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Abstract

Human genetics can play a key role in determining susceptibility, severity, and outcome of
infectious diseases resulting from otherwise common infections. Inborn errors of immunity
(IEI) in invasive bacterial and viral infections, including Neisseria meningitidis,
Staphylococcal aureus, Streptococcus pneumoniae, Group A Streptococcus and SARS-CoV-
2, have been recognised to contribute to disease pathogenesis but do not explain all cases,
highlighting the need for discovery of novel genetic aetiologies. This thesis aimed to use large
existing well-defined disease cohorts, as well as patients recruited into a specialised paediatric
IEI clinic, to discover novel causative variants associated with infectious disease. This was
accomplished by employing whole exome sequencing to statistically identify significant and
promising candidates that were subsequently characterised by functional validation assays.
Firstly, gain-of-function JAK2 variants were discovered in severe invasive meningococcal
disease cases and were shown to constitutively activate the JAK/STAT signalling pathway.
Secondly, heterozygous KRT'10 variants were enriched in an invasive bacterial disease cohort,
including Neisseria meningitidis, Staphylococcal aureus, Streptococcus pneumoniae, and
Group A Streptococcus, and hypothesised to confer predisposition of invasive bacterial
infection by enhancing bacterial adherence and thereby, colonisation. Thirdly, TICAM1 loss-
of-function variants were characterised to impair type I IFN signalling resulting in severe
COVID-19 pneumonia. Finally, genetic analysis and functional immunological techniques
developed during this project was applied to a new specialist paediatric clinic. This facilitated
novel genomic discoveries, in real time, and improved understanding of disease pathogenesis
in children with severe or unusual infections which allowed for improved and more accurate
patient care and clinical follow up. In this work, efforts were made to understand the impact of
novel genetic aetiologies in susceptibility to and severity of infectious disease, discovered by

whole exome sequencing and functionally validated.
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Chapter 1 Introduction

1.1  Genetic basis of infectious disease

Infectious disease remains one of the leading causes of morbidity and mortality globally, along
with noncommunicable diseases like ischaemic heart disease which is the number one global
killer (1). In 2019, prior to the SARS-CoV-2 viral pandemic, the World Health Organisation
(WHO) reported over 7.7 million deaths caused by infectious disease worldwide (1). Infections
can lead to extremely varied clinical outcomes, ranging from asymptomatic to fatal, even in
those infected by the same pathogen. This scale can be attributed to the complex relationship
between host and pathogen, including internal factors, like the genetic variability found in both
host and microbe, and non-genetic external environmental factors. Genetic variability in
humans has evolved over time, with infectious diseases and the host’s adaptability to establish
an effective immune response against a diverse range of pathogens as a key driving force in
natural selection (2). This selective pressure from the burden of infectious disease, in particular
those resulting in childhood mortality, has resulted in great genetic diversity in human immune
genes in line with the Red Queen hypothesis, which describes an evolutionary arms race

between competing species (3).

Traditionally, twin and multigeneration familial studies have been used to highlight high
genetic variability and its contribution to immune response, with a median of 37% heritability
seen in immune gene variation, particularly in genes involved in the cytokine pathway (4). The
most genetically diverse location in the human genome is at the human leukocyte antigen
(HLA) locus which is associated with multiple infectious and autoimmune disorders, including
risk of death and progression of HIV disease (5, 6). Therefore, investigating host genetic
factors in the predisposition or development of severe infectious disease in those who are
infected by a common pathogen, and were otherwise healthy, is important to help understand

this relationship.

1.1.1 Inborn errors of immunity associated with infectious disease

Mendelian single-gene defects of immunity, also known as monogenic inborn errors of
immunity (IEI), are responsible for more than 485 known clinical syndromes, known as
primary immunodeficiencies (PID) (7). Damaging or gain-of-function variants affecting a
single gene are increasingly being shown to compromise innate and adaptive immunity, and

often show incomplete clinical penetrance. There are many examples in which monogenic IEI’s
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have affected susceptibility or severity of infectious disease including /IRAK4 and MYDS8S8
deficiencies conferring predisposition to invasive pneumococcal disease (8, 9) and single gene
variants in the IL-12/IFN-y pathway underlying atypical mycobacterial disease (10).
Autosomal recessive deficiencies in the terminal complement components and properdin factor
are well studied to influence susceptibility to recurrent meningococcal disease by stunting the
hosts ability to clear bacteria (11). Genetic defects in the TLR3 pathway have also been shown

to predispose to viral herpes simplex encephalitis (12).

1.2 Genomic investigations to determine to response to infectious disease

Siblings and multigeneration families have traditionally been employed for genome-wide
linkage studies to investigate susceptibility to infection by identifying associated genetic loci
and were successful in discovering valid genetic variants. However, a lack of analysis power
due to an inadequate number of study participants is a major limitation of this type of genetic
investigation (13). Candidate gene studies are another early investigative approach and relies
on a good understanding of pathogenesis as it curates genes to investigate that are plausibly
relevant in infection and in most studies variant frequencies were compared between unrelated
cases and controls. Candidate gene studies were successful in validating association of genetic
variants to infectious disease (14). However, significant results from candidate gene studies
yielded poor reproducibility from other independent sources due to investigating selected genes
and small cohort sizes. These approaches tended to focus on known genes in pathways critical
to the immune response, but these are rare with monogenic IEIs arising in less than 1-2% of

the population, whereas polymorphisms occur with a higher frequency in the population (15).

Candidate gene studies are also incapable of discovering new genes that are associated with
disease, therefore limiting the investigative opportunity. However, the development of next
generation sequencing (NGS) allows for a broader scope of genetic investigations, with whole
genome sequencing allowing researchers to consider the entire genome. This allows for a
potential expansion of knowledge in pathogenesis, host susceptibility, and disease progression

in infection, possibly leading to better developed therapies and preventative interventions.
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1.2.1 WES and inborn errors of immunity

NGS was born in 2010 and has been constantly nurtured, developed, and improved since then.
NGS is now an irreplaceable resource in genetic investigations and has facilitated the discovery
of novel disease-causing variants and genes. Whole exome sequencing (WES) is currently the
most cost-effective NGS method to use for research into and discovery of disease-causing
variants, though whole genome sequencing (WGS) offers more advantages such as, having a
more homogenous coverage and being able to call copy number variants more accurately (16,
17). Protein coding regions of the human genome constitutes of less than 2% of the total DNA
but more than 85% of all known disease causing gene variants are located in the exome, making
WES a cost-effective method for investigating disease that does not have a known genetic
diagnosis (18). Another benefit to WES is the ease of variant processing and analysis that does
not require complicated analytical tools, compared to WGS or RNA-sequencing (18). On
average, around 20,000 — 30,000 variants per exome are called and a challenge for WES is
filtering out disease-causing variants from benign common variants, which makes up around

95% of called variants (18).

Some different analysis strategies can be used to filter out disease-causing variants in WES,
and it is important to consider the locus heterogeneity of the trait, the allelic segregation of the
pedigree, and ethnicity of the affected individuals to account for differences in variant allele
frequencies, as well as disease prevalence. If pedigrees are available, WES can be analysed to
look for de novo or recessive variants in cases of one affected family member and unaffected
parents or, if there are multiple family members affected, WES can be screened for either

shared casual variants or help limit the search to a shared haplotype region (18).

Variants causative for severe disease can be filtered for in multiple ways, one such way that
works particularly well when applied to investigating unrelated affected cases is to first search
for variants with a low minor allele frequency (MAF), as rare disease is intuitively likely to be
caused by rare pathogenic variants. Deciding on the MAF cut off should be determined by
prevalence of the disease, clinical penetrance, and inheritance model (19). A MAF of less than
1 % is typically accepted in most disease models as a good place to start investigating for rare
variants (20). Mode of inheritance is also an important factor to consider, as most IEI’s are
causative only if inherited in a particular manner, either autosomal dominant, autosomal
recessive, or X-linked (7). An autosomal dominant disorder is when a variant is in only one

allele of the gene, but this is enough to affect function and cause disease, typically either in a
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dominant negative, haplo-insufficient, or gain-of-function manner. Autosomal recessive
disorders are rarer as there needs to be a biallelic expression of the variants, and these disorders
can result in more severe disease when the cause is due to a loss-of-function variation.
Recessive disorders are of particular interest to investigate in consanguineous families, as both
parents share a near common ancestor and this therefore leads to increased expression of
autosomal recessive disorders (21). Variants can also be annotated using public databases such

as gnomAD (http://gnomad.broadinstitute.org) and dbSNP

(https://www.ncbi.nlm.nih.gov/snp/) to exclude synonymous SNPs and inform on known

pathogenic variants. This filtering can be further stratified to prioritise variants predicted to
have a significant functional effect on the protein, such as changes in a splice site, frameshifts,
and nonsense variants, which indicates the presence of an early stop codon. However, in most
scenarios where impact on protein function is predicted there is a bias towards variants that are
protein damaging or lead to a loss-of-function, which disallows possible gain-of-function

variants to be considered.

1.2.2  WGS and inborn errors of immunity

NGS can also be used to sequence entire genomes (WGS), though this is currently more costly
than WES it is probable that in the near future with improvements in technology that the cost
will be comparable. WGS processes DNA in a similar way to WES, with some notable
differences, for example, the “capture” enrichment step used in WES is not needed for WGS
allowing for a much more homogeneous coverage (22). WGS also has better overall uniform
coverage of targeted bases compared to WES, despite WES having a higher mean read depth,
and is more accurate identifying copy number variants, which often do not start or end within
exons, and variants in non-coding RNA genes (16, 22). The human genome comprises of over
3 billion base pairs and the obvious advantage to WGS is, of course, its ability to detect intronic
and intergenic variants in addition to those in the exome, but these produce massive data files
that are costly to store and cumbersome to analyse. Though 85% of all known disease-causing
gene variants are located in the exome, some are not, and this is where costly WGS can be
valuable (23). For example, WGS allowed for the discovery of a causative intronic variant in
X-linked reticulate pigmentary disorder that had been missed by prior exome investigations

(24).
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1.2.3 Genome wide association studies

WGS enables genome-wide association studies (GWAS), that have significantly developed
research into genotype-phenotype associations. GWAS are used to identify genome loci
associated with disease phenotype at a genome-wide significance level, and meta-analysis is a
model method used to detect associations with increased statistical power. In association
studies, disease-causing variants are typically not directly genotyped but are shown in linkage
disequilibrium with the genotyped SNPs. Since its advent, over 52,000 significant SNP to
disease associations have been reported according to the NHGRI-EBI GWAS Catalog. GWAS
is able to utilise the vast public and private genomic databases to discover novel casual SNPs
associated with disease, but it is important to carefully select cohorts and well-matched control
groups to eliminate false-positive hits. One of the most effective GWAS was published in 2010
and described an impressive cohort of 475 invasive meningococcal disease cases analysed
against 4703 UK population controls (Wellcome Trust Case Control Consortium). This study
revealed two significant SNPs found in complement factor H (CFH) and 3 SNPs in CFH-
related protein 3 (CFHR3), that were shown to be protective against invasive meningococcal
disease and validated in two separate independent cohorts (25). There are multiple limitations
to GWAS, the chief being the need of a high significance threshold to account for multiple
independent statistical tests, however, this can be overcome by increasing the sample size

included in the GWAS.

WGS and WES both have strengths and weaknesses, and both are powerful resources in genetic
investigation and, increasingly, clinical diagnostics. WGS covers the entire genome,
maximising the information there is to obtain from NGS and detecting variants that could be
missed by WES, for example in intronic regions. However, this results in data that is an order
of magnitude larger than WES data which can make interpretation challenging and requires
more expertise in data processing. Due to massive data from WGS, operational costs can be
high, as adequate storage and a high level of software resources are needed. WGS has also been
shown to have a more uniform coverage than WES, especially in GC-rich regions, however a
comparative study shows that WGS in clinical diagnostics is 0.81 % improved over WES (26),
a modest increase that may not offset the increased cost of WGS for some. Though WES only
captures ~2% of the entire genome, 85% of disease-causing variants occur in the coding regions
(23). WES is also cost-effective in both actual sequencing costs and operational costs as the
data is easier to store, handle, and process. All these factors are considered when deciding to

perform WGS or WES. It is typical in cases of clinical diagnostics to use gene panels or WES
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for patients, and only resort to costly WGS where WES is not able to identify an accurate
diagnosis. For all the benefits discussed here, WES was the sequencing method of choice used

in this project.

1.3 Invasive meningococcal disease (IMD)

1.3.1 Neisseria meningitidis (Nm)

Neisseria meningitidis (Nm) is a leading cause of bacterial septicaemia and meningitis
worldwide. Nm belongs in the family Neisseriaceae and the wider genus Neisseria. Within this
large genus are many Gram-negative, typically diplococci, bacteria that can colonise the
mucosal surfaces of a range of animals, with 17 species that can be isolated from humans (27).
However, only two of these species have caused any significant pathogenesis exclusively in
humans. Neisseria gonorrhoeae, an obligate pathogen that typically colonies the urogenital
tract and can result in sexually-transmitted gonorrhoea, and Neisseria meningitidis, a pathogen
whose niche is the naso-oropharynx. Nm invasion can result in endemic and epidemic
meningitis and/or sepsis disease, overall classed as invasive meningococcal disease (IMD). Nm
was first identified by Anton Weichselbaum in 1887 in Austria, a Viennese pathologist who
isolated the bacterium from the cerebrospinal fluid of patients during an epidemic of
cerebrospinal meningitis occurring at the time (28). However, meningococcal disease was first
clinically characterised earlier, in 1805, during a meningitis epidemic by Vieusseux Gaspard
in Geneva, Switzerland (29). The first cases of IMD caused by meningococcus outside of
Europe were reported West Africa, in the 1905 meningitis epidemic in northern Nigeria, and
the 1906 epidemic in Ghana (30-32). These outbreaks were followed by other devastating
outbreaks in African countries that are now collectively classified as a Sub-Saharan African
region which stretches from Senegal to Ethiopia, known as the “African Meningitis Belt”. Nm

infection and subsequent IMD will be a focus in this project.

1.3.2 Microbiology

Nm is a common commensal bacterium that is paradoxically also an important and devasting
invasive human pathogen. Nm can sometimes be described as an opportunistic pathogen. It is
a gram-negative aerobic diplococcus B-proteobacterium, commonly described as resembling
coffee beans, that selectively colonises the human nasopharynx, though in some rare individual

case studies it has been seen to colonise the rectal and urogenital tracts (33-35). Nm is
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encapsulated with thirteen capsular serogroups and of these, six major serogroups are typically

associated with disease: A, B, C, Y, X, and W-135.

Meningococcal virulence and characterisation are mainly determined by the polysaccharide
capsule, expression of surface adhesive proteins including Opacity proteins Opa and Opc, pili,
porins PorA and PorB, endotoxin lipooligosaccharide, and virulent clonal complexes (36).
Most meningococcal strains causing invasive disease will possess a polysaccharide capsule as
this assists in evasion of the host immune response by preventing opsonisation and
phagocytosis, therefore allowing the bacterium to survive in the bloodstream (37). In
encapsulated Nm the cell envelope comprises an outer membrane composed of
lipooligosaccharide (LOS/LPS), a peptidoglycan layer, and an inner membrane, surface pili
and opacity proteins on the surface are used to attach to host non-ciliated epithelial cells,

colonise, and invade (36).

1.3.3 Nm carriage and colonisation

Neisseria meningitidis is transmitted via mucus droplets and almost exclusively colonises the
human nasopharynx. Initial adhesion is mediated by type IV pili and then facilitated by
Opacity-associated adhesion (Opa) proteins interactions with host cell surface proteins on the
nasopharyngeal epithelium, including carcino-embryonic antigen cell adhesion molecule
(CEACAM) proteins (38, 39). Carriage of Nm refers to the commensal colonisation of the
bacterium, with invasion through the mucosal layer resulting in bacterial dissemination
throughout the body causing IMD with complications such as meningitis and sepsis. Carriage
rates vary depending on factors including age, living conditions, and geographical location.
The Stonehouse survey conducted in the UK, in a non-epidemic setting, concluded an overall
10 % carriage rate of meningococci with a peak seen in 0—4-year-olds and a second peak in 15-
19 year olds with a decline then seen in increasing age (40, 41). Also, greatly increased carriage
rates have been reported among military recruits from multiple countries including 37.4 % in
Greece, 70 % in Norway, and up to 61 % in Poland suggesting that crowded environments can
increase the carriage rate of Neisseria meningitidis in the population (41-43). In landmark
publications in the 1960s, Goldschneider and colleagues reported that carriage of Nm led to
the production of protective antibodies and development of acquired immunity, with bacterial
colonisation very rarely leading to invasive disease (44, 45). Carriage of Nm in human mucosal
nasopharyngeal membranes often leads to asymptomatic colonisation and can last for days or

months with an increase of serum bactericidal response seen (46). Majority of Neisseria
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meningitidis carriers remain asymptomatic or can develop low grade bacteraemia (47, 48).
However, there is a minority of the population that suffers from meningococcal invasion

resulting in IMD.

1.3.4 Invasive meningococcal disease

IMD is rare is non-epidemic settings but can be life-threatening, with rapid onset and
significant mortality at an overall rate of over 50% in untreated individuals and 10% in those
treated, with up to 19% of survivors suffering from life-long severe sequelae with a reduced
quality of life (49, 50). As mentioned, in majority of the population carriage of Neisseria
meningitidis is asymptomatic, however, in susceptible hosts, using mechanisms still unclear,
meningococci can invade and cross the nasopharyngeal mucosal epithelium to gain access to
the blood stream (Figure 1.1) (38). Once inside the bloodstream the meningococci grow in
number and are disseminated throughout the host, this can lead to septicaemia and can develop
into the often-fatal purpura fulminans (50, 51). Shock is also a typical feature seen with
meningococcal sepsis (52). In some cases, the meningococci can breach the blood brain barrier
(BBB), at vulnerable sites such as the choroid plexus, leading to infection in the cerebrospinal
fluid, which can spread along the meninges, developing into meningitis (Figure 1.1) (50, 53).

Sepsis and meningitis phenotypes in IMD can occur independently or in combination.

IMD incidence rates typically average 1-3/100,000 in Europe and North America (54).
However, the incidence of IMD greatly increases during outbreaks, with the highest rates of
IMD seen at 1000/100,000 in sub-Saharan Africa during large epidemics which occur every 5-
10 years (54, 55). During a ten year period in sub-Saharan Africa between 1992-2012, before
the introduction of any vaccine programme, 947,000 cases of meningitis predominantly caused
by Nm serogroup A (~85% of cases) were reported with an estimated 100,000 deaths occurring
(56).
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Figure 1.1  Neisseria meningitidis pathogenesis

Representation of the pathogenesis route undertaken by Nm. Meningococci colonises the
nasopharynx after transmission on mucus droplets and in a rare subset of people, with mostly
unknown mechanisms, the meningococci can invade the epithelium, gaining access to the
blood stream. From here, meningococci disseminates throughout the host leading to
septicaemia which can develop into the often-fatal purpura fulminans. In some cases, the
meningococci can breach the blood brain barrier (BBB), at vulnerable sites like the choroid
plexus, leading to infection in the cerebrospinal fluid, which can spread along the meninges,
developing into meningitis. Adapted from Hodeib et al. (2020) (11) and created using
biorender.com.

1.3.5 Epidemiology

The six major Nm serogroups typically associated with disease are serogroups A, B, C, Y, X,
and W-135 (57). Nm is found globally, however, there are geographical hotspots traditionally
associated with certain disease causing serogroups. Serogroups B and C are the most common
serogroups found to cause IMD in developed countries in the Americas, Europe, Asia, and
Australia with an incidence rate of 1-3 cases per 100,000 (58, 59). Serogroup A had posed a
recurrent pandemic threat in sub-Saharan Africa affecting as many as 1000 cases per 100,000

since the early 20" Century, mostly in the African “meningitis belt” and in Asia (54, 60, 61).
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However, Nm epidemics in Africa in recent years have geographically extended outside the
historic boundaries of the meningitis belt (54, 62). Serogroup W-135 is conventionally
associated with IMD in Saudi Arabia, specifically in individuals undertaking the annual Hajj
pilgrimage (63). However, in recent years there have been surges of MenW incidence globally
and it is now a dominant causative serogroup of IMD, with a predilection to a sepsis phenotype,
in countries in Europe, South America, Australia, and along the African meningitis belt (64).
Incidence of IMD caused by serogroup Y is scattered, mainly found the United States of
America (USA) and Sweden, but also reported in the United Kingdom (UK), Israel, and South
Africa (65-67). Finally, serogroup X is typically seen in outbreaks in Sub-Saharan Africa with
some sporadic cases seen in Italy and China (68-70). A key determinant in the distribution of
serogroups in countries causing IMD in recent years is due to the health strategies each country

has undertaken, with particular reference to differing national vaccine strategies implemented.

The UK has had the highest number of clinically confirmed IMD cases in Europe (71). Prior
to the national introduction of the MenC vaccination programme, C was the most dominant of
the disease-causing serogroups accompanied with a high case fatality rate. Following the
widespread implementation of MenC immunisation in the UK, serogroups B, W, and Y are
now the predominant disease-causing meningococcal serogroups with an IMD case fatality rate
recorded between 2008-2015 of 64 %, 17 %, and 14 % respective to the serogroups (72).
However, in 2015, the 4CMenB and MenACWY vaccination programme for university
students was rolled out in the UK, with good uptake, causing a consistent decrease of IMD

since, with ~1/100,000 cases clinically confirmed in 2019 (73).

Nm can be phenotypically separated into serogroups and genetically separated by sequence
types (STs) and clonal complexes (CCs). A minority of Nm clonal complexes, termed
temporally stable hyperinvasive virulent lineages, are responsible for the majority of IMD cases
seen in outbreaks and epidemics. In recent years, serogroup C CC10217 has caused an outbreak
of IMD in Sub-Saharan Africa and serogroup C and W CCI11 has been associated with
outbreaks in Saudi Arabia, South America, the USA, and Italy (74-77).

Age 1s a major risk factor for the development of IMD with young children being at particular
risk of developing IMD due to the absence or waning of protective maternal antibodies and the
lessened ability of complement-mediated phagocytosis of bacteria compared to older persons.

Therefore, disease rates are high in those aged between 3 months and 5 years of age, with other
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peaks of IMD incidence seen in adolescents and in the elderly, understandably coinciding with

increased carriage rates (48, 49, 78).

1.3.6 Treatments and vaccinations

If left untreated, IMD can reach a mortality rate of 50 %, however, if symptoms are correctly
identified early in infection and effective parenteral antimicrobial therapy is administered the
mortality rate drops to 10 % (52, 56). Treatment has varied over the decades and continues to
vary between resource rich countries and middle to low income developing countries. IMD
onset is rapid with 85 % of IMD-related deaths occurring within a day of diagnosis (72).
Clinical management of shock and intracranial pressure are key in effective treatment of IMD,
and an antibiotic regiment should be started as soon as IMD is recognised in the patient.
Antibiotic treatment helps to reduce the levels of circulating endotoxins in the bloodstream,
which is associated with the development of more severe disease that can lead to death such as
multiple organ failure and severe sepsis (79). A one week antibiotic regime is recommended
of cefotaxime, ceftriaxone, and penicillin (or benzylpenicillin in countries where penicillin
resistance is rare, like the UK), these are typically used for initial antibiotic therapy in IMD
cases to clear colonising bacteria and reduce the risk of transmission (80). If the patient is

allergic to penicillin, then chloramphenicol and meropenem can be used instead (80).

However, administration of prophylactic vaccines is the best management approach to reducing
IMD fatalities. This is because there is still a 10 % fatality rate in treated IMD cases and it is
not uncommon for there to be late diagnoses or misdiagnoses of IMD, particularly in rural areas
and low to middle income developing countries with limited medical resources and testing

facilities.

