQB1.2

B. Percentage of total allele matches for each allele in cohort that passes CT
threshold > 0.75.

A1 A2 ! BA1 B.2 ! DRB1.1 DRB1.2! DQB1.1 DQB1.2

Full Match 99.48 98.96 | 98.44 97.92, 98.44 95.83 | 82.29 92.71
Partial Match | 0.00 0.00 | 1.56 1.56 | 1.56 365 | 17.19 6.25
Mismatch 0.52 1.04 1 0.00 0.52 1 0.00 0.52 1 0.52 1.04
0.98 ! 0.97 ! 0.97 ! 0.98
Average CT For Each Allele

C. Percentage of total allele matches in cohort that passes CT threshold > 0.75.

3.97 0.52

H Full Match
Partial Match
® Mismatch

Comparison of imputed and sequenced genotypes in individuals passing CT threshold > 0.75 for all
alleles. A. Number of total allele matches (out of 192 samples) for each allele in full cohort. Full match
denotes four-digit match, partial match denotes only two-digit match, and mismatch denotes no match. B.
Percentage of allele matches in full cohort and average CT for each allele. Average CT for each allele is
also shown, which provides information on the average confidence in imputation for each allele on a scale
of 0 to 1 (1 being full confidence). C. Percentage of the total allele matches in the full cohort (out of 1,536
alleles total).
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Direct sequencing of HLA alleles confirms significant haplotypes and alleles
associated with Alzheimer’s disease risk

This cohort consisted of 526 individuals clinically diagnosed with AD (n = 210) or
cognitively normal (CN) older adult controls (n = 316) with sequencing data for nine HLA
alleles (HLA-A, -B, -C, -DRB1, -DRB3, -DRB4, -DRB5, -DQB1 and -DPB1). Due to
missing data in a large portion of participants at the DRB3, DRB4 and DRBS alleles, we
limited our analyses to the A, B, C, DRB1, DQB1 and DPB1 alleles, and haplotypes
consisting of these alleles. Individuals missing sequenced alleles at any of these six
alleles were excluded (n = 2 samples excluded). 308 of these individuals were included
in our prior imputation study (see Chapter Il) while 218 of these individuals had
sequencing data only (no imputed genotypes) (Figure 3). Cohort summary statistics (for
this typical AD cohort and all other diagnostic cohorts included in this study) are shown

in Table 1.
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Figure 3. Diagram of cohort distribution by diagnosis (AD vs. CN) and use in prior
analysis with imputed genotypes.

CN Sequenced
(316)

/ Full Cohort (526)
TN

/ AD Sequenced
(210) :

AD

Imputed
(118)

/

Distribution of cohort by diagnosis (AD vs. CN) and use in prior analysis with imputed genotype (see
Chapter ).

Table 1. Cohort demographics.

Cohort n % Male AI?OE-M # Age at onset!
carriers (%)
e
AD (typical amnestic) 210 44.8 62.4 62.0 +9.6
atypical AD 118 55.9 48.3 60.5 + 8.5
bvFTD 35 48.6 45.7 574+ 194
svPPA 66 50.0 36.4 60.0 +6.9
cognitively normal (CN) controls 316 39.6 23.1 n/a

#Samples with available data: n = 209 amnestic AD, 118 atypical AD, 35 bvFTD, 66 svPPA, 316 CN
TSampIes with available data: n = 97 amnestic AD, 44 atypical AD, 5 bvFTD, 31 svPPA, n/a for CN
Age at onset denotes mean + standard deviation of age of first reported symptoms.
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We performed association analysis on the four A~B~C~DRB1~DQB1~DPB1
haplotypes with sufficient frequency in this small cohort. Of these four, one haplotype
showed a significant association with AD risk: HLA A*02:01~B*07:02~C*07:02~
DRB1*15:01~DQB1*06:02~DPB1*04:01 (p = 0.01, OR = 3.08 [1.15-9.08]) (Table 2). At
the four alleles that overlap between this analysis and our prior analysis utilizing
imputed genotypes (A, B, DRB1 and DQBT1), this haplotype is identical to the haplotype
we previously identified as associated with AD risk in the UCSF cohort (n = 309):
A*02:01~B*07:02~DRB1*15:01~DQA1*01:02~DQB1*06:02 (p = 0.01, OR = 3.69 [1.16—
13.69]) (see Chapter II, Table 2). This haplotype is also identical at three of four
overlapping alleles to our most significant haplotype finding in the combined ADGC +
UCSF cohort of 11,690 individuals: A*03:01~B*07:02~DRB1*15:01~DQA1*01:02~
DQB1*06:02 (p = 9.6 x 10, OR = 1.21 [1.08-1.37]) (see Chapter I, Table 3). Locus-
level analyses of the present, sequenced cohort showed independent AD associations
of A*02:01, B*07:02, C*07:02, DRB1*15:01, and DQB1*06:02, among other alleles

(Table 3).
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Table 2. Full haplotypes with significant risk associations with AD in combined

cohort.
Full Haplotypes 0 AD
A~B~C~DRB1~DQB1~DPB1 OR(@5%Cl)  p-Value ¢ 0 freq
P —
01:01~08:01~07:01~03:01~02:01~01:01  0.94 (0.24-3.28) 0.91 (NS) 0.0127 0.0119
01:01~08:01~07:01~03:01~02:01~04:01  0.77 (0.38-1.51)  0.42 (NS) 0.0459 0.0357
02:01~07:02~07:02~15:01~06:02~04:01  3.08 (1.15-9.08)  0.01  0.0111 0.0333
03:01~07:02~07:02~15:01~06:02~04:01  1.19 (0.62-2.2)  0.55(NS) 0.0443 0.0523

All analyzed haplotypes for directly sequenced cohort of AD vs. CN (n = 526). Non-significant
associations (NS; p > 0.05) are shown in italics and grey text. Component alleles of the haplotype
identified in our prior imputation study in the UCSF cohort are shown in bold. Component alleles of the
haplotype identified in our prior imputation study in the ADGC cohort are shown underlined. In addition to
OR with 95% CI, a breakdown of allele frequency in individuals with Alzheimer’s disease (AD) versus

cognitively normal (CN) older adult controls is provided.
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Table 3. Individual alleles with significant risk associations with AD in sequenced
cohort.