There are multiple vaccinations available against Neisseria meningitidis. Currently, the most
popular are the quadrivalent conjugate vaccine (MenACWY), the MenA conjugate vaccine
(MenAfriVac) which has had widespread success particularly in the sub-Saharan region, and
the recombinant protein vaccines targeting serogroup B (4CmenB, also known as Bexsero, and
Trumeba). Conjugate vaccines successfully target the polysaccharide capsule of serogroups A,
C, W, and Y however, serogroup B capsule is covered with polysialic acid rendering it non-
immunogenic (81). Therefore, a newer technique, reverse vaccinology pioneered by Dr Rino
Rappuoli and colleagues (82), was tasked with discovering novel vaccine candidates in Nm
serogroup B and has led to recombinant protein vaccines that successfully target highly

immunogenic protein antigens and the outer membrane vesicles of MenB (37).
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In 2015, the UK was the first country to implement 4CMenB nationwide in the childhood
vaccination regimen, with two doses given at 8 and 16 weeks of age and a booster at 1 year
(83). Vaccine uptake in the UK was high with 88 % receiving all three doses, and it has been
estimated that this vaccine scheme has prevented 75 % of IMD cases caused by MenB (84).
However, this vaccine does not protect against all disease causing MenB strains and vaccine
effectiveness was calculated at 59.1 % when all three doses were administered (84). This study
shows the positive effect this vaccine has had on the vaccine eligible cohort in the UK but also
shows that more work needs to be done to discover more robust and widespread vaccine targets
in MenB. Also, studies have shown that the MenB recombinant protein vaccines have no
significant effect on meningococcal carriage and is unable to provide herd immunity in the

community, unlike its conjugate vaccine partners (85).

MenAfriVac was created to limit the cost of the expensive quadrivalent conjugate vaccines to
include only the dominant disease-causing serogroup in Africa, MenA. According to the World
Health Organisation (WHO) (April 2021), due to the mass vaccination efforts from African
countries in the meningitis belt from 2010 with MenAfriVac, incidence of IMD due to MenA
has fallen ~99 % with no MenA IMD cases confirmed since 2017. However, IMD from other
serogroups, mainly C, W-135, and X are still occurring as there is no wide accessibility to

multivalent meningococcal conjugate vaccines in these African countries yet.

1.3.7 Host immune response to Neisseria meningitidis infection

Host evasion and a high rate of replication are key determinants for Nm to cause severe disease,
though the exact reason why this occurs in only a small subset of the population is not fully
understood (86). As with most infectious agents, the human adaptive and innate immune
responses play key roles in protection and clearing infection. As mentioned previously, in the
late 1960s Goldschneider and colleagues published landmark epidemiological studies that were
important for reporting Nm carriage and responsible for establishing that serum bactericidal
antibodies acquired against circulating invasive strains was the most important host defence
mechanism (44, 45). Risk of IMD is particularly high in infants between 3 months and 2 years
of age, when maternal humoral antibodies start to wane, suggesting that innate immunity is of

equal importance in response to Nm infection, especially during this infant period (45, 86).
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1.3.8 Innate immune response to Nm

Nasopharyngeal colonisation by Nm can trigger the host innate immune response, in which
two main outcomes can be achieved by the host, 1) the activation of pro-inflammatory
cytokines, and 2) inducing the complement cascade to clear meningococci via
opsonophagocytosis. Nm expresses various pathogen-associated molecular patterns (PAMPs)
that are recognised by host pattern recognition receptors (PRRs) as non-self molecules on
antigen-presenting or phagocytic cells. A main class of PRRs are the toll-like receptor (TLR)
family which can recognise evolutionary conserved PAMPs (Figure 1.2). Nm LPS, expressed
on the outer polysaccharide capsule, is a main driver of host inflammation and is recognised
by TLR4 (87). Lipoteichoic acid, peptidoglycan, and PorA are key Nm adhesion molecules
that are involved in initial pili attachment and colonisation and are recognised by TLR2 (88).
Thirdly, it is believed that TLR9, which is localised to the intracellular vesicles of the
endoplasmic reticulum, lysosomes, and endosomes detects and binds to Nm unmethylated CpG
DNA (89). TLR recognition of and binding to microbial PAMPs triggers a signalling cascade
via the main adaptor molecules TIRAP, and MyD88. This leads to activation and nuclear
translocation of NF-kB and IRFs which induces gene transcription of complement components,
interferons (IFN), and pro-inflammatory chemokines and cytokines such as IL-6, TNF-a, IL-
8, IL-1B, and CXCLI1-3 (Figure 1.2). These pro-inflammatory cytokines are essential in
clearing invading meningococci and preventing IMD, however, abnormal high levels of
circulating IL-1, IL-6, and TNF-a have been associated with poor outcome in meningococcal

septic shock and septicaemia (90-93).

These secreted cytokines/chemokines can activate the Janus kinase-signal transducer and
activator of transcription (JAK-STAT) pathway, which can also be activated by circulating
interferons, cytokines, hormones, and growth factors. In the canonical JAK-STAT pathway,
ligand binding to membrane receptors phosphorylates JAKs that can then phosphorylate latent
STATs located in the cytoplasm, which dimerise and translocate to the nucleus to regulate the
transcription of genes (Figure 1.2). This pathway is involved in mediating multiple processes
including induction of anti-microbial proteins, T cell differentiation, B cell maturation and

development, apoptosis, cell differentiation, cell proliferation, and many more (94).
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Figure 1.2 Toll-like receptor signalling in bacterial infection including Nm

Representation of the TLR signalling pathway induced by bacterial PAMPs. Nm LPS is
recognised by TLR4 and lipoteichoic acid, peptidoglycan, and PorA are recognised by TLR2
on the cell membrane. TLRY, found in intracellular endosome compartments detects and binds
to Nm unmethylated CpG DNA. TLR recognition triggers a signalling cascade via the main
adaptor molecules MyD88 and TICAM1 which activates and translocate NF-kB and IRFs to
the nucleus to induce gene transcription of complement components, IFNs, and pro-
inflammatory chemokines and cytokines, which are then secreted extra-cellularly. In the
canonical pathway, ligand binding to membrane receptors phosphorylates JAK tyrosine
residues which recruit and phosphorylate latent STATs located in the cytoplasm. Active STATs
dimerise and translocate to the nucleus to regulate the transcription of cytokine/IFN stimulated
genes by binding to their promoters. This results in the induction of anti-microbial proteins, T
cell differentiation, B cell maturation and development, apoptosis, cell differentiation, cell
proliferation, and many more. Image created using biorender.com.

Neutrophils are polymorphonuclear leukocytes (PMNs) that are recruited to infection sites, and
can secrete large amounts of pro-inflammatory cytokines, which can, among other interactions,
go on to trigger the JAK-STAT pathway and activate the inflammatory pathway (95). Detection
of high levels of neutrophils in the cerebrospinal fluid, where neutrophils are typically absent,
is a hallmark of Nm infection (96). Neutrophils harbour specialised granules containing
antimicrobial enzymes and molecules in their cytoplasm and are bactericidal. They release
these granules in internal phagolysosomes where phagocytosed pathogens are engulfed into or

via extracellular granule secretion via exocytosis or release of neutrophil extracellular traps
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(NETs) (97). NETs are large, extra-cellular, web-like constructions assembled from neutrophil
proteins, chromatin, and DNA and, much like a fishing net, can trap pathogens and neutralise
them (98). In response, Nm has developed virulence factors to evade NET mediated killing,
including modification of its LPS to prevent digestion, expression of high-affinity zinc uptake
receptor ZnuD allowing Nm to escape NET-mediated nutritional immunity, and binding of
Nm’s spontaneously released outer membrane vesicles to NETs, therefore allowing the
meningococci to escape the subsequent bacteriostatic effect (99). These evasion measures by
Nm in response to NET induction have been postulated to aggravate thrombosis, likely leading
to disseminated intravascular coagulation, and therefore contributing to rapid progression of

severe sepsis in IMD (99).

1.3.9 Complement pathways

The human complement pathways play a chief role in innate immunity by successful
management of invasive pathogens, including Nm, via complement-dependent lysis and
opsonophagocytosis. Flexner and colleagues first established the importance of host
complement-dependent bactericidal activity in meningococcal infections in the early 201
century and this was then built on by Goldschneider and colleagues, who clearly elucidated the

protective roles and complement and antibodies in invading Nm (44, 45, 100, 101).

Complement is activated by three main pathways in which component 3 (C3) plays a central
role (Figure 1.3). The classical antibody—antigen interaction, mediated by Clq, and triggered
by IgG and IgM antibody interactions. The mannose-binding lectin (MBL) pathway in which
MBL and associated serine proteases can interact with microbial cell walls. The alternative
pathway (AP), regulated by complement factor P (CFP) and activated by C3 interacting with
complement Factor B (CFB) and complement Factor D (CFD). The alternative pathway can
also uniquely amplify C3 deposits in the other pathways in a positive loop manner. All three
pathways converge into the cleavage of C3 into C3a, a proinflammatory mediator, and C3b an
opsonin that can bind to meningococci and facilitate phagocytosis (Figure 1.3) (102). Secondly,
C3b also triggers the downstream formation of the membrane attack complex (MAC) by
assembling terminal complement components (C5 — C9). The MAC can clear meningococci
by creating pores in bacterial cell membranes leading to cell death (103, 104). The importance
of complement in protection against invading meningococci is highlighted by deficiencies in
C3 and the terminal complement components, C5 - C9, conferring susceptibility to IMD (11,
105, 106). The complement pathway is also important in bridging the divide to adaptive
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immunity by assisting in modulating lymphocytes and mediating antigen-specific responses
(97).
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Figure 1.3 Complement pathways

Overview of three main complement pathways. The classical antibody—antigen interaction,
mediated by C1q and performed by IgG and IgM antibodies. Secondly, interaction of mannose-
binding lectin and associated serine proteases with microbial cell walls. Lastly, the alternative
pathway, regulated by complement factor P (CFP) and activated by C3 interacting with
complement CFB and complement CFD. CFI, and CFH act as negative regulators of the
alternative pathway and this pathway also amplifies C3 deposits in the other pathways in a
positive loop manner. All three pathways converge into the cleavage of C3 into C3a, an
inflammation effector, and C3b an opsonin that can facilitate phagocytosis. Secondly, C3b also
triggers the downstream formation of the membrane attack complex by assembling terminal
complement components (C5 — C9). The MAC can clear bacteria by creating pores in bacterial
cell membranes leading to cell death. Those in red symbolises factors that have reported loss-
of-function mutations that are associated with either chronic meningococcaemia or IMD.
Adapted from Hodeib et al. (2020) (11) and created using biorender.com.
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1.3.10 Adaptive immune response to Nm

Adaptive immunity can be activated upon immune cells directly encountering meningococci
or through cross-reactive immunity with non-pathogenic neisserial strains, such as Neisseria
lactamica which shares some lipooligosaccharide epitopes with Nm (54, 107). Antibodies, also
known as immunoglobulins (Ig), are produced by B cells and are important in the fight against
invading Nm. They assist in bactericidal killing, activating complement mediated
opsonophagocytosis, and interacting with T helper cells leading to long-term memory (108).
Out of the five known immunoglobulin classes, IgA, IgD, IgE, IgM, and IgG, the main driver
of the human humoral response to Nm by activating the classical complement pathway
resulting in complement-mediated killing by the MAC complex and phagocytosis of
meningococci through C3 opsonisation is IgG (105). IgG is also the only antibody class able
to traverse the placenta and is the main source of protective maternal antibodies provided to
neonates via transplacental transfer and through ingesting breast milk (109). Anti-
meningococcal IgG importance is highlighted further in age-related incidence of IMD inversely
correlated to serum IgG levels (110). IgA and IgM have also been shown to have roles in
protection against invading meningococci. IgA is mainly expressed at mucosal surfaces
including the respiratory and gastrointestinal tracts and are known more for their neutralising
activity by binding to meningococci surfaces, as their ability to induce opsonisation and
phagocytosis of bacteria is weaker compared to IgG (111, 112). IgM antibodies do not opsonise
or phagocytose pathogens, but they are able to highly stimulate the classical complement
pathway and induce formation of a high level of MACs. Some neisserial strains have
evolutionary developed evasion methods for the host antibody response, for example Nm
produces IgA1 proteases that have able to cleave IgA antibodies, at the Fc region, therefore
stunting its ability to perform phagocytosis and signal further downstream immune responses

(113).
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1.4 Genetic basis underlying invasive meningococcal disease

There have been decades of research investigating the role of human genetics in predisposition
to Nm infection, stretching back to the discovery of complement deficiencies increasing risk
of IMD in the 1970s (114, 115). Both rare monogenic variants and common polymorphisms
have been associated with IMD, and their discoveries have assisted in elucidating the host
susceptibility, pathogenesis of Nm, and aetiology of IMD. This section will briefly outline
variants that have been associated with IMD with respect to the stages of Nm infection, with a

more exhaustive description available in a review we recently published (11).

1.4.1 Colonisation

During Nm colonisation of the epithelial surface of the human nasopharynx, bacterial surface
proteins like pili and Opa proteins adhere to the host cell and facilitate successful attachment.
In a recent study, our lab described a novel dominant negative heterozygous variant in short
palate, lung, and nasal epithelial clone 1 gene (SPLUNCI, also known as BPIFAI) found in
two siblings suffering from meningococcal sepsis (116). In vitro studies showed the SPLUNC1
variant resulted in reduced antibiofilm activity thereby increasing Nm adhesion and invasion
of cells (116) (Table 1.1). Polymorphisms in human CEACAM3 and CEACAMG6 proteins,
known binding partners of Nm bacterial attachment proteins, have been associated with IMD
with CEACAMS3 haplotype C and CEACAMG6 haplotype B associated with protection against
IMD and CEACAMG6 Haplotype C associated with increased susceptibility to IMD (117).
Surfactant protein A2, encoded by SFTPA?2, is expressed in the nasopharynx, and is involved
in innate immunity, as it binds to microbial cell walls and can activate the phagocyte and
inflammatory responses. A single candidate gene study showed various polymorphisms in

SFTPA?2 resulting in either protective or increased susceptibility risk in IMD (118) (Table 1.1).
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Table 1.1

Genetic aetiologies reported to be associated with IMD, involved in meningococci colonisation

Gene specific  Infection Disease
Gene Variant Genetic model Impact Reference
phenotype Phenotype ‘outcome
Increased
c.65G>A, ' ' Increased
SPLUNCI AD Monogenic bacterial IMD o (119)
p.G22E ' susceptibility
adhesion
CEACAM3 Haplotype C Additive Polymorphism N/A IMD Protective (117)
CEACAM6 Haplotype B Additive Polymorphism N/A IMD Protective (117)
Haplotype C Additive Polymorphism N/A IMD Susceptibility  (117)
SFTPA2 1A! genotype Recessive Polymorphism N/A IMD Susceptibility  (118)
1A’ genotype Dominant Polymorphism N/A IMD Protective (118)
rs1965708 Recessive Polymorphism N/A IMD Susceptibility  (118)
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1.4.2 Invasion

Successful invasion of Nm is poorly understood but results in dissemination of meningococci
in the bloodstream. It is well established that complement mediated bactericidal activity plays
a central protective role against Nm infection, and complement deficiencies leave a hole in an
important host defence mechanism and can lead to IMD. Complement deficiencies can be
acquired or inherited, with frequencies depending on complement component and ethnicity,
inherited complement deficiencies are rarer than acquired, occurring in 0.03% of the general
population (120). Impaired complement function that increases risk to IMD was first
characterised functionally in terminal complement deficiencies (C5, C6, C7, C84, C8B, or C9),
in the 1970s/80s, and later genetically as autosomal recessive monogenic disorders (Table 1.2).
Patients with these deficiencies are clinically distinct customarily presenting with recurrent
meningococcal infection, with lower mortality rates per incidence (121, 122). As all
complement pathways feed into the terminal complement components, deficiencies in these
can stunt all complement response to infection, however there are other deficiencies that affect

the separate top branches of the different complement pathways.

In the alternative complement pathway functional deficiencies in all the related factors have
been associated with IMD. The most well studied are those affecting properdin (CFP), a
positive regulator of the AP as it can bind to and stabilise C3b thereby prolonging its functional
activity (120). CFP is encoded on the X chromosome and genetic recessive deficiencies are
typically connected with non-recurrent and rapidly progressive fatal meningococcaemia, with
around 50% of patients infected by Nm serogroups W and Y (Table 1.2) (121). Autosomal
recessive complement deficiencies associated with IMD have also been identified in AP
complement factors D, B, and I, typically discovered from familial, or small patient number
studies (Table 1.2). Alternatively, GWAS have been utilised recently and polymorphisms in a
broad genetic region across complement factor H (CFH) and complement factor H-related 3
(CFHR3) was identified to be highly significantly associated with IMD, and this finding was
validated in different cohorts (Table 1.2) (25, 123). CFH acts as a negative regulator of the AP
and competes with CFB resulting in inactive C3b (104). CFH and CFHR proteins, which share
partial homology to CFH, are also able to bind to Nm factor H-binding protein (fHBP) which
is expressed on the bacteria’s surface, this mechanism is typically used by Nm for immune

evasion and deficiencies in CFH and CFHR3 could antagonise this evasion technique (124).
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Table 1.2

Genetic aetiologies reported to be associated with IMD, involved in meningococci invasion

Genetic Infection
Gene Variant Impact Gene specific phenotype Disease outcome Reference
model Phenotype

CFP c.481C>T, p.R161X XR Monogenic Reduced complement function IMD Increased susceptibility (125)
c.1240T>G, p.Y414D XR Monogenic Reduced complement function IMD Increased susceptibility (126)
c.617C>G, pS206X XR Monogenic Reduced complement function IMD Increased susceptibility (127)
c.893G>T pG298V XR Monogenic Reduced complement function IMD Increased susceptibility (127)
c.1164G>A, p.W388X XR Monogenic Reduced complement function IMD Increased susceptibility (128)
(65) c.1055A>G, p.Y352C AR Monogenic Reduced complement function IMD Increased susceptibility (129)
c.754G>A, p.A252T AR Monogenic Reduced complement function IMD Increased susceptibility (130)

c.55C>T, p.Q19X; . . -
AR Monogenic Reduced complement function IMD Increased susceptibility (131)

c.4444C>T, p.R1482X

c.1115A>G, p.K372R AR Monogenic Reduced complement function IMD Increased susceptibility (132)

¢.4890-4891delinsG, . . L
AR Monogenic Reduced complement function IMD Increased susceptibility (133)

p.L1631fs
co c.878delA AR Monogenic Reduced complement function IMD Increased susceptibility (134)
c.1599T > A,
p.Y493X ; AR Monogenic Reduced complement function IMD Increased susceptibility (134)
IVS3+3A>C
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c.1936delG
¢.879delG
c.1195delC

Cc7 c.2107C>T, p.Q681X

c.2184T>A, p.C728X
c.281-1G>T
c.1-7-2350+7del
c.1135G>C,
p-Gly379Arg
c.1922delAG
c.633_643del
c.1922delAG *

C8B c.1282C>T, p.R428X

c.271C>T, p.QI1X;
c.820C>T, p.R274X
c.1041_1047dup,
p.L350fs
c.271C>T, p.Q91X ?

C9 ¢.346C>T, p.R116X
c.162C>A, p.C54X

CFD c.638T>G, p.V213G;

AR

AR

AR

AR

AR

AR

AR

AR

AR

AR

AR

AR

AR

AR

AR

Monogenic
Monogenic
Monogenic
Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic
Monogenic

Monogenic

Reduced complement function
Reduced complement function
Reduced complement function
Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function
Reduced complement function

Reduced complement function

IMD
IMD
IMD
IMD

IMD

IMD

IMD

IMD

IMD

IMD

IMD

IMD

Meningitis
IMD

Sepsis

Increased susceptibility
Increased susceptibility
Increased susceptibility
Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility
Increased susceptibility

Increased susceptibility

(135)
(136)
(137)
(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

(147)
(148)

(149)
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CFB

CFI

C3

c2

CFHR3

CFH

¢.640T>C, p.C214R

c.125C>A, p.S42X
c.766C>T, p.Q256X
c.1894-1897delTTTG,
p-F632CfsX8*
¢.1282A>T p.H400L
¢.1282A>T p.H400L
c.801G>A
del-exon 5?2
€.266_? 536 + ?del
¢.1420C>T, p.R474X
c.485G>A, p.G162D
c.1176_1177dupAT,
p.-W393Y{s*5

c.772G>A, p.A258T

¢.1716G>A, p.K552X

28-bp deletion at the 3’

end of exon 6

15426736

c.-496C>T

AR

AR

AR

AR

AR

AR

AR

AR

AR

Additive

Recessive

(REF)

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Monogenic

Polymorphism

Polymorphism

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function

Reduced complement function
Reduced complement function

N/A
High fH levels and reduced

bactericidal activity

IMD

Meningitis

IMD

IMD

IMD

IMD

IMD

IMD

IMD

IMD

IMD

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility
Increased susceptibility
Increased susceptibility

Increased susceptibility

(150)

(151)

(152)

(152)

(153)

(153)

(153)

(154)

(155)

(25)

(156)
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rs1065489
rs1061170

rs3753396

c.154C>T, p.R52C;
MBL2 c.161G>A, p.G54D;
c.170G>A, p.G57E
c.154C>T, p.R52C;
c.161G>A, p.G54D;
c.170G>A, p.G57E
c.154C>T, p.R52C;
c.161G>A, p.G54D;
c.170G>A, p.G57E

Additive

Dominant

Dominant

Dominant

Dominant

Dominant

Polymorphism
Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

N/A

N/A

N/A

N/A

N/A

N/A

IMD

IMD

IMD

IMD

IMD

IMD

Increased susceptibility
Increased susceptibility

Protective

Increased susceptibility

Increased susceptibility

(hospital cohort)

Increased susceptibility
(community-based

study)

(25)
(157)

(157)

(158)

(159)

(159)

(REF), denotes referent allele
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Deficiencies in C3 are rarely identified, most likely as it is fundamental to healthy survival due
to the chief role it plays in innate immunity, but some patients with C3 autosomal recessive
deficiencies have been identified to suffer from recurrent bacterial infections, including Nm
(Table 1.2) (154). Early complement components, C1, C2, and C4, are involved in the classical
complement path and autosomal recessive deficiencies are typically associated with
autoimmune disease, the chief of these being systemic lupus erythematosus (SLE) and their
impact in IMD is heavily questioned with very few IMD patients having deficiencies in early
complement components. Variants in the lectin complement pathway have also been
investigated with candidate gene studies which highlighted three polymorphisms in exon 1 of
mannose-binding lectin, encoded by MBL2, to be associated with reduced plasma protein
concentrations and increased incidence of IMD with younger age (Table 1.2) (158, 159).
However, other studies have showed that MBL2 polymorphisms are not significantly associated

with IMD (160, 161).

1.4.3 Inflammatory response

Autosomal recessive monogenic disorders in /RAK4, and IKBKG (NEMO) have been
associated with IMD, with these deficiencies shown to dysregulate cytokine production,
including an abolished IL-6 response, therefore compromising the function of some of the main
signalling molecules in the innate immune response (Table 1.3) (8, 162). A variant in the
hematopoietic transcription factor GATA2, leading to haploinsufficiency, in a cytopenic patient
infected with Nm has also been reported (Table 1.3) (163). Recently, a monoallelic missense
variant in NFKBI, has been reported in two siblings presenting with meningococcal meningitis
with sepsis, and functional studies showed that this resulted in impaired nuclear translocation

(164) (Table 1.3).

Polymorphisms in genes involved in the inflammatory response have also been associated with
IMD, specifically in toll-like receptors and key cytokines involved in Nm infection, these
polymorphisms are typically discovered by candidate gene studies. Polymorphisms in 7LR4
have shown to mediate a hypo-responsiveness to LPS and a TLR9 polymorphism indicates a
protective effect against meningococcal meningitis in a paediatric cohort (Table 1.3) (165,
166). A rare TNF polymorphism found in the promoter region has been shown to be associated
with IMD though studies are conflicting. Two studies show the single nucleotide
polymorphism (SNP) resulted in increased TNF-a levels that may predispose individuals to
IMD (167, 168), though other studies disagree and show no association between IMD and the
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rare TNF allele (Table 1.3) (169-172). TNF-a is a key activator of the inflammatory response
and mediates septicaemia, with high levels of circulating TNF-a and IL-6 correlated to increase
risk of severe IMD, and death (90, 91). IL-6 is another key cytokine involved in haematopoiesis
and the inflammatory response to Nm infection, it is a pro-coagulant secreted by T cells and
macrophages and an /L6 SNP has been associated with increased IMD fatality (Table 1.3) (169,
170, 173). SNPs in pro-inflammatory cytokines /L/RN and ILIB and anti-inflammatory
cytokine /L 10, have been associated with poor outcome in IMD (Table 1.3).

1.4.4 Acquired immunity

Antibody-mediated phagocytosis is a key immune defence against Nm infection and Fc
receptors for IgG (FcyR) can be found on phagocytes, this includes three FcyR subclasses Ila,
[MIa, and IIIb encoded by FCGR2A4, FCGR3A, and FCGR3B, respectively that are involved in
Ig-G binding efficiency. FcyRIla binds IgG2 on poly-morphonuclear cells and is effective at
IgG2-mediated phagocytosis of encapsulated bacteria, including Nm (174, 175), FcyRlIlla
binds IgG1, IgG3, and IgG4 on monocytes, macrophages and natural killer cells, and FcyRIIIb
binds IgG1, and IgG3 on neutrophils. Candidate gene studies have shown that allotypes within
these three subclasses are associated with IMD either in a protective or antagonistic role
depending on the binding efficiency of the certain allotypes (Table 1.4). A combination of
polymorphisms in all three subclasses in conjunction have also been reported to be associated
with IMD (176, 177). Again, similar to other polymorphisms identified by candidate gene
studies that have been discussed thus far, there are conflicting studies that show no significant

correlation between FcyR polymorphisms and IMD (176, 178).
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Table 1.3

Genetic aetiologies reported to be associated with IMD, involved in the inflammatory response

Genetic Infection
Gene Variant Impact Gene specific phenotype Disease outcome Reference
model Phenotype
IRAK4 c.877C>T, p.Q293X AR Monogenic Impaired IL-6 production IMD Increased susceptibility  (179)
IKBKG c.1249T>C, p.C417R  XR Monogenic N/A IMD Increased susceptibility  (180)
_ Impaired  p50  nuclear o
NFKBI c.691C>T, p.R230C AD Monogenic ) IMD Increased susceptibility  (164)
translocation
TLR4 c.896A>G, p.D299G  Dominant  Polymorphism  N/A Death Increased susceptibility  (181)
c.896A>G, p.D299G  Dominant  Polymorphism  N/A IMD Increased susceptibility  (182)
TLRY rs352140 Dominant  Polymorphism  N/A Meningitis  Protective (166)
TNF rs1800629 Dominant  Polymorphism  High TNF-a levels Death Increased susceptibility  (167)
rs1800629 Dominant  Polymorphism  High TNF-a levels IMD Increased susceptibility  (167)
Dominant ) .
rs1800629 (REF) Polymorphism  N/A IMD Increased susceptibility  (169)
Recessive _ _
rs1800629 (REF) Polymorphism  N/A IMD Increased susceptibility  (169)
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ILIB

IL1B/
ILIRN
ILIB/
ILIRN

ILIRN

IL-6

IL10

rs1800629

rs16944

rs16944

rs16944

rs16944/
rs419598 (REF)
rs16944 /
rs419598

86-basepair  variable

number tandem repeat

(VNTR)

rs419598

rs1800795

rs1800795

rs1800896

Recessive

Recessive

(REF)
Recessive

Dominant
(REF)
Dominant/

Recessive

Dominant

Recessive

Recessive

Recessive
(REF)
Recessive

(REF)

Recessive

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

High TNF-a levels

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

IMD

Death

Death

Death

Death

Death

IMD

IMD

Death

IMD

IMD

Increased susceptibility

Increased severity

Increased severity

Protective

Protective

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

Increased susceptibility

(168)

(172)

(172)

(183)

(172)

(183)

(170)

(184)

(170)

(169)

(170)

(REF), denotes referent allele
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Table 1.4 Genetic aetiologies reported to be associated with IMD, involved in acquired immunity

Genetic Infection
Gene Variant Impact Gene specific phenotype Disease outcome Reference
model Phenotype
FCGR24 ¢.500A>G, p.H131R Recessive  Polymorphism  Reduced phagocytosis Sepsis Increased susceptibility  (185)
c.500A>G, p.HI3IR  Recessive  Polymorphism  N/A IMD Increased susceptibility  (175)
Recessive . )
c.500A>G, p.HI31IR Polymorphism  N/A IMD Protective (175)
(REF)
c.500A>G, p.HI3IR  Dominant  Polymorphism  N/A IMD Increased susceptibility  (174)
c.500A>G, p.HI3IR  Recessive  Polymorphism  N/A IMD Increased susceptibility (186)
c.500A>G, p.H131R  Recessive  Polymorphism  N/A IMD Increased susceptibility (186)
c.500A>G, p.H131R  Recessive = Polymorphism  N/A IMD Increased susceptibility (171)
FCGR24/
¢.500A>G, p.HI131R/ . . ) o
FCGR3B Recessive  Polymorphism  Reduced phagocytosis IMD Increased susceptibility  (177)

NA2 allotype

(REF), denotes referent allele
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1.4.5 Coagulation and fibrinolysis

Meningococcal endotoxins, chiefly LPS/LOS, are expressed on the outer bacterial membrane
and circulate in the host bloodstream during Nm infection, strongly activating the coagulation
pathway and generating thrombin (51). Severe IMD is often characterised by coagulopathy,
which can result in the most severe clinical thrombotic complication, purpura fulminans,
developing in up to 20 % of cases and can progress into skin necrosis requiring grafting or
amputations (51, 187, 188). Aberrated regulation of coagulation by the fibrinolytic system due
to polymorphisms in genes involved in these processes, discovered by candidate gene studies,
have been linked to manifestation of the most severe IMD phenotypes (Table 1.5) (51). A SNP
in the F5 gene, named the factor V Leiden mutation (FVV), is associated with thrombotic events
development of severe purpura fulminans in IMD (Table 1.5) (187, 189). FV™ also shows
resistance to activated protein C, a key anti-coagulant activated by thrombin that can inhibit
plasminogen activator inhibitor (PAI) and deactivate factor V, and factor VIII, to downregulate
a pro-coagulation signalling cascade. Polymorphisms in the PROC promoter region, which
encodes protein C, resulting in haplotypes producing low protein C plasma levels have been

associated with meningococcal septicaemia and increased IMD severity (Table 1.5) (190-192).

Thrombin activatable fibrinolysis inhibitor (TAFI), encoded by CPB2 gene, attenuates the
fibrinolytic response and a polymorphism has been shown to increase its anti-fibrinolytic
potential and increase the risk of severe IMD and death (Table 1.5) (193, 194). PAI-1, encoded
by SERPINE], inhibits plasminogen activators like tPA and uPA and is responsible for blood
clotting (haemostasis). However, rising levels of PAI-1 in the blood stream can shift the
balance from haemostasis to thrombosis. A 4G/5G insertion/deletion polymorphism in the
SERPINE1 promoter region has been shown to increase PAI-1 levels and is associated with
disseminated intravascular coagulation, severe meningococcal septic shock, and death in IMD
(Table 1.5) (195-198). To note, a meta-analysis report shows no association between the 4G/5G
SERPINE polymorphism and sepsis susceptibility (199)
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Table 1.5 Genetic aetiologies reported to be associated with IMD, involved in coagulation and fibrinolysis
Genetic Infection
Gene Variant Impact Gene specific phenotype Disease outcome Reference
model Phenotype

c.1601G>A, . ) Purpura )

F5 Dominant  Polymorphism Increased thrombosis . Increased severity (187)
p.R534Q (FVY) fulminans

c.1601G>A, . . ) Purpura )

Recessive  Polymorphism Increased thrombosis . Increased severity (189)
p.R534Q (FVYH) fulminans

Higher PAI-1 .

SERPINE] rs1799889 Recessive  Polymorphism ) Death Increased severity® (200)
concentration

rs1799889 Recessive  Polymorphism N/A Death Increased severity® (195)
rs1799889 Recessive  Polymorphism N/A Sepsis Increased severity® (195)

) . Vascular .
rs1799889 Recessive  Polymorphism N/A o Increased severity® (195)

complications

rs1799889 Recessive  Polymorphism N/A Sepsis Increased severity® (196)
rs1799889 Recessive  Polymorphism N/A Meningitis Increased severity® (196)
rs1799889 Recessive  Polymorphism N/A Death Increased severity® (197)
rs1799889 Recessive  Polymorphism N/A Sepsis Increased severity® (197)
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rs1799889

rs1799808 (REF),
rs1799809
rs1799808,
rs1799809
rs1799808,

rs1799809 (REF)

PROC

CPB2 ¢.1040C>T, p.T3251

c.1040C>T, p.T3251

Recessive

Recessive

Dominant

Recessive

Recessive

Recessive

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

Polymorphism

N/A

Low protein C levels

N/A

N/A

N/A

Increased antifibrinolytic

activity

Disseminated
intravascular

coagulation

IMD

Sepsis

Sepsis

Death

Sepsis

Increased severity®

Increased

susceptibility

Increased severity

Protective

Increased severity

Increased severity

(198)

(190)

(190)

(190)

(194)

(193)

(REF), denotes referent allele. *4G/4G genotype; °5G/5G genotype
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Alternatively, polymorphisms, which are more common, are typically discovered via candidate
gene studies in cohorts, or within large studies such as a GWAS. As described here, there have
been multiple rare monogenic (IEI) disorders and common polymorphisms associated with
IMD, however, many of these are either the result of a single candidate gene study or have
multiple studies with conflicting results, and therefore many of these polymorphisms would
need further investigation to prove definite host genetic contribution to disease. IEIs have also
been implicated in other important infectious diseases (7), including viral and other significant
bacterial infections, some of which are relevant in this project and will be described in the

following sections.
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1.5  Other significant bacterial infections

Nm is a leading cause of bacterial septicaemia and meningitis worldwide, but there are other
invasive bacterial infections that can cause significant health impact, including Staphylococcus

aureus, Streptococcus pneumoniae, and Group A Streptococcus.

1.5.1 Staphylococcus aureus
1.5.11 Microbiology

Staphylococcus aureus (S. aureus) is a spherical gram-positive opportunistic bacterium that,
similarly to Nm, is both a human commensal and invasive pathogen. S. aureus is a catalase-
positive, facultative anaerobe and are coagulase-variable as though most are coagulase-
positive, some may atypically not secrete coagulase, a bacterial enzyme that induces
coagulation in the bloodstream by binding and activating prothrombin nonproteolytically and
is a main driver of disease alongside von Willebrand factor binding protein (201, 202).
Coagulase testing is a primary method used to detect S. aureus infection. S. aureus has a thick
cell wall peptidoglycan layer that covalently anchors proteins at their C-terminus, labelled cell
wall-anchored (CWA) proteins. These surface CWA proteins perform various functions for
successful infection establishment, and some are key virulence factors in infection. The largest
group of CWA proteins in S. aureus are the microbial surface components recognizing
adhesive matrix molecules (MSCRAMM) family, structurally defined by two adjacent IgG-
like folded domains (203). The MSCRAMM family consists primarily of adhesion proteins
including fibronectin and collagen binding proteins and clumping factors A (CIfA) and B
(CIfB) that assist in binding to different host tissues and driving colonisation (203). CIfA and
serine aspartate repeat protein E (SdrE), are also vital for host immune evasion as CIfA binds
to complement factor I, acting as a co-factor and increasing cleavage of C3b to iC3b, thereby
degrading C3b and limiting its bactericidal opsonin activity (204). SdrE binds to complement
factor H, a factor essential for the downregulation of the alternative complement pathway, via

a 'dock-lock-latch' mechanism to evade the host immune response (205).

1.5.1.2 Staphylococcus disease and health impact

S. aureus colonises skin and mucous membranes and ~30 % of the human population
persistently carries S. aureus commensally on their anterior nares (206), and other areas such
as skin, throat, and along the GI tract (207). Carriage is asymptomatic but invasion can occur,

often due to damaged skin (i.e. a wound) and damaged mucous membranes (i.e. from viral
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infection) providing opportunity, leading to either mild skin and soft tissue focal infections or
more serious invasive life-threatening disease like septicaemia, septic arthritis, pneumonia, and
endocarditis (208). S. aureus infections has a case fatality rate of ~25 % (209) and involves a
complex relationship with the host and pathogenesis can be acute, recurrent, or chronic and
persistent. As briefly discussed above, S. aureus has a wide repertoire of virulence factors and
immune evasion mechanisms that it uses to establish successful bacterial dissemination,

including sequestering inside host cells (210, 211).

S. aureus pathogenesis is multi-factorial from adherence to host cells, immune evasion, and
damage to host cells via secreted toxins that can be characterised into three major groups, pore-
forming toxins, exfoliative toxins, and superantigens. S. aureus o-toxin is one of the more
potent toxins and once bound forms pores in target cells, causing them to leak their cellular
contents and cytokines leading to the production of pro-inflammatory molecules that influence
sepsis and development of septic shock (212). Host platelets and monocytes are particularly
susceptible to a-toxin. Panton-Valentine leukocidin (PVL) is a pore-forming cytotoxin secreted
by S. aureus and is chiefly responsible for tissue necrosis i.e. necrotic skin lesions and severe

necrotizing pneumonia, and leukocyte destruction (213).

S. aureus 1s a major source of hospital acquired and community-acquired infections and
treatment largely depends on the type of infection and if the strain is antibiotic resistance. Drug
resistant or sensitive strains are largely classified into two major groups, Methicillin-Sensitive
Staphylococcus aureus (MSSA), and Methicillin-Resistant Staphylococcus aureus (MRSA).
Typically, penicillin is used in MSSA infections and vancomycin or daptomycin is used for
MRSA strains, and in some cases additional therapy is necessary depending on the disease
development (214). MRSA is widespread in hospitals and patients are typically exposed to
MRSA during or after surgery, by medical devices like intravenous lines, or exposure to other
patients infected with MRSA (214). Community-associated MRSA has also been recorded and
is typically the result of recent stays in a healthcare facility, uncovered wounds in sports or
crowded living spaces, sharing personal items, and injection drug use (215). There is currently
no vaccine licensed against S. aureus thus far, though some are in the development and the
increasing presence of MRSA makes the need for a vaccine, or new therapeutic targets, even

more important.
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1.5.1.3 Genetic basis underlying invasive staphylococcus disease

There are risk factors associated with development of invasive staphylococcal disease. Non-
genetic risk factors include age with rates of infection high in those at either end of life, the
very young or the elderly with an incidence rate of more than 100 per 100,000 in the over-70s
age group (214, 216). Ethnicity is also a risk factor with double the incidence rate of MRSA
seen in the black population in the USA compared to the white population, and seen in up to
20 times more in the indigenous population in Australia compared to the non-indigenous
population of European ethnicity (217-219). However, it is arguable that this ethnicity risk
factor is not a representation of genetic susceptibility and more likely the result of

socioeconomic differences in ethnicity groups within those countries (219).

Genetic variation is also a risk factor with inborn errors of immunity associated with invasive
staphylococcal disease. IEIs are rarely exclusively associated with S. aureus infection alone
and more so associated to susceptibility of overall pyogenic bacterial infections. Autosomal
recessive IRAK4 and MyDS88 deficiencies are associated with predisposition to invasive
pyogenic bacterial infections with S. aureus seen in 14 % of IRAK4 deficiencies and 21 % of
MyD88 deficiencies (8). Bacterial infection in /JRAK4 and MyD&88 deficiencies are often seen
before two years of age, but clinical presentation improves with age with no invasive bacterial
infection seen in adulthood (8, 9). Both /IRAK4 and MyD&8 deficiencies also pre-dispose to
non-invasive staphylococcal infection seen in 43 % and 53 % of patients, respectively (220).
Biallelic variants resulting in autosomal recessive HOILI deficiency, also known as RBCK1,
and a component of the linear ubiquitin chain assembly complex (LUBAC), has been seen in
individuals suffering from reoccurring pyogenic bacterial infections, including Staphylococcus
aureus (221). Autosomal recessive TIRAP deficiency is associated with an incomplete
penetrance of invasive staphylococcal infection and was primarily described in a case study
involving a clinical phenotype of Staphylococcus aureus pneumonia and sepsis and an
absent/reduced cytokine production level in response to TLR2 and TLR4 ligand in fibroblasts,

monocytes and granulocytes was recorded (222).
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1.5.2 Streptococcus pneumoniae
1.5.21 Microbiology

Streptococcus pneumoniae (S. pneumoniae) is a lancet shaped gram-positive, facultative
anaerobic, extracellular bacterium often found in pairs (diplococci). S. pneumoniae is
surrounded by an antiphagocytic polysaccharide capsule composed of peptidoglycan and
teichoic acid, decorated with surface proteins. The capsule is a large contributor to the virulence
due to its involvement in immune evasion and there are currently 46 known serogroups
characterised by the capsules biochemical structure and serologic (immunologic) properties,
and the most common disease-causing serogroups are 6, 14, 18, 19, and 23 (223). S.
pneumoniae pili, LPxTG motif proteins, and choline binding protein A (CbpA) is key for cell
adhesion as it binds to the polymeric immunoglobulin receptor on nasopharyngeal cells and
along with other bacterial surface proteins promotes attachment and bacterial uptake (224).
Bacterial aggregation and biofilm formation is mediated by the pneumococcal serine-rich
repeat protein (PsrP) (225). Another vital protein is pneumococcal surface protein A (PspA)
which plays a role in immune evasion as it inhibits complement deposition and activation,

inhibits phagocyte engulfment, and can bind lactoferrin (224, 226).

1.5.2.2 Pneumococcal disease and health impact

S. pneumoniae is traditionally known to be the most common cause of community-acquired
pneumonia (CAP) worldwide, today accounting for 27% of cases (227). It is a major cause of
mortality and morbidity worldwide and is a significant cause of bacteraemia and meningitis,
1.e. invasive pneumococcal disease. Development of disease is determined by S. pneumoniae
ability to adhere and colonise the alveolar epithelium of the lower respiratory tract and invade.
Invasive pneumococcal disease is typically the result of significant activation of the host
inflammatory response that causes significant cell damage driven by bacterial antagonists.
Almost 50 % of healthy children and 30 % of healthy adults are carriers of S. pneumoniae in
their nasopharynx and a major risk factor for invasive disease incidence is age, with an
incidence rate of 36.4 per 100,000 in over 65 years of age and 34.2 per 100,000 in infants less
than one year of age, whereas the overall rate in adults is ~6 per 100,000 (228, 229). Upon
successful colonisation, S. pneumoniae secretes large quantities of cytotoxins including pore-
forming toxin pneumolysin which disrupt the alveolar epithelium and edema fluid builds up in
the alveolar space leading to lobar pneumonia (230). Pneumolysin can be recognised by TLR4,

inducing the inflammatory response, and it also activates the classical complement pathway

58



(231, 232). Release of pro-inflammatory cytokines, predominantly IL-6 and IL-1f, mediated
by NF-«kB signalling upon PAMP recognition, is necessary for infection clearance as they
induce neutrophil recruitment and macrophage activation. However, this inflammation
response can also contribute to lung damage and IEI’s that decrease activation of this
inflammation pathway have shown a protective effect against invasive pneumococcal disease
(233). Pneumococcal pneumonia, if not immediately treated, can evolve into life-threatening
complications such as lung abscess, empyema, necrotizing pneumonia, parapneumonic

effusion, and septicaemia.

Treatment for invasive pneumococcal disease is an antibiotic regime, typically penicillin or a
broad-spectrum of antibiotics if antibiotic resistance is suspected, with supportive therapy if
necessary, such as mechanical ventilation. Fortunately, a pneumococcal conjugate vaccine
(PCV, brand name Prevenar 13), covering serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 19A, 19F,
18C, and 23F, is available and in the UK it is part of the national vaccination schedules for
children under 2 years old. A pneumococcal polysaccharide vaccine (PPV), covering 23
serotypes, is administered to people aged 65 and over and to immunocompromised individuals.
The use of vaccines has reduced overall incidence of severe disease and hospitalisations but
has caused an increase of invasive pneumococcal disease caused by serogroups not covered in

the currently available vaccines (234, 235).

1.5.2.3 Genetic basis underlying invasive pneumococcal disease

Similarly to invasive staphylococcal disease, autosomal recessive inborn errors of immunity
resulting in /RAK4 and MyDS8S8 deficiencies are associated with predisposition to invasive
pyogenic bacterial infections with S. preumoniae seen in 54 % of IRAK4 deficient infections
and 45 % of MyD3&8 deficient infections (8). /KBKG encodes for IKK-y/NEMO, an essential
protein needed to activate NF-kB signalling. Hypomorphic /KBKG mutations in over 100
patients have been identified with encapsulated pyogenic bacterial infections by Haemophilus
influenzae and Streptococcus pneumoniae characterising the infectious clinical phenotype (8,
236, 237). One third of NEMO deficient patients have been reported to have died from invasive
infections, and 72 % had an inability to generate pneumococcus-specific antibodies (238).
Polymorphisms in NFKBIA, and NFKBIE are also associated with susceptibility to invasive
pneumococcal disease. NFKBIA and NFKBIE belong to the IkB kinase family and are
responsible for regulation of the inflammatory response by inhibiting NF-xB until the IxB

kinase complex is degraded and NF-kB is free to activate pro-inflammatory gene transcription.
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SNPs in NFKBIA promotor region are associated with protection from invasive pneumococcal
disease, and more specifically pneumococcal empyema (233). Conversely, SNPs in NFKBIE
were associated with increased risk of pneumococcal meningitis but not bacteraemia in a

paediatric cohort (239).

1.5.3 Group A Streptococcus
1.5.3.1 Microbiology

Group A Streptococcus (GAS), also known as Streptococcus pyogenes, are gram-positive,
facultative anaerobic, beta-haemolytic, extracellular ubiquitous bacteria that exclusively
colonises humans and causes a wide range of invasive disease. GAS virulence is closely linked
to its antiphagocytic hyaluronic capsule and its surface antigen, M protein, which are central
in host immune evasion (240). Lipoteichoic acid and protein F also decorate the cell surface
and are key bacterial adhesins molecules necessary for successful colonisation. The M-protein
surface antigen is used to serotype GAS and there are currently more than 100 M serotypes,
with the M1 serotype the predominant invasive disease-causing GAS serotype (240, 241).
Possible mechanisms proposed that renders encapsulated GAS antiphagocytic is M protein
binding to CFH and fibrinogen, which interferes with the alternative pathway activation of
complement and reduces bound C3b (242, 243). This reduces leukocyte mediated
phagocytosis, allowing GAS to survive longer in host tissues (242, 243). GAS colonises
epithelial layers and its cell surface protein adhesins allow colonisation of distinct tissue sites,
with the principal colonisation sites being the nasopharynx and skin but GAS has also been
found elsewhere such as in the vagina and rectum (244). Colonisation of the nasopharynx and
skin often results in asymptomatic or mild disease such as such as pharyngitis and impetigo,
with invasion into the deeper layers of the body such as blood and organs resulting in severe

life-threatening disease.