European
ClassILoci  OR(95%Cl)  p-Value freqi':ncy freqﬁzncy '::’e'::::z;
estimate
== :
A*02:01 1.37 (1.02-1.83) 0.03 0.2184 0.2762 0.2960
B*07:02 1.75 (1.21-2.52) 1.8x 107 0.1108 0.1786 0.1400
B*35:02 0.25 (0.05-0.85) 0.02 0.0285 0.0071 0.0110
B*38:01 0.34 (0.13-0.80) 7.9x 107 0.0475 0.0167 0.0218
C*04:01 0.57 (0.37-0.87) 6.6 x 107 0.1440 0.0881 0.1053
C*07:02 1.75 (1.22-2.51) 1.5x 107 0.1155 0.1857 0.1501
(e
European
ClassliLoci  OR(95%Cl)  p-Value freqi':ncy freqﬁzncy '::’e'::::z;
estimate
DRB1*12:01 0.09 (0-0.60) 3.9x10° 0.0253 0.0024 0.0147
DRB1*15:01 1.44 (1.02-2.05) 0.03 0.1345 0.1833 0.1444
DQB1*03:01 0.66 (0.47-0.93) 0.02 0.2041 0.1452 0.1845
DQB1*06:02 1.41 (0.99-2.02) 0.048 0.1298 0.1738 0.1425

All significant loci results (p < 0.05) for directly sequenced cohort of AD vs. CN (n = 526). Component
alleles of the haplotype identified in our prior imputation study in the UCSF cohort are shown in bold.
Component alleles of the haplotype identified in our prior imputation study in the ADGC cohort are shown
underlined. Component alleles of the most significant haplotype in this analysis (Table 2) are highlighted
in blue. In addition to OR with 95% ClI, a breakdown of allele frequency in individuals with Alzheimer’s
disease (AD) versus cognitively normal (CN) older adult controls is provided, in addition to the expected
frequency in populations of European descent [13].
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As in our prior analysis with imputed alleles, we also assessed class | (HLA
A~B~C) and class Il (HLA DRB1~DQB1~DPB1) haplotypes separately for their role in
AD risk in this sequenced cohort. Out of 12 class | haplotypes available for analysis, two
were significantly associated with AD (p < 0.05), including A*02:01~B*07:02~C*07:02 (p
=4.8x 10, OR = 2.63 [1.25-5.75]) (Table 4). Two class Il haplotypes (out of 21
analyzed) were associated with AD risk (Table 4). The class Il haplotype subset of our
full six-allele haplotype finding (DRB1*15:01~DQB1*06:02~DPB1*04:02) was not
significantly associated with AD, though it trended towards association with increased

risk (p = 0.07, OR = 1.43 [0.95-2.16]).
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Table 4. Separate class | and class Il haplotypes with risk associations with AD in

sequenced cohort.

Class | Haplotypes o CN AD
A~B~C OR (5% CI) p-Value frequency frequency
T ——§—§—§—m—m—m—m—$3$3—y
02:01~07:02~07:02 2.63 (1.25-5.75) 4.8x10° 0.0206 0.0524
26:01~38:01~12:03 0.18 (0.02-0.79) 0.01 0.0253 0.0048
T —§—@—@—@—@—@—@——§—§=y€(
Class Il Haplotypes o CN AD
DRB1~DQB1~DPB1 OR (5% ClI) p-Value 4 equency  frequency
T —§—@—@—@—@—@—@——§—§=y€(
01:01~05:01~03:01 0.12 (0-0.84) 0.02 0.0190 0.0024
04:02~03:02~04:01 0.20 (0.02-0.85) 0.02 0.0237 0.0048

All significantly associated (p < 0.05) class | (A~B~C) and class |l (DRB1~DQB1~DPB1) haplotypes for
sequenced cohort of AD vs. CN (n = 526). Component alleles of the haplotype identified in our prior
imputation study in the UCSF cohort are shown in bold. Component alleles of the haplotype identified in
our prior imputation study in the ADGC cohort are shown underlined. Class | and class Il component
haplotypes of the most significant haplotype in this analysis (Table 2) are highlighted in blue. In total, 12
class | haplotypes and 21 class Il haplotypes were analyzed. In addition to OR with 95% ClI, a breakdown
of allele frequency in individuals with Alzheimer’s disease (AD) versus cognitively normal (CN) older adult
controls is provided
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HLA haplotype associated with amnestic AD risk shows protective effect in
atypical AD patients
To assess whether HLA risk contributions are the same or different in individuals with
atypical clinical presentations of AD, we performed HLA association analysis in patients
diagnosed with atypical AD (including AD [frontal], AD [language], PCA, IvPPA, and AD
with concomitant DLB, PSP or vascular disease [n = 118]) compared to cognitively
normal controls (n = 316). Only one full six-allele haplotype was significantly associated
with atypical AD: A*03:01~B*07:02~C*07:02~ DRB1*15:01~DQB1*06:02~DPB1*04:01
(p=0.01, OR =0.18 [0.02-0.74]) (Table 5). This was the same haplotype identified in
our previous analysis of 11,690 individuals as associated with risk for amnestic AD
(Chapter II, Table 3), which overlaps at five of six alleles (all alleles but A) with our most
significant finding for amnestic AD in the UCSF cohort (Table 2, also Chapter II, Table
2). Of note, this haplotype was associated with risk for amnestic AD but shows a
protective effect in atypical AD. The imputed A*03:01~B*07:02~DRB1*15:01
~DQA1*01:02~DQB1*06:02 haplotype (the most similar haplotype we can assess, due
to our inability to impute the C and DPB1 alleles) identified in our previous analysis
occurred at a frequency of 0.0472 in CN and 0.570 in typical AD in the ADGC cohort of
over 11,000 individuals; the frequency of the sequenced A*03:01~B*07:02~C*07:02
~DRB1*15:01~DQB1*06:02~DPB1*04:01 haplotype in this cohort is 0.0443 in CN
(similar to expected based on imputed study) and strikingly lower, only 0.0085, in
atypical AD cases.