1.5.3.2 Streptococcal disease and health impact

GAS serotype M1TT1 clone is found worldwide and is the primary disease-causing serotype.
GAS infection peaks in winter and early spring with ~700 million cases of pharyngitis recorded
annually worldwide, and is particularly prevalent in causing bacterial pharyngitis in school-
aged children (245). Invasive GAS (iGAS) is rare but can result in life-threatening disease,

with streptococcal toxic shock syndrome (STSS) and necrotizing fasciitis as some of the most
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severe manifestations (240). iGAS is responsible for more than 500,000 deaths annually
worldwide and STSS has an incidence rate of ~3 cases per 100,000 people per year in Europe.
The USA has a predicted necrotizing fasciitis incidence rate of 2.5 per 1,000,000 people per
year (246-248). Acute rheumatic fever is an autoimmune disease that can be triggered by GAS
infection and, in low to middle income countries, can lead to high mortality rates from
rheumatic heart disease (244). Concerningly, a higher than usual incidence rate of iGAS and
related deaths has been seen in children in the UK and France in the past year (248). GAS
remains globally sensitive to penicillin, and in situations of penicillin allergy, clindamycin and
macrolides can be used as treatment, however, there have been reports of GAS resistant to
clindamycin and macrolides (240). Even with treatment, severe toxic symptoms can result in a
mortality rate ~50 % (249). There is no currently licensed vaccine against GAS, but potential
antibiotic resistant strains in the future may drive the need for an effective vaccine to be

developed.

1.5.3.3 Genetic basis underlying invasive streptococcal disease

Though 1GAS is rare it carries a severe disease burden and high case fatality rate, the reason
why healthy individuals can develop iGAS is still unknown and host genetic variability could
explain susceptibility to iGAS, though IEIs in relevance to GAS infections remains ill-studied.
A recent study showed an association of iGAS to the HLA-DQA1*01:03 haplotype allele and
postulates an altered binding interaction between HLA and GAS superantigens (250).
However, this study had a small sample size, though that can be typical of rare disease cohorts,
and most of their cases had a specific clinical phenotype of necrotizing fasciitis making it
difficult to determine if the genetic association is specific to the necrotizing fasciitis phenotype
or can be generalised to susceptibility to all invading GAS (250). Independent studies would

need to be done to validate this finding.
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1.6 COVID-19

1.6.1 SARS-CoV2

Infectious diseases have a great impact in all aspects of human society, highlighted more so by
the recent devasting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic. SARS-CoV-2 is an extremely transmissible pathogenic coronavirus that emerged in
2019/2020 and is responsible for coronavirus disease (COVID-19) which typically presents as
a respiratory illness that can develop into severe morbidity and/or mortality. SARS-CoV-2
belongs to the Coronaviridae family and the betacoronavirus genus. There are four different
genus in the Coronaviridae family, alpha, beta, gamma, and delta. Alpha- and betacoronviruses
are known to infect only mammals, causing respiratory illness in humans, while gamma- and
deltacoronaviruses typically infect birds (251). Coronaviruses are common pathogens that
infect humans and animals, with four coronaviruses that are endemic to humans (human
coronavirus NL63 (HCoV-NL63), HCoV-229E, HCoV-0OC43, and HCoV-HKU1) and infect
the upper respiratory tract, contributing to 15 % — 30 % of cases of seasonal common colds in
adults (252, 253). Though, severe disease can arise from infection in at risk groups such as the
immunocompromised, infants, and the elderly. Furthermore, coronaviruses can be zoonotic and
spill over from animal reservoirs have resulted in significant pathogenic coronavirus strains
that have had a substantial impact of human heath, well-being, and society. The most notable
coronaviruses being severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East

respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2.

The high chance of recombination and mutation rate also make coronaviruses important
pathogens to monitor. SARS-CoV emerged in China in 2002 to cause two major but self-
limiting epidemics between 2002-2004 that was mainly contained in Asia, with a major
outbreak in Toronto, Canada (254). SARS-CoV-2, the most recent pathogenic zoonotic
coronavirus, emerged in the Wuhan province in China late in 2019 and shares 86.85 %
sequence similarity with SARS-CoV (255). Currently, the closest relative of SARS-CoV-2 is
the bat coronavirus RaTG13 sharing 96.75 % sequence similarity. The exact origin or animal
reservoir of SARS-CoV-2 is not known, but due to the high sequence similarity with RaTG13
it is highly suspected for SARS-CoV-2 to have emerged from a bat coronavirus potentially
facilitated by an intermediate host species (256). SARS-CoV-2 is transmitted mainly via

respiratory droplets and has an enhanced rate of transmission compared to SARS-CoV, a key
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reason for the quick global spread of SARS-CoV-2 that resulted in the first worldwide

pandemic for in generations.

1.6.2 Microbiology

SARS-CoV-2 is a positive sense, single-stranded enveloped RNA virus. SARS-CoV-2 is
enveloped with a lipid bilayer membrane decorated with trimeric spike proteins that are used
for cellular receptor binding, trigging virion fusion to the membrane and cell egress, with
angiotensin-converting enzyme 2 (ACE?2) identified as the principal host cell receptor (257,
258). It has also been shown that secondary host factors such as transmembrane protease serine
protease 2 (TMPRSS?2) are necessary for viral entry, and can also explain SARS-CoV-2 tissue
tropism to airway cells and both ACE2 & TMPRSS?2 are high highly co-expressed in nasal
epithelial, alveolar epithelial and bronchial transient secretory cells (259, 260). Once in the
cytoplasm, the viral positive single strand RNA can be directly translated into initial viral
polyproteins by hijacking the host cells ribosomes as it mimics messenger RNA (mRNA)
(261). Proteolysed viral polyproteins then form the replication-transcription complex, which
generates both an antisense negative-strand template from viral RNA for genomic replication
and continues mRNA synthesis and splicing. The latter produces viral structural proteins, and
double-membrane vesicles are also formed from the endoplasmic reticulum and Golgi to
segregate viral replication and transcription to avoid host detection (261). Structural viral
membrane (M) proteins complex with viral RNA and nucleocapsid (N) proteins to form new
infectious virions that are released extracellularly via exocytosis (261). Though SARS-CoV-2
has evolved certain mechanisms to avoid host detection, the process of entry and replication
exposes viral PAMPs and provides opportunity for host sensing via PRRs which triggers the

first lines of defence, the innate immune and inflammation responses.

1.6.3 Type I interferon response to SARS-CoV-2 infection

SARS-CoV-2 PAMPs can typically trigger the host immune response via PRRs found on innate
immune cells like macrophages, monocytes, neutrophils, and natural killer cells. Several PRRs
have been shown to activate during SARS-CoV-2 infection including, toll-like receptors
(TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), and inflammasomes (262). This project
will focus on the TLR response, specifically the TLR-3 pathway. TLRs are found on the host
cell surfaces, and endosomal membranes can respond to viral PAMPs and trigger the immune

signalling pathways. TLR-1, -2, -4, and -6 are found on the cell surface and recognise viral

63



proteins. This recognition triggers signalling through the MyD88 adaptor molecule and induces
transcription of proinflammatory cytokines via NF-kB and MAPK signalling. TLR3 is
intracellularly expressed in endosomes and lysosomes and recognises viral dSRNA triggering
a TICAM1-dependent, MyD88-independent, signalling pathway. This pathway is mediated by
NF-xB and IRF3 activation, and results in the induction of type I and type III IFNs,
proinflammatory cytokines, and chemokines. TLR4 is also capable of activating this TICAM1-
dependent signalling pathway in addition to the MyD88-dependent pathway (263). TLR3 is
widely expressed in different cell types but is notable absent from plasmacytoid dendritic cells

and neutrophils, with minimal expression seen in T cells (264).

Induction of IFNs, cytokines, and chemokines aid in clearing infection by signalling the
immune and inflammation response and creating an anti-viral environment. For example, type
I IFNs upregulate induction of IFN-stimulated genes (ISGs) such as dsRNA-binding protein
kinase R and 2'-5" oligoadenylate synthetase, within virus-infected cells and halt protein
translation and induce RNA degradation (265, 266). However, dysregulated excessive
induction of pro-inflammatory molecules can lead to a cytokine storm resulting in
inflammatory cell death, a life-threatening condition (267). Cytokine storms, involving high
levels of IL-1, IL-6, IL-4, IL-10, and IFN-y, are often seen in symptomatic COVID-19 cases
(268).

1.6.4 COVID-19 disease, treatments, and vaccination

COVID-19 pandemic caused by SARS-CoV-2 infection seized the world and continues to
cause a major global health crisis. Its significant impact is mainly due to its high
transmissibility rate and ability to cause extremely severe disease in those infected with an
overall case fatality rate of ~1 % (267). As of January 2023, the WHO has reported over
750,000,000 confirmed cases of COVID-19, including over 6.8 million deaths
(https://covid19.who.int/). Up to 20 % of COVID-19 patients require hospitalisation, of which
up to 30 % need intensive care (267). This highlights the high disease burden of SARS-CoV-2

infection, which during pandemics and outbreaks can overwhelm national health systems.
Some SARS-CoV-2 infections are asymptomatic, ~17 - 33 % (269, 270) but, in some cases, it
can result in mild to severe respiratory disease. The most severe outcomes of SARSCoV-2
infection are acute respiratory distress syndrome (ARDS) that can lead to life-threatening

pneumonitis (271). Extrapulmonary diseases have also been reported in COVID-19 cases
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including multi-organ failure, coagulopathy, cardiac arrhythmias, rhabdomyolysis, and shock

271).

A variety of therapeutic options are available to treat COVID-19 including antiviral drugs, anti-
SARS-CoV-2 monoclonal neutralising antibodies, anti-inflammatory drugs, and
immunomodulators agents (272). However, as with most infectious diseases, the most crucial
step to contain and limit the high health impact is development and implementation of effective
vaccines. With world-wide collaboration multiple effective vaccines against SARS-CoV-2
were created and approved in record time, some notable ones used in the UK are: BNT162b2
an mRNA-based vaccine from BioNTech/Pfizer, mRNA-1273 vaccine another mRNA-based
vaccine from Moderna, and ChAdOxl nCoV-19 a viral vector vaccine from
Oxford/AstraZeneca. As of January 2023, the WHO has reported administration of over 13

billion vaccine doses worldwide (https://covid19.who.int/).

1.6.5 Inborn errors of type I IFN immunity in viral infections

To date, there are 21 IEI’s in the type I IFN pathway associated with major viral infections,
including COVID-19, HSE, Influenza, Yellow fever virus (YFV), varicella zoster virus (VZV),
and Measles, Mumps, Rubella (MMR), these are summarised in Table 1.6, Deficiencies in the
TLR3-IFN pathway have shown to confer susceptibility to herpes virus encephalitis including
autosomal recessive (AR) UNC93B1, a transmembrane protein that transports TLR3 from
the endoplasmic reticulum (ER) to the endosome (273). Additionally, autosomal dominant
(AD) IRF3, an IFN transcription factor that localises to the nucleus after TLR3-TICAMI1
interaction, 7BKI, a non-canonical IkB-related kinase that mediated IRF3 activation, and
TRAF3, a facilitator for TBK1-TICAMI1 interactions, and both AR and AD TLR3, and TICAM1
deficiencies (12, 274-279). TLR3 deficiency has also been reported in influenza A associated
ARDS (280). TICAM1 will be a focus in this project.
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Table 1.6

Monogenic inborn errors of immunity implicated in viral infections

Viral pathogen
Gene Inheritance COVID-
10 Influenza  HSE MMR YFV \VAY
IFNARI AR 4 v v v
IFNAR2 AR v v
TYK2 AR 4 4 v v
STATI AR v 4 v v
STAT? AR v v v
IRF9 AR 4 v v
IRF7 AR v v
TLR3 AR, AD 4 v 4 v
TICAM1 AR, AD v
UNC93B1 AR v
TBK1 AR, AD 4 v
IRF3 AD v
NEMO XR 4 v
TLR7 XR v
MYD88 AR v
IRAK4 AR v
MDAS AR, AD v
POLR3A AD v
POLR3C AD v
MX1 AD v

Adapted from Casanova and Anderson (2023) (281)
HSE; herpes simplex encephalitis, MMR, Measles, Mumps, Rubella; YFV, yellow fever virus;

VZV, varicella zoster virus.
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1.6.6 Role of TICAMI1 in TLR3-IFN pathway

TICAMI, also known as TRIF, (TIR domain-containing adaptor inducing interferon-/TIR
domain-containing adaptor molecule 1), is the key adaptor molecule for the TLR3 signalling
pathway that is chiefly activated by the dSRNA PAMP, from invading viruses. TICAMI is
used in signalling pathways independent of MyD88 and once bound to activated TLR3,
TICAM1 will recruit TRAF3 which undergoes self- ubiquitination to then complex with TBK 1
and IKKi/IKKe kinases, leading to phosphorylation of the kinases which triggers
phosphorylated activation of IRF3 (282-285). Activated IRF3 then forms homodimers and
heterodimers with IRF7, which facilitates translocation into the nucleus and targeted
transcription of IFN and ISGs (282-284). TICAMI1 can also recruit TRAF6, triggering complex
formation with NEMO and IKKo/IKKf kinases which facilitates downstream activation of
NF-kB (282). TICAMI1s C-terminal TIR domain is crucial for TIR:TIR domain interactions,
chiefly facilitating signalling for IFN induction via IRF3 whereas the N-terminal region of
TICAMI1 coordinates the signalling cascade downstream of TRAF6 which activates NF-xB
(285-287).

1.6.6.1 Association of TICAM1 variants in viral disease

As TICAMI is the sole mediator for the TLR3 signalling pathway, genetic variants that affect
the function of TICAMI1 have proved to be consequential in severe viral disease. The first
account was reported in 2011 of two separate variants from unrelated patients resulting in
TICAM]1 deficiencies and associated with paediatric HSE (12). AD pS186L, and AR p.R141X
variants were described to impair TLR3 signalling (12). Fibroblasts isolated from TICAM1
deficient patients showed impaired IFN-f, IFN-A, and IL-6 production after TLR3 stimulation,
reasonably due to compromised activation of IRF-3 and NF-kB. AD p.A568T, and AD p.S160F
were discovered in two unrelated men over the age of 60 with adult-onset HSE, and functional
testing showed significantly impaired IFN-B, CXCL10, and TNF-a responses to poly(I;C)
stimulation (a synthetic dSRNA molecule) and HSV-1 compared to controls (288). Loss-of-
function heterozygous TICAMI variants have also been reported in severe COVID-19
pneumonia patients and subsequent functional data showed impaired IFN-f induction (289),

this work will be expanded upon in this project in a subsequent chapter.
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1.7 Summary

This chapter serves to highlight the current knowledge on host genetic variability in human
infectious disease with a focus on IMD, COVID-19, and other significant invasive bacterial
disease resulting from infection by Staphylococcus aureus, Streptococcus pneumoniae, and
Group A Streptococcus. It also summarises the current methodologies and technologies being
used in investigating novel genetic aetiologies of severe infectious diseases and reviews current
known genetic variants associated with predisposition to and development of severe disease.
However, this chapter also reveals gaps in our current knowledge on the genetic basis of life-

threatening infectious disease, and this project will aim to answer some of these questions.

1.8 Aims of the studies

e To identify rare disease-causing variants that confer susceptibility to and/or severity
of invasive infectious disease, including IMD, COVID-19, and other significant
invasive bacterial disease, using the WES approach.

e To functionally validate the role of the variants in the identified genes in the context of
invasive infectious diseases.

e To distinguish the mechanism by which the identified genes, and their associated
variants, may lead to susceptibility or severity of invasive disease.

e To apply the methodologies developed in the previous aims to new patients recruited

through the Imperial College Biomedical Research Council Paediatric Infection Clinic.
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Chapter 2 Methods

2.1 Human tissue culture

2.1.1 Culturing human cell lines

HEK?293 cells are derived from human embryonic kidney cells (ATCC: CRL1573). HaCaT
cells are immortalised human keratinocytes and were kindly gifted by Professor Peter O’Hare
(Imperial College London). TICAM1 deficient human fibroblast cells were immortalised using
the SV40 virus and previously described (12). HEK293, HaCaT, and TICAM1(-/-) fibroblast
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) GlutaMAX (Invitrogen)
supplemented with 10 % of heat-inactivated foetal bovine serum (FBS) (Gibco) and incubated
at 37°C, 5% CO2. Additionally, HaCaT cells were cultured in collagen coated vessels, in which
plates and flasks were pre-treated at 37°C for 30 minutes with rat tail Collagen type I (Sigma)
diluted 1:400 in PBS before cells were cultured.

v2A are human fibrosarcoma cells that are JAK2 deficient and were a kind gift from Dr Ana
Costa- Pereira (Imperial College London) and previously described (290). y2A cells were
maintained in DMEM GlutaMAX supplemented with 10% FBS, 1x L-Glutamine (Gibco), and
400 pg Geneticin (Gibco) at 37°C, 5% CO2.

2.1.2 Culturing primary human cells

Venous blood sampling was performed by a medical professional from both fully informed and

consenting patients and healthy donors.

2.1.2.1 Isolating primary human PBMCs

For isolation of human peripheral blood mononuclear cells (PBMCs) from blood, whole blood
was collected in BD Vacutainer® Heparin Tubes and processed with a sterile density gradient
centrifugation method using Ficoll-Paque™ (Cytiva) within three days of blood draw. Briefly,
collected whole blood was centrifuged at 400 g for 10 minutes and separated plasma was
removed and replaced with Phosphate Buffered Saline (PBS) (Gibco), after plasma
replacement the blood was diluted in a 1:1 ratio with PBS and overlaid carefully on top of 1
volume of Ficoll-Paque™ medium. The sample was then centrifuged at 600 g for 30 minutes
with the centrifuge brakes turned off, so the gradients do not mix. Post-centrifugation, a clear

four-layer gradient can be seen with a cloudy middle layer containing PBMC:s, this layer was
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carefully collected in PBS and washed twice by centrifuging for 10 minutes at 600 g and
resuspending the cell pellet in PBS. Isolated and washed PBMCs were manually counted with
a haemocytometer using Trypan Blue (Invitrogen) and maintained in Roswell Park Memorial
Institute (RPMI) 1640 Medium (Gibco) supplemented with 10 % FBS and incubated at 37°C,
5% CO2.

2.1.2.2 Isolating primary human polymorphonuclear granulocytes

Isolation of human polymorphonuclear granulocytes (also known as polymorphonuclear
leukocytes) were performed on whole undiluted blood collected using BD Vacutainer® K2E
EDTA tubes and processed immediately upon blood draw with a sterile density gradient
centrifugation method using PolymorphPrep™ (Progen) according to manufacturer’s
instructions. Collected granulocytes were resuspended in Hanks' Balanced Salt Solution
(HBSS) no calcium, no magnesium, no phenol red (Gibco) supplemented with 1% FBS and

used immediately for experiments.

2.1.3 Transfection of human cell lines

HEK?293, HaCaT, y2A, and TICAMI1(-/-) fibroblast cells were seeded in 24-well plates as
described in 2.1.1 to achieve an ~80% confluent monolayer the next day, culture media was
then removed and replaced with 450 pL of fresh culture media, additionally with TICAMI
transfections resulting in Western blots, apoptosis was inhibited by adding 20 uM z-VAD-fmk
(Promega) to each well. Transient transfections were performed using Lipofectamine™ 3000
Transfection Reagent (Invitrogen) according to manufacturer’s instructions. Briefly, in one
tube, 1 pL of P3000™ Enhancer Reagent was mixed with plasmid DNA diluted to an
appropriate concentration in 25 pL of Opti-MEM medium (Invitrogen). Total amount of DNA
(500ng/well) was kept constant by addition of empty plasmid vectors. In a separate tube, 1.5
pL of Lipofectamine™ 3000 Reagent was added to 23.5 pL of Opti-MEM medium. The
contents of both tubes were then mixed, incubated at room temperature for 15 minutes and
added in a drop wise manner to the cells. The plates were incubated at 37°C, 5% CO2 for at
least 24 hours. Where applicable, transfection efficiency was analysed by fluorescent

microscopy using an EVOS™ FL Auto 2 (Invitrogen).

2.1.4 Generation of human fibro sarcoma cells expressing J4K2 variants

The mutagenized JAK?2 constructs in a lentiviral pTRIP backbone (see Table 2.2), were used

to create JAK?2 stable expressing y2A cells. As lentiviral vectors can not replicate on their own,
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pseudoparticles were generated in HEK293 cells in a 6-well plate by co-transfecting 1 pg of
pTRIP-JAK?2 plasmids with 0.5 pg of pCMV-VSV and 0.4 png of pGag-Pol plasmids using
Lipofectamine™ 3000 as detailed in 2.1.3. Transfection media was replaced with fresh DMEM
containing 10 % FBS 6 hours after transfection. The pseudoparticles from cell supernatants
were harvested at 24 hours and 48 hours post transfection, and filtered through a 0.45 um filter

to be used for transduction or stored at -80°C.

For transduction, Y2A cells were seeded in 6-well plates at 5x10° cells/mL and grown overnight
to reach a confluency of ~70% the next day. Culture media was replaced with fresh media
containing polybrene at a final concentration of 8 pg/mL and varying amounts of harvested
lentiviral particles (0 uL , 250 uL, 500 nL, and 1000 pL) and incubated for 24 hours at 37°C,
5% CO2 where viral particles were removed, and cells were placed in fresh culture media and
incubated for a further 48 hours. At 72 hours post transduction, positive RFP expression was
checked by fluorescent microscopy and then cells were trypsinised, washed once with PBS,
and harvested in PBS with 1% FBS 1x EDTA at 3 million cells/500 pL in sterile fluorescence-
activated cell sorting (FACS) tubes. FACS was performed by Dr Parisa Amjadi (ICL) where
samples were sorted to select for RFP positive cells excited by 565 nm laser. Successfully
sorted cells were washed once with PBS, to remove residual EDTA, recovered in fresh DMEM
containing 20 % FBS, seeded into an appropriate culture vessel, and incubated at 37°C, 5%

CO2. New stably transduced JAK2-y2A cells were expanded and cell stocks were made.

2.2 Bacterial strains
All bacteria strains, except E.coli, were a kind gift from Dr Fadil Bidmos (ICL).

2.2.1 Growth of cloning bacteria Escherichia coli

XL10-gold ultracompetent E.coli cells (Agilent) was grown in Luria-Brentani (LB) broth
shaking or on solid LB agar plates in a static incubator at 37°C, 5% CO2. Growth mediums
were prepared as follows: 20 g LB powder (Sigma), plus additional 15 g of agar (Sigma) for
solid LB agar plates, were dissolved in 1 L of ddH>O and autoclaved. Where necessary, growth
mediums were supplemented with antibiotics at the following final concentrations: 25ug/mL

of kanamycin; 100ug/mL of ampicillin.
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2.2.2 Growth of Neisseria meningitidis

Bacterial stocks were stored in 1 mL aliquots at -80°C in BHI + 25% glycerol. The clinical
isolate encapsulated serogroup B N. meningitidis (Nm) strain MC58 was cultured on solid
blood agar plates and incubated overnight (approximately 16 hours) at 37°C, 5% CO.. Solid
blood agar plates were prepared as follows: 7.5 g of agar (Sigma) and 18.5 g of Bacto™ brain
heart infusion (BHI, BD biosciences) were dissolved in 500 mL ddH»O, autoclaved and

supplemented with 5% defibrinated horse blood (Thermo-Fisher).

2.2.3 Growth of Staphylococcus aureus

Bacterial stocks were stored in 1 mL aliquots at -80°C in LB + 25% glycerol. Staphylococcus
aureus strain PVL+MSSA was cultured in liquid LB broth and incubated overnight
(approximately 16 hours) in a shaking incubator, 220 rpm, at 37°C, 5% CO2. Liquid LB broth
was prepared by dissolving 10 g of LB in 500 mL ddH2O, and autoclaved. A 1:10 dilution of
the overnight growth was made with fresh LB broth and incubated for 4 hours in a shaking
incubator, 220 rpm, at 37°C, 5% CO- to allow the bacteria to enter a log phase of growth. Post
incubation, the bacteria were then centrifuged at 2000 rpm for 5 minutes and resuspended in
PBS, twice. Bacteria was then diluted in PBS to an ODe00 0.5. ODgoo was measured to determine
the colony forming units (CFU). The calculation was made based on the estimation that ODsgoo

1 equates to ~10° CFU/mL.

2.2.4 Growth of Group A Streptococcus pyogenes

Bacterial stocks were stored in 1 mL aliquots at -80°C in TSBYE + 25% glycerol. Group A4
Streptococcus (GAS) used in this project was grown from inhouse clinical isolate strain M1UK,
emm type 1. GAS was cultured in liquid Trypticase Soy Broth with 0.5% Yeast Extract
(TSBYE) and incubated overnight (approximately 16 hours) in a shaking incubator, 220rpm,
at 37°C, 5% CO2. Liquid TSBYE broth was prepared by dissolving 30 g of TSB (Sigma) and
5 g Yeast Extract (Sigma) in 1L ddH20O, and autoclaved. A 1:10 dilution of the overnight
growth was made with fresh TSBYE and incubated for 4 hours in a shaking incubator, 220
rpm, at 37°C, 5% COz to allow the bacteria to enter a log phase of growth. Post incubation, the
bacteria were then centrifuged at 2000 rpm for 5 minutes and resuspended in PBS, twice.
Bacteria was then diluted in PBS to an ODgoo 0.2. ODgoo was measured to determine the colony
forming units (CFU). The calculation was made based on the estimation that ODgoo 0.2 equates

to ~10® CFU/mL.
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2.2.5 Growth of Streptococcus pneumoniae

Bacterial stocks were stored in 1 mL aliquots at -80°C in TSBYE + 25% glycerol.
Streptococcus pneumoniae strain D39 was cultured in liquid TSBYE and incubated overnight
(approximately 16 hours) in a static incubator, at 37°C, 5% CO>. A 1:10 dilution of the
overnight growth was made with fresh TSBYE and incubated for 4 hours in a static incubator,
at 37°C, 5% COz to allow the bacteria to enter a log phase of growth. Post incubation, the
bacteria were then centrifuged at 2000 rpm for 5 minutes and resuspended in PBS, twice.
Bacteria was then diluted in PBS to an ODgoo 0.2. ODgoo was measured to determine the colony
forming units (CFU). The calculation was made based on the estimation that ODgoo 0.2 equates

to ~10® CFU/mL.

2.2.6 Heat killing Neisseria meningitidis

Single colonies were collected from an overnight growth of Nm using a sterile loop, replated
on solid blood agar plates and incubated for 4 hours at 37°C, 5% COx to allow the bacteria to
enter a log phase of growth. Post incubation, colonies were resuspended in PBS and diluted to
an ODgoo between 0.4-0.6. Dilutions were transferred into a sealed tube and heated in a water
bath at 56°C for 30 minutes. ODsoo was measured to determine the colony forming units (CFU).
The calculation was made based on the estimation that ODeoo 1 equates to ~10° CFU/mL. Heat
killing was confirmed by streaking bacteria on a BHI + 5% defibrinated horse blood solid agar

plate and incubating overnight at 37°C, 5% CO,.

2.2.7 Formalin fixing of Neisseria meningitidis

Single colonies were collected from an overnight growth of Nm using a sterile loop, replated
on solid blood agar plates and incubated for 4 hours at 37°C, 5% COx to allow the bacteria to
enter a log phase of growth. Post incubation, colonies were resuspended in 0.5% formalin in
PBS and incubated at room temperature for a minimum of 4 hours. The bacteria were then
centrifuged at 2000 rpm for 5 minutes and resuspended in PBS, twice. The bacteria were then
diluted to an ODgoo between 0.4-0.6 in PBS. ODgoo was measured to determine the colony
forming units (CFU). The calculation was made based on the estimation that ODgoo 1 equates
to ~10° CFU/mL. Fixing was confirmed by streaking bacteria on a BHI + 5% defibrinated horse

blood solid agar plate and incubating overnight at 37°C, 5% COa.
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2.2.8 Formalin fixing of Staphylococcus aureus

Staphylococcus aureus was grown as described above (section 2.2.3). Bacteria formalin fixed
by centrifuging cells, resuspending in 0.5% formalin in PBS and incubated at room temperature
for a minimum of 4 hours. Fixing was confirmed by incubating bacteria in LB broth at in a
shaking incubator 37°C, 5% COx. The fixed bacteria were then centrifuged at 2000 rpm for 5

minutes and resuspended in PBS, three times, and diluted in PBS to an ODso0 0.5.

2.2.9 Formalin fixing of Group A Streptococcus pyogenes

Group A Streptococcus pyogenes was grown as described above (section 2.2.4). Bacteria was
formalin fixed by centrifuging cells, resuspending in 5% formalin in PBS and incubated at
room temperature for a minimum of 4 hours. Fixing was confirmed by incubating bacteria in
Liquid TSBYE broth at in a shaking incubator 37°C, 5% CO.. The fixed bacteria were then
centrifuged at 2000 rpm for 5 minutes and resuspended in PBS, three times, and diluted in PBS
to an ODeoo 0.2.

2.2.9 Formalin fixing of Streptococcus pneumoniae

Streptococcus pneumoniae was grown as described above (section 2.2.5). Bacteria was
formalin fixed by centrifuging cells, resuspending in 5% formalin in PBS and incubated at
room temperature for a minimum of 4 hours. Fixing was confirmed by incubating bacteria in
liquid TSBYE broth at in a static incubator 37°C, 5% COas. The fixed bacteria were then
centrifuged at 2000 rpm for 5 minutes and resuspended in PBS, three times, and diluted in PBS
to an ODe00 0.2.
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2.3 Ligands and Drugs

The drugs and stimulation ligands used are listed below (Table 2.1).

Table 2.1 Drugs and ligands used in this thesis

Working
Name Source
concentration
Recombinant human interleukin 6 (IL-6) R&D systems 100 U/mL
Recombinant human interferon gamma (IFN-vy) R&D systems 10 ng/mL
‘ Pbl assay
Human interferon-Alpha 2A (2a) (IFN-a) _ 100 U/mL
science
Lipopolysaccharide, purified from S. minnesota (LPS) Invivogen 100/150 ng/mL
Recombinant human tumour necrosis factor o (TNF-a)  R&D systems  20/200 ng/mL
Resiquimod (R848) Invivogen 3 pg/mL
GGTI-2147 Sigma 10 uM

2.4 DNA editing

2.4.1 Plasmids

For alist of all plasmids used and constructed during this thesis see Table 2.2. Wildtype plasmid

maps can be found in the appendix (8.3 Plasmid Maps)

2.4.2 Oligonucleotides used in this thesis

Primers used to amplify genomic JAK2 or for plasmid sequence confirmation of plasmids

expressing TICAMI, JAK2, and KRT10 were designed using the online PrimerQuest™ Tool

(Integrated DNA Technologies IDT) and shown in Table 2.3. Overlapping primer pairs used

to introduce single nucleotide substitutions at specific sites of interest for site directed

mutagenesis were manually designed (Table 2.4).
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Table 2.2

Plasmids used in this thesis

Plasmids

Details

Origin

pEF-Bos-TICAM1
pEF-Bos-TICAM1-T41
pEF-Bos-TICAM1-T32I
pEF-Bos-TICAM1-S60C
pEF-Bos-TICAM1-R71Q
pEF-Bos-TICAM1-V80M
pEF-Bos-TICAM1-A111T
pEF-Bos-TICAM1-R141X
pEF-Bos-TICAMI-T157M
pEF-Bos-TICAMI1-S160F
pEF-Bos-TICAMI-L162V
pEF-Bos-TICAM1-S186L
pEF-Bos-TICAM1-R195E
pEF-Bos-TICAM1-G245S
pEF-Bos-TICAMI1-V302L
pEF-Bos-TICAM1-T3771
pEF-Bos-TICAMI1-L386P
pEF-Bos-TICAM1-Q392K

Expression vector, C-terminally tagged with HA, ampicillin resistant cassette
Cloned from pEF-BOS-TICAMI1, T4l introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, T32I introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, S60C introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, R71Q introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, V80M introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, A111T introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, R141X introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, T157M introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, S160F introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, L162V introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, S186L introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAM1, R195E introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAM1, G245S introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, V302L introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, T3771 introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAMI1, L386P introduced using site directed mutagenesis
Cloned from pEF-BOS-TICAM1, Q392L introduced using site directed mutagenesis

(12)

This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
(12)

This thesis
This thesis
This thesis
(12)

This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
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pEF-Bos-TICAM1-S465N  Cloned from pEF-BOS-TICAMI1, S465N introduced using site directed mutagenesis This thesis
pEF-Bos-TICAM1-D557N  Cloned from pEF-BOS-TICAMI1, D557N introduced using site directed mutagenesis This thesis
pEF-Bos-TICAM1-M595L  Cloned from pEF-BOS-TICAM1, M595L introduced using site directed mutagenesis This thesis
pEF-Bos-TICAM1-G598W  Cloned from pEF-BOS-TICAM1, G598W introduced using site directed mutagenesis ~ This thesis
pEF-Bos-TICAM1-P620S Cloned from pEF-BOS-TICAMI1, P620S introduced using site directed mutagenesis This thesis
pEF-Bos-TICAM1-Q702R  Cloned from pEF-BOS-TICAM1, Q702R introduced using site directed mutagenesis This thesis
pEF-Bos-empty Cloning vector, C-terminally tagged with HA, ampicillin resistant cassette (12)

pTRIP-JAK2 Lentiviral expression vector, C-terminally tagged with RFP, ampicillin resistant cassette (291)

pTRIP-JAK2-L113V Cloned from pTRIP-JAK?2, L113V introduced using site directed mutagenesis This thesis
pTRIP-JAK2-L393V Cloned from pTRIP-JAK2, L393V introduced using site directed mutagenesis This thesis
pTRIP-JAK2-F556V Cloned from pTRIP-JAK2, F556V introduced using site directed mutagenesis This thesis
pTRIP-JAK2-R564L Cloned from pTRIP-JAK2, R564L introduced using site directed mutagenesis Rahmeen Rahman (ICL)
pTRIP-JAK2-N782K Cloned from pTRIP-JAK2, N782K introduced using site directed mutagenesis This thesis
pTRIP-JAK2-F844L Cloned from pTRIP-JAK?2, F844 introduced using site directed mutagenesis Rahmeen Rahman (ICL)
pTRIP-JAK2-E846D Cloned from pTRIP-JAK?2, E846D introduced using site directed mutagenesis Rahmeen Rahman (ICL)
pTRIP-JAK2-L871V Cloned from pTRIP-JAK2, L871V introduced using site directed mutagenesis This thesis
pTRIP-JAK2-R1063H Cloned from pTRIP-JAK2, R1063H introduced using site directed mutagenesis Rahmeen Rahman (ICL)
pTRIP-JAK2-N1108S Cloned from pTRIP-JAK2, N1108S introduced using site directed mutagenesis This thesis
pTRIP-JAK2-V617F Cloned from pTRIP-JAK2, V617F introduced using site directed mutagenesis This thesis
pTRIP-JAK2-G127A Cloned from pTRIP-JAK2, G127A introduced using site directed mutagenesis This thesis
pTRIP-JAK2-M1871 Cloned from pTRIP-JAK2, M187I introduced using site directed mutagenesis This thesis
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pTRIP-JAK2-V392M Cloned from pTRIP-JAK?2, V392M introduced using site directed mutagenesis This thesis
pTRIP-JAK2-S523T Cloned from pTRIP-JAK?2, S523T introduced using site directed mutagenesis This thesis
pTRIP-JAK2-G571S Cloned from pTRIP-JAK2, G571S introduced using site directed mutagenesis This thesis
pTRIP-JAK2-1724T Cloned from pTRIP-JAK2, 1724T introduced using site directed mutagenesis This thesis
pTRIP-empty Lentiviral cloning vector, ampicillin resistant cassette (291)
pCMV6-KRT10 Expression vector, kanamycin resistant cassette, C-terminally tagged with MYC-DDK  Origene
pCMV6-KRT10-R4P Cloned from pCMV6-KRT10, R4P introduced using site directed mutagenesis This thesis
pCMV6-KRT10-S42F Cloned from pCMV6-KRT10, S42F introduced using site directed mutagenesis This thesis
pCMV6-KRT10-S53N Cloned from pCMV6-KRT10, S53N introduced using site directed mutagenesis This thesis
pCMV6-KRT10-R86H Cloned from pCMV6-KRT10, R86H introduced using site directed mutagenesis This thesis
pCMV6-KRT10-F102S Cloned from pCMV6-KRT10, F102S introduced using site directed mutagenesis This thesis
pCMV6-KRT10-G124V Cloned from pCMV6-KRT10, G124V introduced using site directed mutagenesis This thesis
pCMV6-KRT10-K334Q Cloned from pCMV6-KRT10, K334Q introduced using site directed mutagenesis This thesis
pCMV6-KRT10-G575V Cloned from pCMV6-KRT10, G575S introduced using site directed mutagenesis This thesis
pCMV-empty Cloning vector, kanamycin resistant cassette Origene
pRL-TK Renilla luciferase =~ Control reporter vector, used in luciferase reporter assay (12)
IFN-B promoter-luciferase Firefly reporter vector, used in luciferase reporter assay (12)
NF-«B luciferase Firefly reporter vector, used in luciferase reporter assay (12)
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Table 2.3 Primers designed to amplify plasmid cDNA

Primer Sequence 5'-3' Details

TICAM1-31F GCGCCTTCGACATTCTAGG TICAMI1 cDNA sequencing
TICAMI-351 TACCAGGAAGCCGTCCGCA TICAMI1 cDNA sequencing
TICAMI1-537F CTGGCTGAGGAGAAGCTGTG TICAMI1 cDNA sequencing
TICAM1-681F AGCAAGCTCTGTGACGACC TICAMI1 cDNA sequencing
TICAM1-853F AAATCAGCCAGTCCCCTACC TICAMI1 cDNA sequencing
TICAMI1-1021F ACCACCTCTCCAAATACCAAGC TICAMI1 cDNA sequencing
TICAM1-1681F ACTGTTGTCATCCCCTTCTG TICAMI1 cDNA sequencing
TICAM1-1945F CAGCCAGCAGCCTTTCCA TICAMI1 cDNA sequencing
TICAM1-2201R GAAGGGCAGTGACTGTGGA TICAMI1 cDNA sequencing
TICAM1-1945R TGGAAAGGCTGCTGGCTG TICAMI1 cDNA sequencing
TICAM1-1298R ACCTGGAAATCCTCGCAGAA TICAMI1 cDNA sequencing
TICAM1-1134R CTGGGTAGTTGGTGCTGGTT TICAM1 cDNA sequencing
TICAM1-853R GGTAGGGGACTGGCTGATTT TICAM1 cDNA sequencing
TICAM1-407R AGTTCCCCCAGCCGGTGGTC TICAMI1 cDNA sequencing
JAK2-9F GGCCTGCCTTACGATGACAG JAK2 cDNA sequencing
JAK2-2022F TGAAAGCCGAGTTGTAAC JAK?2 cDNA sequencing
JAK2-1381F GAGTACAACCTCAGTGGGAC JAK2 cDNA sequencing
JAK2-2225F CTTTGTGGGAAATCTGCAGTGG JAK2 cDNA sequencing
JAK2-3059F GGTATGCTCCAGAATCACTGAC JAK2 cDNA sequencing
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JAK2-549R CACTGCCATCCCAAGACAT JAK2 cDNA sequencing
JAK2-1381R GTCCCACTGAGGTTGTACTC JAK2 cDNA sequencing
JAK2-1973R GCCAACTGTTTAGCAACTTC JAK2 cDNA sequencing
JAK2-2720R GCTGTAGGGATTTCAGGAT JAK2 cDNA sequencing
JAK2-3394R CAGCCATGTTATCCCTTATTTGATC JAK2 cDNA sequencing
KRT10-10F CGATACAGCTCAAGCAAGCACTACTC KRT10 cDNA sequencing
KRT10-457F CTGAATGACCGCCTGGCTTCCTAC KRT10 cDNA sequencing
KRT10-906F GAATGTGGAAATGAATGCTGCCCCG KRT10 cDNA sequencing
KRT10-1355F GCTAGAAGGAGAGGGAAGTTCCGG KRT10 cDNA sequencing
KRT10-1740R CTTAGATGAAGACTCGCCCAC KRT10 cDNA sequencing
KRT10-1353R GGCTGCGGTAGGTTTGAATTTC KRT10 cDNA sequencing
KRT10-900R CCAGTGGACACATTTCGAAGG KRT10 cDNA sequencing
KRT10-350R CCAAAGCTGCCCCCACCAAAGC KRT10 cDNA sequencing
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Table 2.4 Oligonucleotides designed for site directed mutagenesis

Primer

Sequence 5'-3'

T Anneal (X OC)

Details

TICAMI1-T4L F
TICAMI-T4L R

tggtaccatggectgcaT Aggceccateacttect
aggaagtgatgggccATtgcaggccatggtacca

75

Generation of T4l in pEF-bos-TICAM1 wildtype

TICAMI1-T32L F
TICAMI1-T321 R

agcacaaactgaagaTcccacgcccaggct

agcctgggegtgggAtcttcagtttgtgct

63

Generation of T32I in pEF-bos-TICAM1 wildtype

TICAM1-S60C_F
TICAM1-S60C_R

gaggccaggatctGtctagaggcattg
caatgcctctagaCagatcctggecte

68

Generation of S60C in pEF-bos-TICAMI1 wildtype

TICAMI-R71Q F
TICAMI-R71Q R

ccgatgecggtggcccAgetggtggecegecagt
actggcgggccaccageTgggccaccgeateg

71

Generation of R71Q in pEF-bos-TICAMI1 wildtype

TICAM1-V80M_F
TICAM1-V8OM R

gccagtgggctggcAtggacageaccgagga
tecteggtgcetgtecaTgecageccactgge

67

Generation of V8OM in pEF-bos-TICAM1 wildtype

TICAMI1-A11IT F
TICAM1-A111T R

gagaagctgtgccccAcctecgetgegggacgtg
cacgtcecgeagegaggTggggcacagettete

68

Generation of A111T in pEF-bos-TICAM1 wildtype

TICAMI1-T157M_F
TICAMI1-T157M_R

atccagggagcatccggaTgcteccagtccaatetggget
agcccagattggactggagcAtececggatgeteectggat

66

Generation of T157M in pEF-bos-TICAM1 wildtype

TICAM1-S160F F
TICAM1-S160F R

atccggacgctccagtTcaatetgggetgect
aggcagcccagattgAactggagegtccggat

64

Generation of S160F in pEF-bos-TICAM1 wildtype

TICAM1-R195E F
TICAM1-R195E R

tgctccetgeAatecactgge
gccagtggatGgeagggagea

71

Generation of R195E in pEF-bos-TICAMI1 wildtype
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TICAM1-G245S F
TICAM1-G245S R

tgcecgagectgtececccAgtggctgccaggagee
ggctectggeagecacTggggacaggctcgggca

71

Generation of G245S in pEF-bos-TICAM1 wildtype

TICAM1-P271S F
TICAM1-P271S R

tgccaagcagceTcaccteetggge
gcccaggaggtgAgetgettggea

78

Generation of P271S in pEF-bos-TICAM1 wildtype

TICAM1-V302L F
TICAM1-V302L R

agcaccaactacccaCtggagtgcaccgaggggt
accccteggtgcactccaGtgggtagttggtgct

66

Generation of V302L in pEF-bos-TICAM1 wildtype

TICAM1-T3771 F
TICAM1-T3771 R

gctcacctgaAcccctecteectg

cagggaggaggggTtcaggtgage

61

Generation of T3771 in pEF-bos-TICAM1 wildtype

TICAM1-L386P_F
TICAM1-L386P R

ccctgtteccttectceccCggaatcatcatcggaac

gttccgatgatgattccGgggaggaagggaacaggg

75

Generation of L386P in pEF-bos-TICAMI1 wildtype

TICAM1-Q392K_F
TICAM1-Q392K R

catcatcggaaAagaaattctataactttgtg
cacaaagttatagaatttctTttccgatgatg

63.1

Generation of Q392K in pEF-bos-TICAMI1 wildtype

TICAM1-S465N_F
TICAM1-S465N R

cttcgactgtcgectgaAcctgecaccaggtg
cacctggtgcaggTtcaggegacagtcgaag

75

Generation of S465N in pEF-bos-TICAMI1 wildtype

TICAM1-D557N _F
TICAM1-D557N_R

agagccaacacctgAacggtgageggatge
gcatccgetcacegtTeaggtgttggetet

63

Generation of DS57N in pEF-bos-TICAMI1 wildtype

TICAM1-M595L F
TICAM1-M595L R

gtggcttttgggagecacTtgteatttgggactg

cagtcccaaatgacaAgtggctcccaaaagecac

76

Generation of M595L in pEF-bos-TICAMI1 wildtype

TICAM1-G598W_F
TICAM1-G598W_R

ccacatgtcatttTggactggggcgecectat
atagggcgccccagtccAaaatgacatgtgg

61

Generation of G598W in pEF-bos-TICAM1 wildtype
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TICAM1-P620S F  ggagccccgecaTcctttcccacttgg 77.6 Generation of P620S in pEF-bos-TICAM1 wildtype
TICAM1-P620S R  ccaagtgggaaaggAtggcggggctee
TICAMI1-Q702R F accagagagggtcccGggecgeccgaggacaa
TICAM1-Q702R R ttgtcctcgggegecCgggaccctetctggt 69 Generation of Q702R in pEF-bos-TICAMI1 wildtype
JAK2-L113V_F gatgagtcaaccaggcataatgtaGtctacagaataagattttac ) ) )

74 Generation of L113V in pTRIP-JAK2 wildtype
JAK2-L113V_R gtaaaatcttattctgtagaCtacattatgcctggttgactcatc
JAK2-L393V _F gtagcacctccagecgtgGttgaaaatatacaaage

74 Generation of L393V in pTRIP-JAK2 wildtype
JAK2-L393V_R gctttgtatattttcaaCcacggctggaggtgctac
JAK2-F556V_F cttggccaaggcactGttacaaagatttttaaagge ] ) )

71 Generation of F556V in pTRIP-JAK2 wildtype
JAK2-F556V_R gcctttaaaaatctttgtaaCagtgecttggccaag
JAK2-N782K F tgggcagaattagcaaaActtataaataattgtat

- Seesse s ses 69 Generation of N782K in pTRIP-JAK?2 wildtype

JAK2-N782K R ccatacaattatttataagTtttgctaattctgcccac
JAK2-L871V_F cggtatgaccctGtacaggacaacactggg ] ) )

71 Generation of L871V in pTRIP-JAK2 wildtype
JAK2-L871V_R cccagtgttgtcctgtaCagggtcataccg
JAK2-N1108S F atgacagaatgctggaacaGtaatgtaaatcaacgcccc ] ) )

71 Generation of R1063H in pTRIP-JAK2 wildtype
JAK2-N1108S R ggggcgttgatttacattaCtgttccagceattctgteat
JAK2-G127A_F ggtattgcagtgCcagcaacagagcctatcgge

74 Generation of G127A in pTRIP-JAK2 wildtype
JAK2-G127A R gccgataggctctgttgetgGeactgeaatace
JAK2-M1871_F atggcagtgttagatatgat Aagaatagcc