None of the component alleles of the full haplotype were significant at the locus

level, though some other C, DRB1, DQB1, and DPB1 alleles did show locus-level
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significance (Table 6). Analysis of class | and class Il genes separately showed that
A*03:01~B*07:02~C*07:02 was the only significant class | haplotype (of six analyzed) (p
= 0.04, OR = 0.43 [0.16-0.98]) while DRB1*15:01~DQB1*06:02~DPB1*04:01 was not
significantly associated with disease (p = 0.36) (Table 7). Two other class Il haplotypes
were associated with either increased or decreased risk of atypical AD compared to

controls (Table 7).
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Table 5. Full haplotypes with significant risk associations with atypical AD in
sequenced cohort.

Atypical
Full Haplotypes o CN
A~B~C~DRB1~DQB1~DPB1 OROCN — pYalie  froq f?qu

01:01~08:01~07:01~03:01~02:01~04:01  0.59 (0.22-1.40) 0.21 (NS) 0.0491 0.0297

03:01~07:02~07:02~15:01~06:02~04:01  0.18 (0.02-0.74) 0.01 0.0443 0.0085

All analyzed haplotypes for directly sequenced cohort of atypical AD vs. CN (n = 434). Non-significant
associations (NS; p > 0.05) are shown in italics and grey text. Component alleles of the haplotype
identified in our prior imputation study in the UCSF cohort are shown in bold. Component alleles of the
haplotype identified in our prior imputation study in the ADGC cohort are shown underlined. In addition to
OR with 95% Cl, a breakdown of allele frequency in individuals with atypical Alzheimer’s disease (AD)
versus cognitively normal (CN) older adult controls is provided.
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Table 6. Individual alleles with significant risk associations with atypical AD in

sequenced cohort.

European
ClasslLoci OR(95%Cl)  p-Value CN Atypical AD  population
frequency frequency frequency
estimate
T ———§—§—@—§—@—@—m§F§
C*07:01 0.63 (0.39-0.98) 0.03 0.1883 0.1271 0.1666
C*08:02 1.82 (0.94-3.44) 0.047 0.0459 0.0805 0.0388
1
European
Class.ll OR (95% Cl) p-Value CN Atypical AD population
Loci frequency frequency frequency
estimate
DRB1*01:01  1.66 (0.99-2.74) 0.04 0.0807 0.1271 0.0915
DQB1*03:03 2.35(1.11-4.91) 0.01 0.0301 0.0678 0.0446
DQB1*05:01  1.65 (1.08-2.50) 0.01 0.1250 0.1907 0.1223
DPB1*01:01  0.37 (0.13-0.88) 0.02 0.0665 0.0254 n/a

All significant loci results (p < 0.05) for directly sequenced cohort of atypical AD vs. CN (n = 434). In
addition to OR with 95% ClI, a breakdown of allele frequency in individuals with atypical Alzheimer’s

disease (AD) versus cognitively normal (CN) older adult controls is provided, in addition to the expected

frequency in populations of European descent [13].
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Table 7. Separate class | and class Il haplotypes with significant risk associations

with atypical AD in sequenced cohort.

Class | Haplotypes o CN Atypical AD
A~B~C OR (95% Cl) p-Value frequency frequency
T ——p@—m8§;F
03:01~07:02~07:02 0.43 (0.16-0.98) 0.04 0.0665 0.0297
T ——p@—m8§;F
Class Il Haplotypes o CN Atypical AD
DRB1~DQB1~DPB1 OR(95%Cl) ~ p-Value o quency frequency
T ——p@—m8§;F
07:01~03:03~04:01 2.53 (0.99-6.34) 0.02 0.0190 0.0466
11:01~03:01~04:01 0.23 (0.03-0.93) 0.03 0.0364 0.0085

All significantly associated (p < 0.05) class | (A~B~C) and class |l (DRB1~DQB1~DPB1) haplotypes for
sequenced cohort of atypical AD vs. CN (n = 434). Component alleles of the haplotype identified in our

prior imputation study in the UCSF cohort are shown in bold. Component alleles of the haplotype
identified in our prior imputation study in the ADGC cohort are shown underlined. In total, six class |

haplotypes and eight class Il haplotypes were analyzed. In addition to OR with 95% CI, a breakdown of
allele frequency in individuals with atypical Alzheimer’s disease (AD) versus cognitively normal (CN) older

adult controls is provided.
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Comparison between haplotypes associated with typical amnestic AD vs. atypical
AD highlights differential effect of top haplotype on AD subtypes
We were intrigued by the observation that the effect of haplotypes including
B*07:02~DRB1*15:01~DQB1*06:02 in typical amnestic AD cases vs. controls (risk
effect) was in the opposite direction in the comparison of atypical AD cases vs. controls
(protective effect). In order to rule out the possibility that the control cohort was driving
the results and to directly test the hypothesis that this haplotype has opposing risk
effects in typical amnestic versus atypical AD, we directly tested for HLA haplotypes
associated with atypical AD cases versus typical amnestic AD cases.