B seerescasiEedE sade 68 Generation of M1871 in pTRIP-JAK?2 wildtype

JAK2-M1871 R

ggctattctTatcatatctaacactgecatcce
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JAK2-V392M_F
JAK2-V392M R

gcacctccagecAtgcettgaaaatatac

gtatattttcaagcaTggctggaggtgc

65

Generation of V392M in pTRIP-JAK2 wildtype

JAK2-S523T F
JAK2-S523T R

gtaccaaccAcaccaacattacagaggcctactc

gagtaggcctctgtaatgttggtgTggttggtac

64

Generation of S523T in pTRIP-JAK2 wildtype

JAK2-G571S_F
JAK2-G5718 R

taggagactacAgtcaactgcatgaaacag
ctgtttcatgcagttgacTgtagtctecta

64

Generation of G571S in pTRIP-JAK?2 wildtype

JAK2-1724T F
JAK2-1724T R

gggtaccacctgaatgcaCtgaaaatec
ggattttcaGtgcattcaggtggtacce

70

Generation of 1724T in pTRIP-JAK?2 wildtype

JAK2-V617F F
JAK2-V617F R

ggttttaaattatggagtatgtTtctgtggagacgaga

tctegtectccacagaAacatactccataatttaaaacc

68

Generation of V617F in pTRIP-JAK2 wildtype

KRT10-R4P_F
KRT10-R4P_R

tgttcCatacagctcaagcaag

cttgcttgagctgtatGgaaca

63.8

Generation of R4P in pCMV6-KRT10 wildtype

KRT10-S42F F
KRT10-S42F R

gcagcaaaggctTccttggtggagg
cctccaccaaggAagcectttgetge

72

Generation of S42F in pCMV6-KRT10 wildtype

KRT10-S53N_F
KRT10-S53N_R

gctcaggggggticaAtggtggcte

gagccaccaTtgaaccccectgage

73

Generation of S53N in pCMV6-KRT10 wildtype

KRT10-R86H_F
KRT10-R86H R

ggtggaggtagctttcAtggaage

gcttccaTgaaagctacctccace

64.5

Generation of R§6H in pCMV6-KRT10 wildtype

KRT10-F102S_F
KRT10-F102S R

gttatggaggcatctCtggagggggcagtttc

gaaactgccccctccaGagatgecteccataac

74

Generation of F102S in pPCMV6-KRT10 wildtype
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KRT10-G124V_F
KRT10-G124V R

ggcggctttggtgTaggeggctttgg

Generation of G124V in pCMV6-KRT10 wildtype

KRT10-K334Q F
KRT10-K334Q R

Generation of K334Q in pCMV6-KRT10 wildtype

KRT10-G575V_F
KRT10-G575V_R

ccaaagccgcctAcaccaaagecgee e
gaacaaaaccgcCaagatgctgaag
cttcagcatcttGgeggttttgtte o7
ccgggtecgtggTcgagtcttcatctaag s

cttagatgaagactcgAccacggacccgg

Generation of G575V in pCMV6-KRT10 wildtype
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Table 2.5

Antibodies used in this thesis

Antibody target Application Dilution Buffer used Source
pJAK2 (Y1007) Western blot, primary 1:500 5% BSA in 1x TBST CST 4406
JAK2 Western blot, primary 1:1000 5% BSA in 1x TBST Abcam ab39636
pSTATI1 (Y701) Western blot, primary 1:1000 5% BSA in 1x TBST CST 9167
STATI1 Western blot, primary 1:1000 5% BSA in 1x TBST CST 14994
GAPDH Western blot, primary 1:1000 5% milk in 1x TBST CST 2118
KRT10 Western blot, primary 1:500 5% milk in 1x TBST Biolegend 905404
FLAG Western blot, primary 1:1000 5% milk in 1x TBST CST D6W5B
HA Western blot, primary 1:1000 5% BSA in 1x TBST Sigma H6908
Polyclonal goat anti-rabbit [gG HRP Western blot, secondary 1:10,000 1% BSA/milk* in 1x TBST Dako P0448
CD14-FITC Clone M5E2 Flow cytometry 2 uL/1x10° cells 1x PBS 1% FBS Biolegend 301804
CD4-PerCP/Cy5.5 Clone OKT4 Flow cytometry 2 uL/1x10° cells 1x PBS 1% FBS Biolegend 317428
pSTAT1-BV421 (Y701) Clone 4a Flow cytometry 5 uL/1x10° cells 1x PBS 1% FBS BD 562985
FLAG Immunofluorescence 1:100 1x PBS 1% BSA Sigma F1804
Alexa Fluor 488 secondary antibody Immunofluorescence 1:1000 1x PBS 1% BSA Invitrogen A11017
HA® Immunofluorescence 1:100 1x PBS 1% BSA Sigma H6908
DyLight™ 488 secondary antibody ° Immunofluorescence 1:1000 1x PBS 1% BSA Invitrogen 35552

*Same buffer used as for the primary antibody incubation. CST; Cell signalling technology, BD; biosciences

2 Used together, concurrently, in the same immunofluorescence experiment ® Used together, concurrently, in the same immunofluorescence experiment
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2.4.3 Mutagenesis

Site directed mutagenesis was performed using the QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent) according to manufacturer’s instructions. Mutagenesis was
performed to introduce single nucleotide substitutions into pEF-bos-TICAM1, pTRIP-JAK?2,
and pCMV6-KRT10 wildtype expression vectors (Table 2.2). Mutant alleles were generated
using PCR: 95°C for 10 minutes, then 18 cycles of [95 °C for 20 seconds, X °C for 10 seconds,
68 °C for 4.5 minutes when using pEF-bos-TICAMI, 7.5 minutes when using pTRIP-JAK2,
or 3.5 minutes when using pCMV6-KRT10] and a final extension of 68 °C for 5 minutes.
Annealing temperatures and extension times varied depending on the primer pairs and plasmids
used, respectfully, see Table 2.4 for details of annealing temperatures. Custom designed
oligonucleotides were used for mutagenesis (Table 2.4) and parental plasmids present in the
PCR products were digested with Dpnl for 15 minutes at 37 °C before transformation occurred.

All isolated plasmids were verified by Sanger sequencing.

2.4.4 Transformation

To increase plasmid yield, purified plasmids or PCR products from site directed mutagenesis
were transformed into XL10-Gold ultracompetent cells (Agilent). Briefly, either 10 ng of
purified plasmids or 2 pL. of PCR mutagenesis products were added to 30 pL of competent
cells and incubated on ice for 30 minutes. The cells were then heat shocked for exactly 30
seconds at 42 °C in a water bath and then placed immediately back on ice for a further 2 minutes
and then 400 pL of SOC media (Invitrogen) was added to the cells and incubated at 37 °C, 5%
COz in a shaking incubator (200 rpm) for 30-60 minutes. Cells were then plated onto LB agar
plates, supplemented with appropriate antibiotics, and incubated overnight at 37 °C, 5% COx.
Single individual overnight colonies were sterilely picked and grown in LB liquid broth
supplemented with appropriate antibiotics overnight at 37 °C, 5% COx in a shaking incubator

(200 rpm) before plasmids could be isolated.

2.4.5 Isolation of plasmid DNA

Plasmids were isolated from overnight LB broth growth using QIAprep® Spin Miniprep Kit
(QIAGEN), according to manufacturer’s instructions and eluted isolated plasmids were
measured by a Nanodrop™ 2000/2000c¢ spectrophotometer (Thermo Fisher) before being sent

for sequencing.
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2.4.6 Sanger sequencing

To confirm successfully single nucleotide substitution within the plasmid cDNA target regions,
isolated plasmids were sent for sanger sequencing. Sanger sequencing was performed offsite

by Genewiz, Azenta Life Sciences (https://www.genewiz.com/en-GB/) using primers designed

in Table 2.3 and any full length plasmid sequencing was performed by Plasmidsaurus

(https://www.plasmidsaurus.com/).

2.5 DNA extraction

2.5.1 DNA extraction from whole blood

DNA extraction from whole blood was performed using QIAamp® DNA Blood Midi Kit
(QIAGEN) according to manufacturer’s instructions and performed on whole undiluted blood
collected using BD Vacutainer® EDTA tubes. Concentration of eluted DNA was measured

using a Qubit 4 fluorometer (Thermo Fisher).

2.5.2 DNA extraction from saliva

DNA extraction from saliva were performed on samples collected using Oragene DNA
Mailable Tubes (DNA genotek), within three months of sample collection. Briefly, samples
are incubated at 50 °C in a water bath for 1 hour and then transferred to a sterile Corning™
Falcon™ tube where 1/25th volume of PT-L2P reagent (DNA genotek) is added to the sample,
mixed by vortexing, and incubated on ice for 10 minutes. Samples are then centrifuged for 10
minutes at top speed and the clear supernatant is transferred to a fresh tube and mixed with
1.2x volume of room temperature ethanol (95-100%), gently inverted to mix, and allowed to
stand for 10 minutes at room temperature to allow the DNA to fully precipitate. Sample are
then centrifuged for 10 minutes at top speed and supernatant is discarded. The pellet is
resuspended in 1 mL of 70% ethanol and centrifuged for 10 minutes at top speed, as much as
possible of the supernatant is removed and the pellet is allowed to airdry. The DNA pellet is
rehydrated with TE buffer, vortexed, and incubated at room temperature overnight. The next
day, samples are incubated at 50 °C for 1 hour with occasional vortexing and then transferred

to a labelled sterile tube and DNA concentration is measured using a Qubit 4 fluorometer.
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2.6 Whole exome sequencing

2.6.1 Whole exome sequencing

Library preparation and whole exome sequencing on isolated patient and control donor DNA
extracted from either whole blood or saliva is performed by Novogene (UK, Cambridge
centre). Whole exome sequencing is performed on an Illumina NovaSeq 6000 platform
generating paired end reads of 150 base pairs in length. This generated exomes with an effective
mean coverage of 50x. Raw reads in FASTQ format were then processed by Dr Evangelos
Bellos for de-duplication and sequencing quality assessment using the Picard tools

(http://broadinstitute.github.io/picard) and then aligned to the current human reference genome

(build UCSC hg19) using bwa v0.7. Post-alignment, the exomes were jointly genotyped using
GATK v3.8 (https://github.com/broadinstitute/gatk) (292). Initial variant annotation is

achieved using Ensembl's Variant Effect Predictor (VEP) database.

2.6.2 Gene burden analysis

A gene-burden test was designed and performed by Dr Evangelos Bellos to identify genes
carrying more variants than expected in our patients. To achieve this, comparator groups were

generated using data from the gnomAD project (https://gnomad.broadinstitute.org/) (293), the

largest and most ethnically diverse collection of exomes currently available. Exonic variants
with allele frequencies below 1% were aggregated at the gene level, and statistical significance
of the burden in cases was empirically evaluated using random sampling of gnomAD. To
account for multiple testing, the significance threshold was set to 3x10°° . Genes identified as
significantly burdened using this approach, were then incorporated into the subsequent analysis

pipelines as potential additional candidate genes.
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2.7  Western blotting

2.7.1 Protein isolation and quantification

Cells were washed with PBS and adherent cells were mechanically detached, collected and
placed immediately on ice. Cells were then centrifuged at 1500 rpm, for 5 minutes at 4 °C and
supernatant was discarded. For lysis, cell pellets were then resuspended in RIPA buffer
(Sigma), supplemented with 1x Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo
Scientific) and Pierce™ Phosphatase Inhibitor (Thermo Scientific), and incubated on ice for a
minimum of 30 minutes. Samples were then centrifuged at 13000 rpm, for 15 minutes at 4°C
and protein supernatant was placed back on ice and either used immediately for downstream
applications or stored at -80 °C. Protein quantification was performed using the Pierce™
Coomassie (Bradford) Protein Assay Kit (Thermo Fisher) according to manufacturer’s
Standard Microplate Protocol, and absorbance was measured using a Versamax microplate

reader (Molecular Devices) at 595nm.

2.7.2 SDS polyacrylamide gel electrophoresis

Protein concentrations were equalised amongst samples to a total volume of 6.5 puL to which 1
pL of NuPAGE Sample Reducing Agent (Thermo Fisher) and 2.5 pL of NuPAGE LDS Sample
Buffer (Thermo Fisher) was added, total volume 10 pL. Prepared protein samples were then
denatured for 10 minutes at 70 °C and then placed back on ice. Meanwhile, precast 10%
polyacrylamide NuPAGE™ Bis-Tris, 1.0 mm, Midi Protein Gels (Thermo Fisher) were set up
using adaptors and placed into a Criterion™ Cell tank (Bio-Rad). Tank and gel reservoirs were
filled with 1x XT MES Running Buffer (Bio Rad) and 10 pL of each sample were loaded into
each well alongside a Precision Plus Protein Dual Colour Standards ladder (Bio Rad). Gel
electrophoresis was then executed at 110 Volts for at least 1.5 hours to achieve good protein

separation.

2.7.3 Transfer to membrane

Post gel electrophoresis, resolved proteins were dry transferred from the polyacrylamide gel to
a polyvinylidene difluoride (PVDF) membrane using the iBlot™ Transfer Stacks and iBlot™
2 Gel Transfer Device system (Invitrogen) according to manufacturer’s instructions. Dry
blotting transfer method: 20 V for 1 minute, 23 V for 4 minutes, then 25 V for 2 minutes.

Membranes with transferred resolved proteins were then cut to size with a sterile scalpel and

91



placed in a blocking buffer of 5% Bovine Serum Albumin (BSA) in 1X Tris-Buffered Saline,
0.1% Tween (Sigma) (TBST) for at least 1 hour with gentle rocking.

2.7.4 Protein identification

Antibody details are listed in Table 2.5. Membranes were incubated in either 5% BSA or 5%
milk (Pierce) in Ix TBST buffer with primary antibodies diluted to an appropriate
concentration (Table 2.5) overnight at 4 °C with gentle rocking. Excess antibody was removed
by washing the membranes three times with fresh 1x TBST for 5 minutes each with gentle
rocking. Next, the membranes were incubated in either 1% BSA or 1% milk in 1x TBST buffer
with secondary anti-rabbit IgG antibodies conjugated to horseradish peroxidise (HRP) (Table
2.5) at room temperature for 1 hour with gentle rocking. Protein bound antibodies were
developed using the ECL Western Blotting kit (GE Healthcare), visualised with Azure

BioSystems c600, and analysed using ImagelJ software.

2.8 Adhesion and invasion assay

Human cell lines, 16HBE14, HEK293, and HaCaT, grown in appropriate complete medium
and transfected for 24 hours with KRT10 constructs (Table 2.2) as described previously.
Bacteria were suspended in PBS to achieve an multiplicity of infection (MOI) of 1 for both
adherence and invasion assays, as previously described (119). Briefly, for the adherence assay,
the confluent monolayer of transiently transfected cells was infected with bacteria for 90
minutes, then the wells were washed 3 times with PBS and incubated with 1% saponin (Sigma)
for 10 minutes at 37°C. For the invasion assay, 150 pg/ml of gentamicin (Sigma) was added to
each well and incubated for a further 1 hour at 37°C. Wells were then processed in the same
manner as the adhesion assay and viable counts were determined by serial dilution and CFU

counting.

2.9 Flow cytometry

Flow cytometry was performed on PBMCs and y2A cells. 1x10° cells were stimulated for 20
min at 37 °C with IFN-a, [FN-y, IL-6, LPS, (see Table 2.1 for details). Cells were also live
infected with MC58 Nm, S. aureus, Group A Streptococcus pyogenes, and Streptococcus
pneumoniae at either MOI 1 or 10. Stimulation was stopped by adding 1 volume of fixation
buffer (4% PFA in PBS) and incubating in a 37°C water bath for 10 minutes. Cells were
centrifuged at 250 g for 5 mins and washed once with 1x PBS. Cells were permeabilized for

30 min on ice with pre-chilled Phosflow Permlll buffer (BD biosciences) prior to staining.
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Cells were stained with fluorochrome-conjugated antibodies (Table 2.5) in the dark for 30
minutes at room temperature. Data acquisition was done using BD LSR II (BD Biosciences)

and analysed with FlowJo v10.8.1.

2.10 Static adhesion assay

Static adhesion assays were performed as previously described (294). To summarise, 96-well
tissue culture plates were coated overnight at 4°C with 0.85 pg/well of goat anti-human
immunoglobulin G (IgG) Fc fragment (Dianova). Wells were then washed with twice with 1x
PBS (-Ca2+, -Mg2+) and coated with 0.3 pg/well of recombinant Human VCAM-1 and/or
ICAM-1 protein (R&D Systems) or 1% BSA in PBS as a control and incubated for 90mins at
room temperature. Wells were then washed with three times with 1x PBS and blocked with
200 pL/well of 1% BSA in PBS for 2 hours. Isolation of human polymorphonuclear leukocytes
were performed as described previously (see 2.1.2.2) and cells were incubated with either mock
or GGTI-2147 (10 uM, 30 minutes), at 37°C, 5% CO2 and then plated at 1.5x10° cells/well
and incubated at 37°C, 5% CO2 for 1 hour. Non-adherent cells were removed by washing the
wells 3 times with HBSS and cell adhesion were determined by microscopy and processed

using ImagelJ Software.

2.11 Dual luciferase reporter assay

TICAMI1-/-tibroblast cells were plated in 24-well plates and transfected with the expression
vectors in the manner described previously (see 2.1.5). 24 hours after transfection, cell lysates
were mechanically collected and transferred to a 96-well white polystyrene tissue culture
treated plate (Corning Costar) and analysed with the Dual-Luciferase Reporter Assay System
(Promega Corporation), according to the manufacturer’s instructions. Microplate
measurements were read using FLUOstar® Omega (BMG Labtech). Firefly luciferase values
were normalized against the Renilla luciferase activity and expressed as fold change with

respect to cells transfected with the wild-type vector.

2.12 CTLA-4 transendocytosis

This assay was performed by Dr Bodo Grimbacher’s team (Freiburg, Germany). CTLA-4
function was measuring by investigating the transendocytosis of CD80 (a CTLA-4 ligand) by
flow cytometry. Briefly, primary human CD4+ T cells were purified from PBMCs by negative

selection and activated with CD3/CD28 beads for 16 hours in the presence of mouse embryonic
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fibroblast (MEF) cells expressing CD80-mScarlet. After 16 hours cells were harvested and
gated using flow cytometry on CD4+CD45RO+FOXP3+ and analysed for mScarlet uptake.

2.13 Immunofluorescence

Cells were seeded on ethanol-sterilised coverslips (VWR, USA) in 24-well plates and
transfected as previously described for 24 hours and incubated at 37°C, 5% CO2. Cells were
washed once with 1x PBS and fixed for 15 minutes on ice with pre-chilled 100% methanol
(Sigma). The methanol was then aspirated off and cells were washed 3x with PBS and
permeabilised with 0.1% Triton-PBS (BDH, UK) for 4 minutes at room temperature. Samples
were washed with PBS and blocked with 1% BSA in PBS for 10 minutes at room temperature.
Coverslips were then incubated in a dark humidified chamber with the anti-flag primary
antibody (Table 2.5) for 45 minutes at room temperature. Coverslips were then washed 7 times
with 1x PBS and incubated with anti-mouse secondary antibody (Table 2.5) in a dark
humidified chamber for 45 minutes at room temperature. Coverslips were washed 7 times with
1x PBS and mounted on SuperFrost Microscope Slides (VWR) in ProLong™ Gold Antifade
Mountant with DAPI (Invitrogen) and sealed using clear varnish. Slides were incubated at 4°C
overnight, imaged on the LSM 5 Pascal Confocal microscope (Zeiss, Germany), and processed

using ImagelJ Software.
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Chapter 3  Gain-of-function JAK2 variants in invasive

meningococcal disease

3.1 Background

Genetic variability underlying invasive meningococcal disease (IMD) has been extensively
described in the introduction however, most of these studies have been heavily based on GWAS
and candidate gene studies (Chapter 1, section 1.4). While they have provided valuable
knowledge of Nm pathogenesis, many of the significant findings have not been independently
replicated successfully, and have inappropriate control groups or inadequate sample sizes (11).
In this thesis, we opted to carry out WES and genetic burden analysis to identify variants that
could then be functional characterised. WES, when appropriately powered, can be effective in
discovering rare variants, in an unbiased non-candidate driven approach, in both an individual

case study (295) and in groups of affected unrelated cases (296).

Despite effective vaccinations available, not all countries have mandated their use in national
vaccination programmes and there are still cases of IMD (297). IMD is rare but has significant
mortality with a case fatality rate of 10%, with up to 19% of survivors suffering from life-long
severe sequelae with a reduced quality of life (49, 50). Left untreated, IMD case fatality rate
can rise to 50% in non-epidemic settings and climb further to 80% during meningococcal
outbreaks (50, 298). The identification of causative variants underlying IMD will allow for
greater insight into disease pathogenesis and could therefore facilitate more accurate clinical
care and diagnosis. To identify rare and novel variants associated with IMD this project utilised
WES on a cohort of unrelated patients, with a clearly defined phenotype, and significant results

were followed by functional characterisation.
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3.2  Whole exome sequencing cohort (EUCLIDS)

In 2012, the FP7 European Union funded childhood life-threatening infectious diseases study
(EUCLIDS) was founded to understand the genetic basis underlying susceptibility and
outcome of life-threatening childhood bacterial infections. The consortium aimed to undertake
large scale genomic investigations and bioinformatic studies to identify novel biomarkers to
predict susceptibility and outcome of childhood infection. The study recruited infections
caused by meningococcus, pneumococcus, streptococcus, staphylococcus, E. coli, and
Salmonella alongside controls, via the EUCLIDS consortium. The cohort of patients with a
range of childhood infections and no known predisposing risk factors, including exclusion of
known primary immunodeficiencies, were recruited in collaboration with 11 study sites based
in 7 countries including the UK (mainly through St Mary’s Hospital, London and the
Meningitis Research Foundation charity network), Spain, Holland, Germany, Italy,
Switzerland and The Gambia. Due to the pre-existing legacy cohorts of IMD patients,
meningococcal disease investigations were prioritized for further genetic investigations.
Meningococcal cases were confirmed by microbiological culture at the individual study sites,
as well as by PCR amplification at the diagnostic Micropathology laboratory based in
Warwick, UK. Over a 5-year period, a total of 2,844 patients and controls were recruited into

EUCLIDS with the meningococcal cohort contributing 9% (n=261) (Figure 3.1).

A sub-cohort of 750 paediatric patients with a clear pathogen diagnosis of meningococcus,
pneumococcus, streptococcus, or staphylococcus invasive disease were selected for WES to
contribute to subsequent genomic investigations (Figure 3.1). Within this group, a
meningococcal disease cohort (n=261) were included in the WES cohort if the following
criteria were met. The inclusion criteria consisted of, 1) children under the age of 18, 2),
laboratory confirmation of Nm as the causative pathogen in IMD cases detected either by blood
or CSF culture/PCR, and 3), presentation of severe IMD outcomes, including death, skin graft,

amputation, meningitis and sepsis.
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Figure 3.1 Pathogens identified in EUCLIDS

A summary of causative pathogens identified in patients recruited into EUCLIDS, n=2,844
(left) and in the subset of patients whose DNA was selected for whole exome sequencing n=750

(right).

3.3 Bioinformatics and cohort analysis approach

Due to the studies clearly defined phenotype a gene burden analysis of WES was performed to
reveal rare and novel genes enriched in the IMD cases. The gene burden test was designed and
performed by Dr Evangelos Bellos (Imperial College London) to identify genes carrying more
variants than expected in our patient cohort compared to a healthy control cohort. To achieve
this, comparator groups were generated using data from the gnomAD project

(https://gnomad.broadinstitute.org/) (293), the largest and most ethnically diverse collection of

sequences (exomes and genomes) currently available. This control group are largely adults who
are unlikely to have suffered from invasive bacterial infections or harbour any IEIs, though this
cannot be confirmed with certainty as it is derived from an anonymised public database. Non-
synonymous genetic variants with allele frequencies below 1% were aggregated at the gene
level, and statistical significance of the burden in IMD cases was empirically evaluated using
random sampling of gnomAD. To account for multiple testing, the significance threshold was

set to 3x10%. A list of significantly enriched genes was produced using this approach and

98


https://gnomad.broadinstitute.org/

interrogated to determine biological relevance to continue with functional characterisation.
Among this list, JAK2, encoded on chromosome 9p24, was identified and found to carry
statistically significantly more non-synonymous rare variants in severe IMD cases vs controls,
and was originally chosen as a promising candidate for further investigations due to its role in
cytokine signalling, innate host immunity (299, 300), and essential thrombocythemia, a rare

blood disease in which platelets are over produced by the bone marrow (301-303).