Of three full six-allele haplotypes available to test, the only significant association
was with A*03:01~B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01, (p = 4.0
x 10, OR = 0.15 [0.02-0.64]) (Table 8), which was the same haplotype associated with
decreased risk for atypical AD compared to controls (Table 5). This haplotype is
identical at five of six loci (all loci except A) to the haplotype associated with greater risk
for typical amnestic AD compared to controls (Table 2). At the locus level, four of the six
component alleles of this haplotype were associated with decreased risk of atypical AD
vs. amnestic AD: B*07:02, C*07:02, DRB1*15:01, and DQB1*06:02 (Table 9). When
analyzing class | and class Il haplotypes separately in atypical AD vs. typical amnestic
AD, the only significant class | finding was A*02:01~B*07:02~C*07:02 (p = 0.03, OR =
0.36 [0.11-0.97]) and the only significant class Il finding was DRB1*15:01~DQB1*06:02

~DPB1*04:01 (p = 0.02, OR = 0.52 [0.28-0.92]) (Table 10).
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Table 8. Full haplotypes with significant risk associations in atypical vs. typical
AD.

Typical Atypical
Full Haplotypes o
A~B~C~DRB1~DQB1~DPB1 OR (95% Cl) p-Value AD AD
freq freq

01:01~08:01~07:01~03:01~02:01~04:01 0.72 (0.25-1.87) 0.48 (NS) 0.0405 0.0297
02:01~07:02~07:02~15:01~06:02~04:01 0.54 (0.13-1.78) 0.28 (NS) 0.0310 0.0169

03:01~07:02~07:02~15:01~06:02~04:01 0.15 (0.02-0.64) 4.0x 10° 0.0524 0.0085

All analyzed haplotypes for sequenced cohort of atypical AD vs. AD (n = 328). Non-significant
associations (NS; p > 0.05) are shown in italics and grey text. Component alleles of the haplotype
identified in our prior imputation study in the UCSF cohort are shown in bold. Component alleles of the
haplotype identified in our prior imputation study in the ADGC cohort are shown underlined. The
haplotype identified in Table 2 is highlighted in blue. In addition to OR with 95% CI, a breakdown of allele
frequency in individuals with atypical Alzheimer’s disease (AD) versus AD is provided.
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Table 9. Individual alleles with significant risk associations in atypical vs. typical
AD.

E
Typical Atypical ourzlz t:iaor:‘
ClasslLoci  OR(95%Cl)  p-Value AD AD pop
frequency frequency frequency
estimate
T —§—$—R—S—§§
A*26:01 2.31 (0.99-5.50) 0.03 0.0286 0.0636 0.0295
B*07:02 0.43 (0.24-0.73) 1.0x 1073 0.1786 0.0848 0.1399
B*38:01 2.61 (0.88-8.19) 0.047 0.0167 0.0424 0.0218
B*44:02 1.86 (0.96-3.61) 0.045 0.0524 0.0932 0.0901
C*07:02 0.47 (0.28-0.79) 2.6x 103 0.1857 0.0975 0.1501
C*08:02 2.21 (1.05-4.69) 0.02 0.0381 0.0805 0.0388
- ——————————————— ——————————————— |
Typical Atypical EOUFSII: t:iaor:‘
ClassliLoci  OR(95%Cl)  p-Value AD AD pop
frequency frequency frequency
estimate
DRB1*01:01 2.63(1.43-492) 6.7x10* 0.0524 0.1271 0.0915
DRB1*03:01 0.56 (0.32-0.94) 0.02 0.1619 0.0975 0.1292
DRB1*15:01 0.48 (0.28-0.80) 3.3x10° 0.1833 0.0975 0.1444
DQB1*02:01 0.63 (0.42-0.95) 0.02 0.2667 0.1864 0.2303
DQB1*05:01 2.24 (1.38-3.64) 4.8x10* 0.0952 0.1907 0.1228
DQB1*06:02 0.51(0.30-0.86) 7.9x10° 0.1738 0.0975 0.1425
DPB1*01:01 0.41 (0.14-1.05) 0.048 0.0595 0.0254 n/a

All significant loci results (p < 0.05) for sequenced cohort of atypical AD vs. AD (n = 328). Component
alleles of the haplotype identified in our prior imputation study in the UCSF cohort are shown in bold.
Component alleles of the haplotype identified in our prior imputation study in the ADGC cohort are shown
underlined. Component alleles of the haplotype identified in Table 2 are highlighted in blue. In addition to
OR with 95% CI, a breakdown of allele frequency in individuals with atypical Alzheimer’s disease (AD)
versus AD is provided in addition to the expected frequency in populations of European descent [13].
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Table 10. Separate class | and class Il haplotypes with significant risk
associations in atypical vs. typical AD.