JAK?2 is a multifunctional tyrosine kinase that acts as a critical intermediate between membrane
receptors and downstream signalling molecules such as STATs (Signal Transducer and
Activator of Transcription). It belongs to the Janus family of cytoplasmic tyrosine kinases
which also include JAK1, JAK3, and TYK2 in mammals (299). When a membrane receptor
binds to a particular cytokine, hormone, or growth factor, including interferon-y (IFN-y), IL-6,
IL-3, IL-5, IL-12, IL-13, IL-23, erythropoietin (EPO), thrombopoietin (TPO), growth
hormones, leptin, oncostatin M (OSM), and leukaemia inhibitory factor, JAK2 undergoes
trans-phosphorylation at its tyrosine 1007—1008 activation loop sites, located in the tyrosine
kinase domain (also known as JH1), activating JAK?2 signalling ability (Figure 3.2) (299, 300).
This activates downstream signalling pathways involved in a wide range of different processes
such as cell proliferation, cell survival, apoptosis, cell metabolism, cell differentiation, cytokine

signalling, neutrophil recruitment, and haematopoiesis (Figure 3.2).

Human J4K2 mutations are typically associated with adult onset acquired somatic mutations
causing myeloproliferative diseases. One particular variant, p.V617F, is a well-known
constitutive activator and is the most clinically relevant variant, found in over 95% of
individuals with polycythaemia vera (PV), over 50% of those with essential thrombocythemia
(ET), and around 65% of primary myelofibrosis cases (301-303). Myeloproliferative
neoplasms driven by clonal expansion and over-proliferation of bone marrow cells of the
myeloid lineage, can lead to clinical complications such as thrombosis, secondary fibrosis, or
leukemic transformation (304-307). According to a literature search, genetic variability in

JAK?2 has not yet been clearly associated with susceptibility to or severity of infectious disease.

My role in this project was to further investigate the J4K2 variants discovered in the gene
burden analysis, conducted by Dr Evangelos Bellos, involving severe IMD cases. Some of the
work at the beginning of this project was conducted by a colleague in the group, Mr Rahmeen

Rahman, as I will clearly state throughout this chapter where appropriate.
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Figure 3.2 Overview of JAK2/STAT signalling

Circulating interferons, cytokines, hormones, and growth factors bind to membrane receptors which activates and phosphorylates (P) tyrosine
residues (Y) on JAK2 that can then phosphorylate tyrosine residues in latent STATSs located in the cytoplasm, which dimerise and translocate to
the nucleus to regulate the transcription of genes involved in mediating multiple processes including induction of anti-microbial proteins, T cell
differentiation, B cell maturation and development, apoptosis, cell differentiation, cell proliferation, haematopoiesis, erythropoiesis, and cell
metabolism. Image created using biorender.com.
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3.4 Discovery of missense heterozygous JAK2 variants in unrelated

paediatric cases of IMD and other significant bacterial infections

3.4.1 Clinical presentation of EUCLIDS patients with J4K2 variants

A total of 10 heterozygous mutations were identified in 18 IMD cases, and from these 10
variants I discovered three of the variants were also present in other cases of non-
meningococcal invasive bacterial infections caused by staphylococcus, Group A streptococcus,
and pneumococcus (Table 3.3). Further scrutiny of the EUCLIDS WES cohort also revealed 6
new JAK2 variants found in invasive staphylococcal, Group A streptococcal, and
pneumococcal infections but not IMD (Table 3.3). The gene burden analysis revealed JAK2 to
be significantly enriched, with a p value < 3x10°¢, in only severe IMD cases when compared to
controls and not when overall invasive bacterial disease was compared to controls. I generated
both an overall summary of demographic and clinical data seen within EUCLIDS as a whole
and in the cases where JAK?2 variants are found (Table 3.1) and a more detailed table containing

individual data of all EUCLIDS patients where JAK?2 variants were discovered (Table 3.2).

Sex and age demographics in the cohorts with JAK2 variants are evenly spread and similar to
the overall EUCLIDS cohort (Table 3.1). 5/18 IMD patients with JAK2 variants (27.78%)
presented with meningitis, similar to the overall rate seen in EUCLIDs patients (21.63%) and
in the IMD subset (20.83%). Notably, the cohort of JAK2 variants present in IMD cases contain
some of the most extreme manifestations of IMD, including 4 of the 18 patients (22.22%)
dying, a higher percentage than is seen in both the overall EUCLIDS cohort (3.97%) and larger
IMD cohort (5.56%) (Table 3.1). IMD patients with JAK?2 variants also had a higher proportion
of sepsis incidence seen in 13/18 patients (72.22%), than the overall IMD cohort (48.61%).
3/13 IMD sepsis patients with JAK?2 variants (16.67%) received a skin graft and one of these
patients subsequently died while another patient went on to have a four-limb amputation (Table
3.1, Table 3.2). 3/18 IMD patients with J4K?2 variants developed septic shock, of which two
patients died (Table 3.1, Table 3.2). Table 3.2 details the demographic and clinical data from
severe bacterial disease patients in which J4K2 variants were discovered. All the IMD cases
were caused by serogroup B and C, and most of them required PICU admission (72.22%)
(Table 3.2).
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Table 3.1 Demographic and clinical data summary of EUCLIDS patients, and EUCLIDS patients with J4K2 variants

EUCLIDS EUCLIDS EUCLIDS EUCLIDS  EUCLIDS | JAK2variants °K2variants  JAK2 variants
. in IMD cases seen in OBD,
All Men Staph Pneumo GAS in IMD in OBD but not IMD
n=453 n=144 n=107 n=101 n=389 n=18 — _
n=12 n=6
Demographic characteristics
Female 212 68 47 45 49 8 6 4
46.80% 47.22% 43.93% 44.55% 55.06% 44.44% 50% 66.67%
Male 231 70 60 56 40 10 6 2
50.99% 48.61% 56.07% 55.45% 44.94% 55.56% 50% 33.33%
Median age, 39 38 109 23.5 43.5 38 88 51.5
months
Clinical syndrome
Sepsis 258 70 62 52 64 13 1 2
p 56.96% 48.61% 57.94% 51.48% 71.91% 72.22% 8.33% 33.33%
Septic shock 64 27 6 14 15 3 1 2
p 14.13% 18.75% 5.61% 13.86% 16.85% 16.67% 8.33% 33.33%
Menineitis 98 30 5 52 10 5 2 1
& 21.63% 20.83% 4.67% 51.48% 11.24% 27.78% 16.67% 16.67%
Clinical data
PICU admission 217 46 37 69 64 13 8 4
47.90% 31.94% 34.58% 68.32% 71.91% 72.22% 66.67% 66.67%
Death 18 8 3 7 0 4 1 0
3.97% 5.56% 2.80% 6.93% 0.00% 22.22% 8.33% 0.00%
Skin graft/ 47 31 2 0 13 3 1 1
amputation 10.38% 21.53% 1.87% 0.00% 14.61% 16.67% 8.33% 16.67%

Values that # 100% are due to mathematical rounding or an absence of data. OBD; Other bacterial disease (exclusive of IMD), IMD; invasive
meningococcal disease, PICU; Paediatric intensive care unit.
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Table 3.2 Detailed demographic and clinical details of EUCLIDS patients with JAK2 variants

Age of Causative PICU Severe clinical Identified
Patient Sex Ethnicity Onset Clinical phenotypes .. JAK2 amino
pathogen Admission outcomes . c
(months) acid variant
IMD patients with JAK?2 variants
102-1229 Female European 9 Men B Sepsis Yes L113V
. Septic shock,
318-1013 Female European 193 Men Septic Shock Yes death L393V
MEN 2673 Female Caucasian NR Men Meningitis Yes L393V
101-5341 Male European NR Men Sepsis NR L393V
440492 Female Caucasian 35 Men B Sepsis Yes Skin graft F556V
440582 Male Caucasian 9 Men C Sepsis Yes Death R564L
. . . Septic shock,
ZH236 Male Caucasian 15 Men C Sepsis - purpura fulminans Yes death N782K
439952 Male Caucasian 10 Men B Sepsis Yes Death F844L
431052 Male Caucasian 10 Men B Sepsis Yes _Skin graft, 4- E846D
limb amputation

PRS486 Male Caucasian 10 MenC Meningitis E846D
SG112 Female Caucasian 54 Men B Sepsis L871V
1956 Male Caucasian 117 Men Meningitis Yes R1063H
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433692

101-5611

437952

443662

101-5501

318-0001

Male

Female

Female

Male

Female

Male

Caucasian
European
Caucasian
Caucasian
European

European

55

NR

210

186

NR

38

Men B

Men

Men C

Men B

Men

Men

Sepsis
Meningitis
Sepsis
Sepsis
Meningitis

Septic shock

Other invasive bacterial disease patients that share J4K2 variants present in IMD patients

305-0002

401-1060

101-1309

401-1041

201-1178

402-1037

101-1267

101-0022

Male

Female

Male

Female

Male

Male

Male

Female

European
Other/mixed

Asian

African/North
African

European
Other/mixed

Other/mixed

88

12

76

126

89

35

144

S. pneumoniae
S. pneumoniae
GAS

GAS

GAS

S. aureus
S. aureus

GAS

Pneumonia with pleural
empyema

Meningo/encephalitis

Septic arthritis,
Septic shock

Meningo/encephalitis

Soft tissue infection,
necrotising fasciitis,
peritonitis
Soft tissue infection,
pyomyositis

osteomyelitis

Soft tissue infection, TSS

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Unknown

Skin graft
Unknown
Unknown

Septic shock

Hearing loss

Septic shock

Skin graft,
death

R1063H

R1063H

N1108S

N1108S

N1108S

NI1108S

L393V

L393V

L393V

L393V

L393V

L393V

R1063H

R1063H
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African/North Soft tissue infection,

308-1013 Male . 140 S. aureus .. No N1108S
African osteomyelitis
Pneumonia with pleural
301-1129 Female European 83 GAS empyema, soft tissue Yes N1108S
infection, TSS
402-1003 Female 143 GAS TSS Yes N1108S
Invasive bacterial disease patients with J4K2 variants, exclusive of IMD
Pneumonia with pleural Septic shock,
401-1106 Female Other/mixed 9 S. aureus P Yes severe overall GI27A
empyema, septic shock .
disability
101-0112 Female European 56 S. aureus Soft tissue infection, No M1871
pyomyositis
101-0050 Female Asian 24 S. pneumoniae Pneumonia Wlt}.l pleural Yes Septic shock V3iooMm
empyema, septic shock
101-0041 Female Asian 47 GAS Sepsis, TSS Yes S523T
Meningo/encephalitis,
301-0002 Male European 157 S. aureus Mastoiditis and cerebellar Yes G571S
abscess
308-1013 Male ~ African/North S. aureus Soft tissue infection, No 1724T
African osteomyelitis

NR; Not Recorded, IMD; Invasive Meningococcal Disease, TSS; Toxic Shock Syndrome, GAS; Group A Streptococcus.
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3.5 Review of JAK?2 variants discovered in EUCLIDS

Table 3.3 summaries the 16 JAK2 variants discovered in the EUCLIDS cohort in patients with
significant bacterial disease. I have also included references from a brief literature review to
determine if a particular JAK?2 variant has been described before and in what context. The two
key parameters taken into consideration were whether they have been observed in
myeloproliferative neoplasm (MPN) patients, and if there has been any functional work
published that has characterised the variants. Nine of the overall 16 JAK?2 variants have been
previously sequenced in MPN patients, L393V, F556V, R564L, E846D, R1063H, N1108S,
V392M, G5718, and [724T (Table 3.3). However, L393V, 1724 T, and some MPN patients with
R1063H, have been discovered only in co-existence with J4K2 variant, V617F (Table 3.3).
Additionally, E846D has only been co-inherited with R1063H in MPN patients (308). Adult
onset somatically acquired JAK2 V617F is the foremost clinically relevant variant strongly
associated with myeloproliferative diseases (301-303). V617F is a gain-of-function variant that
constitutively activates JAK?2 and subsequent signalling. In myeloproliferative disorders, gain-
of-function J4K2 mutations drives over-proliferation of bone marrow cells which underlies the
clinical manifestations of myeloproliferative neoplasm (305). Due to its well-established
characteristics, I decided to use V617F as a positive control in my experiments to assess gain-

of-function effects.

Four of the JAK2 variants discovered in the EUCLIDS cohort have been previously
characterised in published literature as gain-of-function mutations, L393V, F556V, E846D,
and R1063H (Table 3.3). JAK2 F556V, and E846D were clear gain-of-function variants with
F556V shown to activate JAK-STATS signalling (309), promote cell proliferation and
constitutively activate JAK2 in y2A cells, JAK2 deficient human fibrosarcoma cells, and JAK2
mutants stably expressed in Ba/F3-EpoR cells (310). JAK2 E846D was shown to lead to
constitutive JAK?2 activation and hyperactivate JAK2/STATS signalling in the specific context
of the erythropoietin receptor in Ba/F3-EPOR-IL-3—dependent cells transduced to stably
express E846D (308). The same study discovered E846D and R1063H in co-existence in MPN
patients but showed R1063H to individually have a very weak effect on JAK2/STATS
signalling, therefore hypothesising that R1063H augments JAK?2 activity caused by E846D
(308). This was also shown in functional studies where R1063H co-exists with V617F and
further amplifies the gain-of-function effect of V617F but not independently (311). JAK2
L393V alone has been reported to weakly activate JAK2, shown by STAT1/3/5 signalling

luciferase assays, but though it was discovered in co-existence with V617F it did not synergise
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V617F JAK2 activating activity (312). The JAK2 G571S variant has also been sequenced in
MPN patients, however functional studies so far have shown this variant to have no effect on
JAK2 activity (309). The three JA4K?2 variants with the highest minor allele frequency (MAF),
p.L393V, pR1063H, and p.N1108S with MAFs of 0.007883, 0.004699, 0.001962, respectively
are seen in both IMD cases and other invasive bacterial disease patients and have also been

identified in MPN patients, (Table 3.2, Figure 3.3).

Figure 3.3 is a representative image of all the J4K2 variants discovered in our EUCLIDS
cohort, and colour coded to differentiate in which EUCLIDS subset they are found in, either
solely in IMD cases (black), in both IMD and other invasive bacterial infections (blue), or in
invasive bacterial infections exclusive of IMD (green). Two identified J4K?2 variants are novel,
L871V, and S523T (Table 3.3, Figure 3.3). JAK2 has many key phosphorylation sites used to
positively activate JAK2 activity, with Y1007/1008 as the chief activating site, and JAK?2 also
self-regulates via auto-phosphorylation (Figure 3.3). Only one J4K?2 variant found in the
EUCLIDS cohort falls on one of these phosphorylation sites, S523T, a novel variant found in
a female GAS patient presenting with sepsis and toxic shock syndrome (Figure 3.3, Table 3.2).
JAK2 S523 has been shown to act as a negative regulator in the context of growth hormone

stimulation (313).
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Table 3.3

Summary JA4K?2 variants discovered in EUCLIDS

JAK? Global Functional Reported in ]l;;e(s:illt];g
variant CNIE LD ML il |1 B bacterial disease
(gnomAD) reported? with MPNs?
group
L113V 15143103233  0.0006471 IMD
IMD, S. aureus
a s b}
L393V 12230723 0007883  Yes(312)° 1 o Gl12, GAS,
314,315 .
. pneumoniae
FS56V  rs764634461  0.00001455 Ye;(g)w’ Yes (309) IMD
RS64L  rs368927897  0.00006051 Yes (316) IMD
N782K 15778634399  0.00001436 IMD
F844L 15368688124 0.000007957 IMD
Yes (308
E846D 15150221602  0.0004492  Yes (308) ZSI(S)b ’ IMD
L8871V Novel IMD
vest Gogy SO s
RI063H rsd1316003  0.004699 o GO 319y 308y > O dureus,
G11) \ GAS
(311)
N1108S  rs142269166  0.001962 Yes317)  MD; éA“S”re”S’
GI27A 1556118985 0.000003995 S. aureus
M1871 rs770883479 0.000008 S. aureus
V392M 15200018153  0.0006015 Yes*(318) . pneumoniae
S523T Novel GAS
Predicted Yes
G571S 1139504737  0.0004612  noeffect (309, 316, S. aureus
(309) 319)
I724T 15372254348  0.00008489 Yes® (318) S. aureus

2 co-exist with V617F P E846D & R1063H in co-existence ¢ weak GoF ¢ R1063H is not GoF
alone but appears to be an amplifier when found in co-existence with other GoF variants.
IMD; Invasive Meningococcal Disease, GAS; Group A Streptococcus, MPN;
myeloproliferative neoplasms, GoF; Gain-of-function, MAF; minor allele frequency
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Figure 3.3  Lolliplot of JAK2 variants and corresponding MAF

JAK?2 amino acid variants discovered in EUCLIDS patients plotted against their reported global minor allele frequency (MAF) according to
gnomAD, and along a schematic of JAK2 protein with significant domains and phosphorylation sites. 4.1 protein, ezrin, radixin and moesin
(FERM), Src Homology 2 (SH2). Known key JAK2 phosphoyrlation sites are also marked, including auto-phosphorylation that negatively
regulates JAK?2 activity. Image created using biorender.com.
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3.6 Construction of J4K2 variants in expression vectors

All 16 JAK?2 variants identified in the EUCLIDS cohort, plus an extra JAK2 variant V617F,
were constructed for use in experiments, (4 of the 17 JAK?2 variants, R564L, F844L, E846D,
and R1063H, were constructed by Mr Rahmeen Rahman). All other plasmids were generated
by me. Firstly, the pTRIP expression vector containing wild-type (WT) JAK2 C-terminally
tagged with RFP, previously described (291), was used to introduce the missense variants by
QuikChange Lightning Site-Directed Mutagenesis Kit from Agilent and overlapping primer
pairs containing the single nucleotide substitution (detailed protocol found in section 2.4 and
primer details found in Table 2.4). Confirmation of successful mutant constructs were
determined by Sanger sequencing and then aligned to JAK2 WT (Figure 3.4). Whole plasmid

sequencing confirmed no second-site variants were introduced during the mutagenesis process.
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Figure 3.4  Sequence confirmation of site directed mutagenesis in JAK2 plasmids

Sanger sequence confirmation of successfully integrated JA4K2 variants in pTRIP-JAK2 WT
plasmid. Alignment of pTRIP-JAK2 WT and mutant plasmid, visualised using SnapGene (by
Dotmatics). Nucleotide changes are marked with a red box. R564L, F844L, E846D, and
R1063H, were constructed by Mr Rahmeen Rahman, all others were generated by me.
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3.7 Overexpression of JAK2 variants in JAK2 deficient cells (y2A)

3.7.1 Western blot analysis of baseline expression

To identify the impact of J4K2 variants on protein expression, pTRIP-JAK?2 constructs were
transiently transfected into JAK2-/- human fibrosarcoma cells (y2A), previously described
(290). Western blots were then performed using antibodies recognising whole JAK?2, activated
phospho-JAK2 (Y1007/Y1008), STAT1, and activated phospho-STAT1 (Y701), with GAPDH
used as a loading control, (detailed protocol outlined in section 2.6). The pTRIP-JAK2
construct V617F was used as a gain-of-function control. Three variants showed a clear gain-
of-function with clear detectable bands in phosphorylated JAK2 immunoblots, F556V, E846D,
and L871V (Figure 3.5). Densitometry of at least three independent experiments showed a
significant increase in pJAK2 for F556V, E846D, and L871V when compared to JAK2-WT.
Phosphorylated STAT1 was also investigated, as STAT] is one of the latent STATSs recruited
downstream of phosphorylated JAK2 upon ligand binding as is a generally accepted read out
indicative of JAK2 activation (Figure 3.2). Also, JAK2 variants that may not appear as GoF in
direct investigations of phosphorylated JAK2 may still prove to activate the JAK2/STAT
pathways upon examining activity of downstream molecules. Activated STAT1 mirrors
activated JAK2 immunoblots with F556V, E846D, and L871V being statistically significantly
increased compared to JAK2 WT and other variants including, R564L, and R1063H also show
a clear increase in activated STAT1 though these did not reach statistical significance (Figure
3.5). Other JAK?2 variants, L113V, L393V, N782K, F844L, N1108S also showed weak increase
in phosphorylated STAT1 compared to JAK2-WT but this was not found to be statistically
significant (Figure 3.5). All gain-of-function J4K?2 variants seen to activate JAK2 and STATI,
shown by immunoblotting, F556V, E846D, and L871V, are to a significant level but lesser
than what is seen with V617F (Figure 3.5). No J4K2 variants found in other invasive bacterial
infection, exclusive of IMD were shown to be activating variants by immunoblotting (Figure

3.5).
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Figure 3.5  Impact of J4K2 variants on protein expression

v2A cells were transiently transfected with JAK2 constructs, immunoblots show resolved
JAK2, pJAK2(Y1007), STATI, and pSTATI(Y701) proteins, with GAPDH as a loading
control. N=3 and immunoblots are representative of at least three independent experiments.
Densitometry analysed with ImageJ, data shown as mean = SEM and the differences between
variants and wild type were tested in one-way ANOVA, significance shown with *p<0.05,
*4p<0.01, ****p<0.0001. NT; non-transfected, LT; lipofectamine control, WT; wild type.
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3.7.2 Western blot analysis of JAK2 and STAT1 expression in stimulated cells

Next, I wanted to investigate the impact of the JAK?2 variants in the context of stimulation with
ligands that trigger the JAK/STAT pathway (Figure 3.2). Due to time restrictions, this
experiment was performed with 4 of the JAK?2 variants F556V, E846D, L871V, and R1063H.
IFN-vy, and IL-6 were chosen as ligands for this experiment as they have been shown to signal
downstream of JAK2 (Figure 3.2), and IFN-a is used as a control as it signals via JAK1 and
TYK2 to phosphorylate STATT1 but it does not signal through JAK?2 (320). Formalin-fixed V.
meningitis MC58 strain, serogroup B (MenB) (MOI 1) was chosen due to its relevance in the
context of this project. At Imperial College London, live N. meningitis is a category level 3
pathogen, and its use is extremely restrictive, therefore we chose to formalin fix the bacteria to
allow for more flexibility in my experiments. This experiment has been performed once, and
therefore no statistics was performed. In y2A cells pTRIP-JAK2 constructs, were transiently
transfected then stimulated with either mock, IFN-a, IFN-y, IL-6, or FF-MenB and
immunoblotting were performed. There is a clear trend that the highest pJAK2 and pSTATI
expression is observed upon stimulation with IFN-y in F556V, E846D, and V617F and only in
pSTATI1 in JAK2-WT, L871V, and R1063H, when compared to JAK2-WT mock (Figure 3.6).
Phosphorylated JAK2 was seen in F556V, E846D, and V617F to a higher degree in all
stimulated conditions, compared to JAK2-WT (Figure 3.6). Additionally, increased expression
of pSTAT1 was seen for all E§46D stimulation conditions compared to WT (Figure 3.6).