Typical Atypical
OR (95% Cl) p-Value AD AD
frequency frequency

Class | Haplotypes
A~B~C

02:01~07:02~07:02 0.36 (0.11-0.97) 0.03 0.0571 0.0212

Typical Atypical
OR (95% Cl) p-Value AD AD
frequency frequency

Class Il Haplotypes
DRB1~DQB1~DPB1

15:01~06:02~04:01 0.52 (0.28-0.92) 0.02 0.1381 0.0763

All significantly associated (p < 0.05) class | (A~B~C) and class |l (DRB1~DQB1~DPB1) haplotypes for
sequenced cohort of atypical AD vs. AD (n = 328). Component alleles of the haplotype identified in our

prior imputation study in the UCSF cohort are shown in bold. Component alleles of the haplotype

identified in our prior imputation study in the ADGC cohort are shown underlined. Component alleles of
the haplotype identified in Table 2 are highlighted in blue. In total, five class | haplotypes and seven class
Il haplotypes were analyzed. In addition to OR with 95% CI, a breakdown of allele frequency in individuals

with atypical Alzheimer’s disease (AD) versus AD is provided.
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B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01 effect by APOE-¢4 status
and sex.

Based on our previous finding that the A*03:01~B*07:02~DRB1*15:01~DQA1*01:02
~DQB1*06:02 haplotype was primarily associated with AD risk in men but not women,
and seemed to have a stronger risk effect in APOE-¢4 non-carriers, we analyzed the
effect of our top haplotype in cohorts subdivided by APOE-¢4 carrier status or by sex (¢4
carriers only, €4 non-carriers only; males only, females only). Given the unclear effects
of variation at the HLA-A locus (i.e., A*02:01 and A*03:017) in our previous analyses, we
omitted the HLA-A allele from these subgroup analyses and only examined the
B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01 haplotype. This allowed us
to increase our power to detect significant between-group effects since the frequency of
this five-allele haplotype was higher. Frequencies of the haplotype in each subgroup are
shown in Table 11 (by APOE-¢4 carrier status) and Table 12 (by sex).

Many of the subgroup analyses showed continued significant associations
between disease risk and the B*07:02~C*07:02~DRB1*15:01~DQB1*06:02
~DPB1*04:01 haplotype. Three of the four subgroup analyses showed significant
associations with the haplotype of interest in the atypical AD vs. AD comparison; the
association was not statistically significant in APOE-¢4 non-carriers but the p-value was
very close to the threshold for significance (p = 0.055). The only association that
showed a clear differential effect by subgrouping was the atypical AD vs. CN
comparison, in which the haplotype had a significant protective effect in men but not in
women (p = 0.025, OR = 0.27 [0.05-0.93] for men). Taken together, these findings

suggest that the sex-specific effect of HLA-associated risk we observed in typical
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amnestic AD may not be as robust in atypical forms of AD, though our limited sample
sizes prevent us from drawing definitive conclusions on sex-specific effects of HLA loci

on atypical AD risk.
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Table 11. Frequencies of B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01

haplotype by APOE-¢4 status.

A. AD vs. CN
&4 non-carriers &4 carriers
Full Haplotypes CN AD CN AD
B~C~DRB1~DQB1~DPB1 freq freq freq freq

07:02~07:02~15:01~06:02~04:01 | 0.0700 0.0897 0.0616 0.1221

B. Atypical AD vs. CN

&4 non-carriers &4 carriers
Full Haplotypes CN At;g)lscal CN At):gcal
B~C~DRB1~DQB1~DPB1 freq freq
freq freq

07:02~07:02~15:01~06:02~04:01 | 0.0700 0.0328 0.0548 0.0351

C. Atypical AD vs. AD

&4 non-carriers &4 carriers
Full Haplotypes AD Atﬁ);al AD At):)lgcal
B~C~DRB1~DQB1~DPB1 freq freq
freq freq

07:02~07:02~15:01~06:02~04:01 | 0.0897 0.0328 0.1183 0.0351

Frequency of the B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01 haplotype by sub-cohort

divided by APOE-¢4 carrier status and diagnosis.

153



Table 12. Frequencies of B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01

haplotype by sex.

A. AD vs. CN
males females
Full Haplotypes CN AD CN AD
B~C~DRB1~DQB1~DPB1 freq freq freq freq
T ——S—S—$S»y—_—§
07:02~07:02~15:01~06:02~04:01 | 0.0800 0.1223 0.0602 0.1034
B. Atypical AD vs. CN
males females
Atypical Atypical
Full Haplotypes CN tﬁ)l;ca CN tﬁ;ca
B~C~DRB1~DQB1~DPB1 freq freq
freq freq
T ——S—S—$S»y—_—§
07:02~07:02~15:01~06:02~04:01 | 0.0800 0.0227 0.0576 0.0385
C. Atypical AD vs. AD
males females
Atypical Atypical
Full Haplotypes AD tﬁ):a AD t);plsca
B~C~DRB1~DQB1~DPB1 freq freq
freq freq
T ——S—S—$S»y—_—§
07:02~07:02~15:01~06:02~04:01 | 0.1223 0.0303 0.1034 0.0385

Frequency of the B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01 haplotype by sub-cohort

divided by sex and diagnosis.
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Small cohorts of bvFTD and svPPA patients suggest potential loci involved in
disease risk

In addition to assessing the association between HLA haplotypes and alleles in AD
(both typical and atypical), we also examined associations to small cohorts comprised of
patients diagnosed with two other forms of neurodegenerative disease, bvFTD and
svPPA. Due to modest statistical power from small sample sizes (n = 35 bvFTD
patients, n = 66 svPPA patients), we did not find any haplotypes (either full six-allele or
class | or class Il subsets) associated with either of these diseases. However, locus
level analysis did yield a handful of significant associations (all with class | alleles) with
disease risk. Two loci were associated with bvFTD risk: B*44:02 and C*07:02 (Table
13). Interestingly, both of these alleles were significantly associated with AD in at least
one of our previous analyses. B*44:02 was significantly associated with greater atypical
AD risk as compared to typical AD (Table 9). C*07:02 was associated with greater risk
of typical AD compared to controls (Table 3), and with decreased risk of atypical AD
compared to typical AD (Table 9). One locus was significantly associated with svPPA
risk: C*04:01 (Table 14). C*04:01 was also associated with decreased risk of typical AD

compared to controls (Table 3).
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Table 13. Individual alleles with significant risk associations in bvFTD.

European
N FTD lati

Class | Loci OR (95% Cl) p-Value C bv population

frequency frequency frequency

estimate

T —§—$—R—S—§§

B*44:02 2.28 (0.97-4.91) 0.02 0.0680 0.1429 0.0901
C*07:02 2.09 (1.04-3.98) 0.02 0.1155 0.2143 0.1501

All significant loci results (p < 0.05) for sequenced cohort of bvFTD vs. CN (n = 351). Component alleles
of the most significant haplotype in our AD association analysis (Table 1) are highlighted in blue. In
addition to OR with 95% CI, a breakdown of allele frequency in individuals with bvFTD versus cognitively

normal (CN) older adult controls is also provided in addition to the expected frequency in populations of
European descent [13].

Table 14. Individual alleles with significant risk associations in svPPA.

European
N PPA lati
ClasslLoci  OR(95%Cl)  p-Value c sV poptifation
frequency frequency frequency
estimate
T —§—$—R—S—§§
C*04:01 0.49 (0.22-0.97) 0.04 0.1340 0.0758 0.1053

All significant loci results (p < 0.05) for sequenced cohort of svPPA vs. CN (n = 382). In addition to OR
with 95% CI, a breakdown of allele frequency in individuals with svPPA versus cognitively normal (CN)

older adult controls is also provided in addition to the expected frequency in populations of European
descent [13].
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Discussion

The first goal of our study was to validate imputed HLA genotypes through direct
sequencing. In line with recent studies supporting the high rate of concordance between
imputed HLA genotypes and direct sequencing (particularly in individuals of European
descent) [2], our study validates HLA imputation as an effective method for assessing
associations between HLA haplotypes and disease. Furthermore, the high percentage
of concordance with the use of a CT threshold > 0.75 provides further confidence in the
findings from the much larger ADGC cohort (in which the QC threshold was applied)
used in our previous study, which we were not able to confirm by direct sequencing as
we did with the UCSF MAC cohort.

Next, our study aimed to confirm HLA associations with AD previously identified
utilizing imputed genotypes. Directly sequencing the HLA region in 308 of the 309
individuals used in this prior study, and adding an additional 218 individuals, confirmed
the association of the A*02:01~B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~
DPB1*04:01 haplotype with AD, with a similar effect size, confidence interval, and p-
value to what we previously found (p = 0.01, OR = 3.08 [1.15-9.08] in this study). In our
original study, the haplotype frequency of a similar haplotype (A*02:01~B*07:02
~DRB1*15:01~DQA1*01:02~DQB1*06:02) was 0.0131 in controls, versus 0.0466 in AD
patients did. Due to the addition of 218 new samples, we found slightly different
frequencies of this haplotype in our expanded, sequenced cohort. In this study, controls
showed a similar haplotype frequency (0.0111) while a somewhat smaller frequency

was seen in AD patients (0.0333) did; we suspect this is due to the inclusion of the
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additional C*07:02 and DPB1*04:01 alleles, which are frequently but not always in
linkage disequilibrium (LD) with the other component alleles of this haplotype.

Lastly, our study aimed to expand HLA association analysis to probe differences
between amnestic versus atypical AD and to explore risk contributions to FTD spectrum
disorders. The only significantly associated haplotype identified for atypical AD was
A*03:01~B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01, which we have
previously found to be associated with increased risk for ‘typical’ amnestic AD in a large
cohort of 11,690 individuals. Intriguingly, this haplotype was associated with the
opposite risk effect for atypical AD, with atypical AD patients showing lower frequencies
of this ‘risk’ haplotype when compared to healthy controls. We further corroborated this
finding by directly assessing HLA differences between typical and atypical AD groups
and indeed found that the risk haplotype in amnestic AD patients occurs at a
significantly lower frequency in atypical AD patients. We hypothesize that this haplotype
modifies the age of onset and/or neuroanatomical vulnerability to AD pathology, which
could explain why the frequency is so strikingly different in each patient group.

In general, the genetic contribution to atypical clinical forms of AD is less well
understood than the genetics underlying ‘typical’ amnestic AD. Previous studies have
shown that the APOE-¢4 risk factor is less frequent in atypical AD cases, such as
dysexecutive AD, compared to typical amnestic AD [14,15]. Visuospatially affected PCA
patients have been shown across studies to have less or even no risk association with
APOE-¢4[16,17]. As expected, atypical AD individuals in our cohort had a lower
frequency of APOE-¢4 alleles (48.3% APOE-¢4 carriers vs. 62.4% APOE-¢4 carriers in

amnestic AD cohort, compared to 23.1% in controls). While the lower frequency of

158



APOE-¢4 carriers in atypical AD suggests other genetic factors may contribute to
atypical forms of disease, few genetic variants have been identified to account for these
differences. A small number of genetic variants have been linked with PCA (including
variation in the immune-related genes CR1, TREMZ2 and potentially CLU as well) [17—
19], IvPPA [20] and other atypical AD diagnoses, with some variants showing similar
effects in typical amnestic late-onset AD (LOAD) risk and other variants showing
disparate effects (such as APOE-¢4).

Of particular relevance to our results, a recent study found that the rs9271192
SNP, proxying HLA-DRB5/HLA-DRB1, while associated with an increased OR in
previous GWAS of AD [21], is associated with a protective effect in AD patients
presenting with predominant deficits in language or executive functioning (OR = 0.65
for language-predominant, 0.55 for dysexecutive-predominant) [22]. While this study
was small (n = 38 for language-predominant AD and n = 37 for executive-predominant
AD) and only assessed one SNP tagging the HLA region (no information on specific
alleles), these findings are consistent with our present study. Together, these results
support the idea that the HLA region and, in particular, the A*03:01~B*07:02~C*07:02
~DRB1*15:01~DQB1*06:02~DPB1*04:01 haplotype may exert strikingly different effects
in atypical presentations of AD compared with amnestic AD. While our sample size for
atypical AD cases is limited, our results support increasing evidence that atypical AD
presentations should be considered distinct biological entities from typical amnestic
LOAD, with different underlying genetic risk contributions and neuroanatomical

vulnerability despite shared protein pathology.
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Given increasing evidence that the HLA region and specific component alleles
within this haplotype are associated with risk for numerous neurodegenerative
disorders, including multiple sclerosis [23—-25], Parkinson’s disease (PD) [26,27], and
FTD [28], as well as other neurological disorders including narcolepsy [29,30] and
autism [31,32], our results of differential risk effects on typical versus atypical AD
suggest an increasingly complex role of HLA receptors in neurological and
neurodegenerative diseases. Though striking, this finding is consistent with
observations in other classes of disease. Within autoimmune disorders, it is well
established that specific haplotypes/alleles have opposing risk effects in different
diseases. For example, the class Il haplotype DR15 is known to increase risk for
multiple sclerosis and systemic lupus erythematosus, yet DR15 is associated with
reduced risk of Type 1 diabetes, and its component allele DRB1*15:01 is associated
with decreased risk of rheumatoid arthritis [33].

We have several hypotheses for how our identified HLA haplotype may exert
dichotomous effects on amnestic versus atypical AD, which we will explore in future
studies. Our results suggest that the B*07:02~C*07:02~DRB1*15:01~DQB1*06:02
~DPB1*04:01 haplotype exerts a disease modifying effect in AD, potentially through
physical differences in the way the immune system is responding to Alzheimer’s
pathology, differences in HLA receptors across different brain regions, and/or through
other indirect effects on neuroanatomical vulnerability. As atypical AD presentations are
associated with lower APOE-¢4 carrier frequencies, occur in higher proportions of
males, and most often have an earlier age of onset compared to amnestic-predominant

syndromes, we hypothesized that the identified haplotype may be interacting with these
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demographic factors to modify disease risk in atypical versus amnestic AD. Our
previous study of typical AD suggested that the A*03:01~B*07:02~DRB1*15:01
~DQA1*01:02~DQB1*06:02 haplotype was only a risk factor in individuals who did not
carry an APOE-¢4 allele, and was a stronger risk factor in men versus women [1].
However, we did not observe any disparate significant associations of the
B*07:02~C*07:02~DRB1*15:01~DQB1*06:02~DPB1*04:01 haplotype in subgroups
divided by APOE-¢4 carrier status or sex, with the exception of a significant association
of the protective haplotype with atypical AD (compared to CN) in men only. One
potential explanation for this is that the effect of the haplotype is dependent on age; at
younger ages, when atypical AD is more likely to occur, this haplotype could be
protective through the effects of its encoded receptors on ‘good’ inflammatory
processes (Figure 4A). However as age increases, the effect of the same haplotype and
its encoded receptors may transition from being helpful to harmful, perhaps through
aberrant pro-inflammatory activities, thus increasing the risk of carriers developing
typical amnestic AD. Presumably, the shift from being ‘good’ to ‘bad’ would be triggered
by other, independent effects related to aging such as reduced capacity to clear protein
aggregation or increased neuroinflammatory milieu. A second potential explanation for
our observed differential HLA effect is that predisposition to neurodegeneration may be
associated with developmental factors; for example, patients with IvPPA have higher
frequencies of learning disabilities earlier in life [34]. It is possible that these
neuroanatomical vulnerabilities interact with HLA-associated effects to alter
predisposition to clinical manifestation of AD pathology in different phases of life. A third

explanation is the possibility that the driving effect here is towards a risk of typical
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amnestic Alzheimer’s, rather than a protective effect from atypical AD; other factors may
promote AD pathological risk and the extremely low frequency of this haplotype in
atypical AD cases may simply be due to a depletion effect, with carriers being more
likely to develop typical AD versus atypical AD (Figure 4B). The specific mechanisms
through which this haplotype exerts such disparate effects in typical versus atypical
forms of AD remains to be elucidated in larger cohorts and biological studies designed

to directly probe the effects of HLA receptors on AD pathology in the brain.

Figure 4. Potential models for disparate HLA haplotype effect in atypical AD
versus typical amnestic AD

A. Model 1: DR15 haplotype effect is dependent on age

Risk DR15
. Typical
Atypical Amnestic
AD
Protection

AGE

B. Model 2: As a risk factor for typical amnestic AD, DR15 is depleted in patients
with atypical forms of disease.
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Our study benefited from several strengths. The direct sequencing of the HLA
region in a relatively large cohort of 745 individuals provides confidence in the results of
this study and validates our previous findings from analysis of imputed genotypes. While
we only validated the HLA genotypes of individuals seen at the UCSF MAC and were
not able to directly sequence any samples from the ADGC cohort used in our prior
study, we believe the high degree of imputation accuracy in the UCSF cohort is
generalizable to the larger (n = 11,381) ADGC cohort. The cleaned dataset we used to
impute our HLA genotypes was stringently quality controlled (as previously described in
Chapter Il) and we used very strict principal component analysis cutoffs to limit our
analyses to individuals of non-Hispanic European ancestry and reduce confounding due
to population stratification. Indeed, in the ADGC cohort we implemented stricter
inclusion criteria than were used for our UCSF cohort, in which we used any individuals
who self-reported as white. Furthermore, the concordance of sequencing to imputed
genotypes we observed in the UCSF cohort is consistent to that found in other studies
[2]. Thus, while we cannot directly assess the concordance of imputed HLA genotypes
in the ADGC through sequencing validation, we have indirect but compelling evidence
to suggest that the genotypes in this larger cohort are largely accurate (estimated at
~95% from our UCSF validation study).

Our study’s use of individuals seen at the UCSF MAC provides both strengths
and caveats. On one hand, we have much more detailed phenotypic information on
disease presentation in individuals seen at the MAC (compared, for example, to
individuals included in large national cohorts who may have had an atypical

presentation but who were generally categorized as “AD” patients without any additional

163



phenotypic information) and the ability to verify these clinical presentations through case
notes, neuroimaging and other biomarker information, and additional
neuropsychological assessments. This may help explain the different effect sizes seen
between the UCSF cohort (OR = 3.69; n = 309) and the ADGC cohort (OR =1.22; n =
11,381) in our previous study, as the UCSF cohort of typical amnestic cases is likely to
be relatively pure while larger national cohorts like ADGC may contain more atypical
presentations under the umbrella diagnosis of ‘AD’. Given our findings of the protective
effect of this haplotype in atypical AD, the potential inclusion of these cases in large AD
cohorts may be affecting ORs derived from these studies. However, the MAC is a
clinical center known for expertise in early and atypical forms of neurodegeneration, so
even amongst patients diagnosed with typical amnestic AD, the age of onset of MAC
patients tends to be earlier than in community-based studies. We suspect that large
national studies may have a higher frequency of atypical cases included within the
umbrella AD diagnosis, whereas the present study is likely to have a higher frequency
of early-onset cases included with amnestic AD diagnoses.

This study further corroborates the role of HLA variation as a genetic contributor
to AD risk. Our novel findings of a differential effect of HLA haplotypes in typical versus
atypical AD suggest the role of this region as a modifier of neurodegenerative disease
may be more complex than initially thought. We plan to expand these studies through
the use of additional data, including neuroimaging, gene expression studies, detailed
family histories, and biomarker data from the MAC and other publicly available datasets.
We will also corroborate our findings through the use of larger cohorts and the addition

of other disease phenotypes. In particular, our sample sizes in this study were too small
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to fully assess HLA associations with FTD. While we did find several alleles significantly
associated with bvFTD or svPPA risk at the locus level, we are cognizant of the very
small sample sizes for these preliminary studies and aim to expand these findings
through sequencing and imputation of additional samples. As the results of this study
support the use of imputed HLA genotypes in disease association studies, we plan to
expand our sample size of individuals with FTD by imputing HLA genotypes from 3,526
FTD patients and 9,402 controls included in prior FTD GWAS [28] through an on-going
collaboration with Dr. Raf Ferrari (UCL). This GWAS previously implicated HLA-DRA
and HLA-DRBS in FTD risk through single SNP analysis. We expect that utilizing this
large cohort will enable us to fine-map specific HLA haplotypes and loci underlying this
association of the HLA class Il region with FTD risk. We also plan to use diverse cohorts
beyond white individuals of European descent to fine-map the risk associations we’ve
previously discovered to particular alleles, as has been done for the role of HLA risk
associations in multiple sclerosis [35].

In the present study, we also find continuing evidence supporting a pan-neuronal
effect of particular HLA alleles in disease susceptibility. In addition to B*07:02 and
DR15’s effects in numerous neurodegenerative diseases (described in Chapter Il), the
novel finding of C*07:02 association with greater risk of typical amnestic AD and
protection from atypical AD is of particular interest given the finding that the
B*07:02~C*07:02~DRB5*01~DRB1*15:01~DQA1*01:02~DQB1*06:02 haplotype is
associated with PD risk [36]. The association of C*07:02 with this haplotype is
unsurprising given the high LD (0.88) between B*07:02 and C*07:02, as well as a

previous study implicating B*07:02 and C*07:02 in AD risk particularly in individuals
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without the APOE-¢4 allele [37]. This study identified B*07:02 and C*07:02
homozygosity as even more strongly associated with AD risk, which we plan to explore
in our cohort in the future. The C*07:02 allele was also implicated in our analysis of
bvFTD risk, which we are particularly interested in exploring in future studies given the
potential implication of this allele across PD, AD and bvFTD. Locus-level analyses
support the role of the B*07:02, C*07:02, DRB1*15:01, and DQB1*06:02 alleles in both
greater AD risk, consistent with our previous findings, and decreased atypical AD risk.
The effects of the A*02:01 allele in AD risk are conflicting [38] as previously described,
and we were not able to find any studies evaluating the effect of the A*03:071 allele in
AD risk besides our own prior study [1]. While the DPB1*04:01 allele is present in all of
our significant haplotypes, we believe this locus is unlikely to underlie disease risk given
that DPB1*04:01 is present in > 60% of the European population [39], further reinforcing
the importance of the B*07:02, C*07:02, DRB1*15:01, and DQB1*06:02 alleles. Taken
together, these findings suggest that adaptive immunity plays a critical role in
maintaining neuronal health in aging. Future work will be required to elucidate the
specific molecular interactions underlying this complex network of interactions in brain
health and disease, and to identify potential inroads for immune-based disease-

modifying therapies in neurodegeneration.
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