In this experiment no activated JAK2 was seen in any conditions of L871V (Figure 3.6), in
contrast to previous seen activation at base level (Figure 3.5). This is likely due to the normal
subtle expression of phosphorylated JAK?2 that is experimentally difficult to investigate, also a
higher dilution of antibody recognising pJAK?2 was also likely used as expression of pJAK?2 in
the V617F positive control is to a significantly lower degree (Figure 3.6) than what has been
seen previously (Figure 3.5). The marked 10-fold increase in pSTAT1 expression upon IL-6
stimulation in cells expressing E846D is interesting, as this cytokine typically signals through
STAT3 downstream of JAK1, JAK2, and TYK2 (321). However, it has been shown that though
STAT3 is the dominant signalling molecule, STAT1 may be involved in the IL-6 signalling
cascade and previous studies show IL-6 can induce phosphorylation of both STATI1 and
STAT3 in y2A cells (321, 322). However, as stated, this is the result of one biological
experiment, and it would need to be repeated before any confident conclusionary remarks can

be formulated. In future experiments, I also would stimulate with FF-MenB for at least 2 hours
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at an MOI of 10 to replicate a more comparative infection scenario, as 20 minutes may not be

enough time for bacterial PAMPs to activate the signalling pathway.
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Figure 3.6  Impact of J4K2 variants on protein expression upon stimulation

v2A cells were transfected with JAK?2 constructs then stimulated either with mock, IFN-a, IFN-
v, IL-6 , or formalin-fixed (FF) MenB. Immunoblots representative of n=1 and shows resolved
JAK2, pJAK2(Y1007), STATI, and pSTATI1(Y701) proteins, with GAPDH used as a loading
control. Densitometry analysed with ImageJ. NT; non-transfected, WT; wild type.

3.7 Flow cytometry analysis of phosphorylated STAT1 in stimulated y2A
cells

Working with phosphorylated proteins is experimentally difficult as they are sensitive to time
and temperature, and phosphorylated JAK2 antibodies created for immunoblotting does not
always pick up the sensitive JAK2 phosphorylated state. Due to these limitations, I decided to
attempt the same stimulation experiment as shown in Figure 3.6 but using a flow cytometry
output, with the hope that flow cytometry’s ability to measure at the single cell level would

allow for more sensitive measurements and reproducible results. As time was restrictive, this

115



experiment was performed once with two of the JAK?2 variants shown to be strongly gain-of-
function, F556V, and E846D and one JAK?2 variant that thus far has not shown any gain-of-
function activity, L113V, by immunoblotting (Figure 3.5). Activated JAK2 (pJAK2) was not
included in this experiment as there are no commercially available antibodies. Briefly, y2A
cells were transiently transfected for 24 hours and then stimulated with either mock, IFN-a, or
IFN-y. Cells were stained with pSTATI1 (Y701) and JAK2 E846D showed an increase in
baseline pSTAT1 expression compared to JAK2-WT and showed the highest expression of
pSTAT1 among all the variants upon IFN-y stimulation (Figure 3.7). JAK2 F556V also showed
a marked increase in pSTAT1 upon IFN-y stimulation, ~3-fold increase (Figure 3.7). All JAK2
variants, showed a similar increase in pSTAT1 upon stimulation with IFN-a, when compared
to JAK2-WT (Figure 3.7). This data is the result of one biological experiment and would need
to be repeated with all the JAK?2 variants before any confident conclusionary remarks could be

formulated.
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Figure 3.7 Expression of pSTAT1 in y2A cells expressing JAK?2 variants upon stimulation

Graphs show expression of intracellular pSTAT1 (Y701) in y2A cells expressing JAK2
variants and stimulated with mock, IFN-a (1000 U/mL), or IFN-y (100ng/mL). Gating strategy
for single cell population is shown (top) and data is representative of n=1. Graphs showing
MFT fold change are compared to non-stimulated JAK2-WT.
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3.8 Flow cytometry analysis of phosphorylated STAT1 in stimulated
PBMCs

3.8.1 Flow cytometry optimisation in stimulated control PBMCs

During this project, I was presented with the possibility of being able to successfully recall
some of the EUCLIDS patients with JAK?2 variants, therefore, I began optimising experiments
that could take advantage of fresh patient samples. Though I would like to investigate the
activation of JAK2 and STAT1 by immunoblotting, the amount of blood needed to isolate
enough protein to successfully run the experiment is high and therefore prohibitive. Therefore,
the first experiment would be to investigate activation of STATI in patient peripheral blood
mononuclear cells (PBMCs) using flow cytometry as this requires a lower volume of blood.
To optimise this experiment, control PBMCs were stimulated with mock, IFN-a, IFN-y or were
live infected for 20 minutes with N. meningitidis (serogroup B strain MCS58), S. aureus, S.
pneumoniae, or Group A Streptococcus (GAS). Cells were stained with CD14-FITC, to gate
for monocytes, CD4-PerCP/CyS5.5, to gate for T cells, and pSTAT1-BV421 (Y701). Cells were
gated for a single cell population using forward scatter and then CD14+ and CD4+ single

stained cells were used to positively gate for these populations (Figure 3.8).

CD14+pSTAT 1+ cells were significantly increased upon stimulation with [FN-a (1000 U/mL),
and IFN-y (100ng/mL), all bacterial infections also showed an increased expression in
CD14+pSTATI1+ cells, though this did not reach significance (Figure 3.8). In all PBMCS, there
was a significant increase in pSTAT1 only upon IFN-a stimulation and no increase in

pSTAT1+ cells were seen in any CD4+ cells (Figure 3.8).
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Figure 3.8  Expression of pSTAT1 in PBMC’s upon stimulation

Graphs show expression of intracellular pSTAT1 (Y701) in PBMCs cells stimulated with
mock, IFN-a, IFN-y, or live infection with N. meningitidis, S. aureus, S. pneumoniae, or Group
A streptococcus. Gating strategy for single cell population, CD14+ population, and CD4+
population is shown (top). Data is representative of n=3 biological replicates. Graph shows
mean + SEM and MFI fold change is compared to non-stimulated. The differences were
statistically tested in one-way ANOVA, and significance is shown with ***p<0.001,
*H%%p<0.0001.
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3.8.2 Flow cytometry in stimulated control vs V617F PBMCs

I shall be receiving EUCLIDS patient samples shortly, however I was recently presented with
an opportunity to obtain blood samples from a myeloproliferative neoplasm patient positive for
the JAK2 V617F variant. This was possible through collaboration with Dr Simone Claudiani
(Imperial College London). I was able to run my optimised flow cytometry experiment
measuring the expression of pSTAT1 in PBMCs upon IFN-stimulation and bacterial infection
described above (section 3.7.1) using blood from a patient positive for V617F and a control
donor (Figure 3.9). Only one modification was made post-optimisation altering infection time
with live bacteria from 20 minutes to 2 hours. This data is derived from one independent

experiment, and more repeats will be needed to form any conclusory statements.

From this experiment, V617F shows a constitutive activation of pSTATT1 at baseline without
any stimulation in all PBMCs and CD14+ cells, however this was not seen in the CD4+ cell
population (Figure 3.9). Levels of pSTATI in control cells then reach similar levels to V617F
cells upon stimulation in all PBMCs and CD14+ cells (Figure 3.9). CD4+pSTATI1+ cell
populations show some interesting trends with an absence of pSTATI1 expression in V617F
CD4+ cells upon stimulation with IFN-y, MenB, and S. pneumoniae, compared to CD4+
control cells (Figure 3.9). An increased pSTAT1 response to all bacterial infections in the
CD4+ population in control cells is also seen here and had not been present in previous
experiments (Figure 3.8), however this could be attributed to the longer infection time

employed for this experiment (Figure 3.9).
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Figure 3.9  Impact of V617F JAK2 variant on response to interferon and infection in
PBMCs

Graphs show expression of intracellular pSTAT1 (Y701) in human PBMCs from control and
V617F whole blood and stimulated with mock, IFN-a, IFN-y, or live infection with N.
meningitidis, S. aureus, S. pneumoniae, or Group A Streptococcus (GAS). Cells were gated for
CD14+ and CD4+ populations and data was plotted as mean + SEM with MFI fold change
determined by comparison to non-stimulated control PBMCs. Data is representative of n=1
biological replicate.
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3.9 Creating stable mutant JAK?2 expression in y2A cells

I decided to create stable cell lines permanently expressing the JAK2 variants identified in
invasive bacterial infections from the EUCLIDs cohort, as transient transfections do not result
in 100% transfection efficiency and can introduce variability in results. Also working with
phosphorylated proteins can pose a difficulty in reproducible data and using stable cell lines

could, hopefully, circumnavigate this issue.

The pTRIP-JAK?2 lentiviral constructs were used to transduce JAK2 stable expressing y2A
cells. As lentiviral vectors cannot replicate on their own, pseudoparticles were generated in
HEK?293 cells first and successful expression of RFP+ particles was visualised using
fluorescent microscopy. All JAK2 variants successfully produced lentiviral particles in
HEK?293 cells 48 hours post co-transfection, and as expected, significant cell death is also seen

in the microscope images (Figure 3.10).

The pseudoparticles were transduced into Y2 A cells and then fluorescence-activated cell sorting
(FACS) was performed by Dr Parisa Amjadi (Imperil College London) to positively sort only
RFP+ cells (Figure 3.11). All JAK?2 transduced y2A cells had positive RFP populations, with
efficiency ranging from 13% in V617F transduced cells to >70% in M1871 transduced cells
(Figure 3.11).
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Figure 3.10  Fluorescent microscopy of JAK2-lentiviral particles generation in
HEK?293 cells

RFP expression in HEK293 cells at 48 hours post co-transfection of pTRIP-JAK2-RFP
plasmids with pCMV-VSV and pGag-Pol to generate JAK2-lentiviral particles. Images
captured with an EVOS™ FL Auto 2 Imaging System. Scale bar represents 500 uM. RFP; red
fluorescent protein. Scale bar represents 500 pM.
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Figure 3.11 Transduction efficiency of JAK2-lentiviral particles into y2A cells

JAK2-RFP-lentiviral particles were transduced into y2A cells and RFP was selected for by
fluorescence-activated cell sorting (FACS), performed by Dr Parisa Amjadi. The gating
strategy shown selected for single cells positive for RFP expression (top row). The graph
(bottom) represents the number of RFP+ sorted cells as a percentage of the single cell

population., n=1.
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3.9.1 Determination of stable JAK2 expression
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Figure 3.12 Fluorescent microscopy of stable transduced y2A-JAK2 cells

RFP expression in y2A cells post JAK2-lentiviral transduction and Fluorescence-activated cell
sorting (FACS). Cells were cultured in complete media and incubated at 37°C, 5% CO>. RFP;
red fluorescent protein. Figure shows pseudo-coloured images of brightfield, RFP channel and
merged captured with an EVOS™ FL Auto 2 Imaging System, scale bar represents 500 uM,

n=1.
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All y2A-JAK?2 transduced cells survived recovery, except for those transduced with JAK2
V617F which failed to grow and spontaneously died shortly after transduction and FACS. Post
sorting and culture growth, positive RFP expression was captured with an EVOS™ FL Auto 2
Imaging System to determine successful transduction (Figure 3.12). Immunoblotting was
performed to determine stable JAK2 expression in stably transduced y2A-JAK2 cells, using
V617F transfected cells as a control. All variants show stable expression of JAK2, though no
v2A-JAK2 transduced cells showed phosphorylated JAK2 or STAT1 (Figure 3.13) despite
transiently transfected F556V, E846D, and L871V showing high expression of phosphorylated
JAK2 and STAT]1 (Figure 3.5). This may be due to the more subtle nature of transduced cells
compared to overexpression in transient transfection systems. However, as V617F protein
lysates isolated from transiently transfected cells failed to show pJAK2 by immunoblotting
(Figure 3.13), this is likely the result of inadequate antibody dilution. Figure 3.12 is
representative of one experiment and will be repeated to know this for sure. Sequence
confirmation of J4K2 in the stable y2A-JAK2 transduced cells will also be performed

imminently to successfully confirm integration of target JAK2 variants.
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Figure 3.13 Protein expression in JAK2 stably transduced human fibrosarcoma cells

Immunoblots of protein isolated from y2A-JAK2 transduced cells showing resolved JAK?2,
pJAK2(Y1007), STATI1, and pSTATI(Y701), with GAPDH used as a loading control.
Immunoblots representative of n=1.

126



3.10 Impact of JAK2 on neutrophil activity

To characterise a possible mechanism that could explain an increased susceptibility to or severe
outcome of IMD I decided to investigate the role of JAK2 in neutrophil recruitment. Neutrophil
recruitment plays a major part in the development of sepsis and are recruited to the endothelial
site of inflammation during infection (323). Neutrophil B1 and 2 integrins bind respectively
to vascular cell adhesion molecule 1 (VCAMI1) and (intercellular Adhesion Molecule 1)
ICAM1 typically expressed on endothelial and immune cells (324). Neutrophils expressing
V617F have shown increased adhesion to VCAMI1 & ICAMI1 by constitutive activation of 1
and B2 integrins by enhancing Rap1 activation which signals the B integrins to their open high-
affinity conformation (Figure 3.14) (294, 325). I hypothesised that the gain-of-function JAK2
variants found in IMD cases within the EUCLIDS cohort will modify neutrophil activity, which
could cause the development of severe disease in IMD, particularly severe sepsis including
disseminated coagulation which can lead to death, amputations and skin grafts. The high
representation of severe sepsis and death from sepsis in the cohort of IMD patients with JAK2
variants and reports of V617F association with venous thrombosis helped to inform this

hypothesis (294).
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Figure 3.14 JAK2-V617F promotes thrombus formation.

Visual representation of JAK2-V617F impact on neutrophils which promotes thrombus
formation. Neutrophils expressing JAK2 V617F have shown increased adhesion to VCAM1
& ICAMI on the endothelium by constitutive activation of B1 and B2 integrins to their open
high-affinity conformation mediated by enhanced Rap1 activation. Figure adapted from Oh. S
(2018) (325).
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3.10.1 Optimisation of static adhesion assay with control neutrophils

I decided to employ a static adhesion assay to investigate this hypothesis. Briefly, neutrophils
were isolated, stimulated, and plated onto a 96-well pre-coated plate with either BSA (control),
ICAM1 (3 pg/mL), or VCAMI (3 pg/mL) and number of adherent cells were measured. |
optimised this experiment using control donors and initially stimulated isolated neutrophils
with TNF-a (20 ng/mL), shown to activate and prime neutrophils (326-329), LPS, Heat-killed
(HK) MenB, or formalin-fixed (FF) MenB, at a MOI 1 for 1 hour. This produced a significant
increase in attachment of neutrophils adhered to both ICAM1, VCAMI, and both ICAM1 &
VCAM co-coated together upon stimulation with TNF-a, HK-MenB, and FF-MenB, but not
LPS when compared to non-stimulated control (Figure 3.15A). I then re-optimised the
experiment using increased doses of stimuli, TNF-a (200 ng/mL), HK- and FF-MenB (MOI
10) and adding formalin-fixed S. aureus, S. pneumoniae, and Group A Streptococcus (GAS) at
a dose of MOI 10 (Figure 3.15B). This resulted in neutrophil attachment of TNF-o and MenB
stimulated cells at a ten-fold higher than seen at the lower dose (Figure 3.15), with FF S.
aureus, S. pneumoniae, and Group A Streptococcus also showing similar levels of attachment

to FF-MenB (Figure 3.15B).
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Figure 3.15 Optimisation of the static adhesion assay in control neutrophils

Bar graphs representing number of neutrophils attached to VCAMI1 and ICAMI1 post-
stimulation, compared to control non-stimulated conditions. Adhered cells were measured by
microscopy and processed using Imagel. Neutrophils stimulated with A) mock, LPS (100
ng/mL), TNF-a (20 ng/mL), Heat-killed (HK) N. meningitidis serogroup B (MenB), or
formalin-fixed (FF) MenB at MOI 1, or B) mock, LPS (100 ng/mL), TNF-a (200 ng/mL), HK-
MenB, or FF-MenB, §. aureus, S. pneumoniae, or Group A Streptococcus (GAS) at MOI 10.
Data is representative of n=2 independent experiments with three technical replicates each.
Graphs display mean + SEM as a fold change compared to non-stimulated. Any increased
differences were tested with a one-way ANOVA, statistical significance shown with
*xA%p<0.0001.
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3.10.2 Static adhesion of stimulated V617F neutrophils

As explained in section 3.7.2 I shall be receiving EUCLIDS patient samples shortly, however
the experiment was carried out on JAK2 V617F blood samples via collaboration with Dr
Simone Claudiani (ICL). Because of this opportunity, I was able to conduct my neutrophil
static adhesion experiment with a gain-of-function JAK2 sample alongside a control donor.
This experiment has only been conducted independently once, though I hope to repeat it, and
all the data in this section is representative of one biological repeat with three technical repeats.
The experiment was conducted using the optimised conditions shown in Figure 3.15B however
during neutrophil isolation of V617F patient blood, there was poor separation of cell layers,
leading to a reduced number of collected neutrophils and platelet contamination which can
compete with neutrophils for ICAM1 and VCAMI1 binding. This is expected of V617F patients
as they have thrombocytosis and to minimise this in future experiments, blood will first be
centrifuged, and plasma removed to reduced platelet contamination. However due to the
reduced number of collected neutrophils, cells number were reduced from an optimised 1.5x10°
cells/well to 4x10* cells/well, which can account for the lower fold change values see in the
following data compared to optimised experimental results (Figure 3.15B). Also, co-coating
with both VCAMI1 & ICAMI, as well as stimulating with HK-MenB were removed as
investigative variables in order to preserve reagents and conserve neutrophils. These variables
were chosen to be excluded as FF-MenB was processed the same as the other bacteria, thereby
removing the extra variable and VCAMI and ICAMI1 separately showed similar attachment

levels to co-coating so I deemed it unnecessary to have all three conditions.

Figure 3.16 shows that at base level, with no stimulation, V617F neutrophils show significant
increased attachment to both VCAMI1 and ICAM1 when compared to controls. Upon
stimulation with LPS (100 ng/mL), TNF-a (200 ng/mL), FF-MenB, FF-S. aureus, FF-S.
pneumoniae, or FF-GAS at a MOI 10 for 1 hour, neutrophil attachment levels out between
V617F and control cells and were similar (Figure 3.17). All stimulation, with the exception of
LPS, showed increased V617F and control neutrophil attachment to both VCAM1 and ICAM 1
(Figure 3.17).
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Figure 3.16 Static adhesion assay in control and V617F neutrophils

Bar graph representing number of V617F neutrophils attached to VCAMI and ICAMI1 at
baseline with no stimulation compared to control neutrophils. Adhered cells were measured by
microscopy and processed using ImageJ. Data is representative of n=1 independent experiment
with three technical replicates. Graphs display mean + SEM as a fold change compared to
control. Any increased differences were tested with a one-way ANOVA, and statistical
significance shown with ****p<0.0001.
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Figure 3.17 Static adhesion assay in control and V617F neutrophils upon stimulation

Bar graph representing number of V617F stimulated neutrophils attached to VCAMI and
ICAMI, compared to control non-stimulated conditions. Stimulated with mock, LPS (100
ng/mL), TNF-a (200 ng/mL), HK-MenB, or FF-MenB, S. aureus, S. pneumoniae, or Group A
Streptococcus (GAS) at MOI 10. Adhered cells were measured by microscopy and processed
using ImageJ. Data is representative of n=1 independent experiment with three technical
replicates. Graphs display mean = SEM as a fold change compared to control. Any increased
differences were tested with a one-way ANOVA, and statistical significance shown with
*HE*p<0.0001.
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3.10.3 Static adhesion of stimulated V617F neutrophils upon Rap1 inhibition

Next, I wanted to test if JAK2 activation and gain-of-function in neutrophil attachment was
Rapl-dependent. I investigated this by utilising a cell permeable drug, GGTI-2147 (Sigma), a
potent molecule that selectively inhibits geranylgeranyl transferase I (GGTase I), thereby
blocking the activation of Rapl. Prior to stimulation and plating, I pre-treated the isolated
neutrophils with GGTI-2147 (10 uM). Results showed that upon Rapl inhibition, neutrophil
attachment was significantly impeded in V617F cells compared to controls (Figure 3.17).
Significantly inhibited V617F neutrophil attachment to both VCAMI and ICAMI1 was also
seen, regardless of stimulation, when compared to control (Figure 3.18). This shows that
increased neutrophil attachment to VCAMI1 and ICAM1 in JAK2 gain-of-function samples is
Rap1 dependent, and by extension caused by JAK?2 activation. These data of V617F and control
neutrophil attachment, with no stimulation, replicate results previously reported (294), and
though needs to be independently repeated shows a robust methodology for investigating JAK2
gain-of-function in neutrophil activity, that can be repeated with recalled EUCLIDS patients

with JA4K?2 variants.
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Figure 3.18 Inhibition of V617F neutrophil attachment upon Rapl inhibition by
treatment with GGTI-2147

Bar graph representing number of GGTI-2147 treated V617F stimulated neutrophils attached
to VCAMI and ICAMI, compared to non-stimulated conditions. Stimulated with mock, LPS
(100 ng/mL), TNF-a (200 ng/mL), HK-MenB, or FF-MenB, S§. aureus, S. pneumoniae, or
Group A Streptococcus (GAS) at MOI 10. Adhered cells were measured by microscopy and
processed using Imagel. Data is representative of n=1 independent experiment with three
technical replicates. Graphs display mean + SEM as a fold change compared to control. Any
decreased differences were tested with a one-way ANOVA, and statistical significance shown
with **#*p<0.0001.
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3.11 Discussion

JAK?2 genetic mutations in myeloproliferative neoplasms and non-communicable human
disease has been well reported, however, thus far, no clear associations of J4K2 variants have
been reported to be involved in predisposition to invasive bacterial infection (330). In this
thesis, I aimed to investigate the impact of J4K2 variants on protein expression and function
in the context of invasive bacterial infection, with a particular focus on IMD. A gene burden
analysis of a large cohort of IMD cases recruited into EUCLIDS, an international collaborative
recruitment of paediatric patients presenting with invasive bacterial infections (Figure 3.1),
revealed variants in JAK2 to be significantly enriched in IMD cases when compared to controls,
with a p value less than 3x107. Further analysis of the clinical data of EUCLIDs IMD patients
with JAK?2 variants showed a high representative of severe manifestations of IMD including
sepsis (72.22%), septic shock (16.67%) and extreme clinical outcomes of skin grafts and
amputations (16.67%), and death (22.22%) (Table 3.1, Table 3.2).

JAK2 is a multifunctional tyrosine kinase that acts as a critical intermediate between membrane
receptors and downstream signalling molecules such as STATs. JAK2 activity is chiefly driven
by phosphorylation triggered by membrane receptor bind to a particular cytokine, hormone, or
growth factor (Figure 3.2) (299, 300). This binding activates downstream signalling pathways
involved in a wide range of different processes such as cell proliferation, cell survival,
apoptosis, cell metabolism, cell differentiation, cytokine signalling, neutrophil recruitment, and
haematopoiesis (Figure 3.2). Phosphorylation of tyrosine sites is the main driving force of
JAK2 activity, in both activating and inhibitory roles. Upon activation JAK2 becomes
phosphorylated on as many as 20 tyrosine residues. In addition to the main tyrosine 1007-1008
location, phosphorylation of tyrosine sites 372, 637, 813, 868, 966 and 972 enhance JAK2
activity, whereas phosphorylation of Ser523, and tyrosine sites 119, 221, 570, and 913
negatively regulate JAK2 (Figure 3.3) (313, 331-335).

Adult onset acquired somatic mutations of JAK2 are known to result in myeloproliferative
diseases. One particular variant, p.V617F, is a well-known constitutive activator and is the
most clinically relevant variant, found in over 95% of individuals with polycythaemia vera
(PV), over 50% of those with essential thrombocythemia (ET), and around 65% of primary
myelofibrosis cases (301-303). Due to this, JAK?2 is now one of the first diagnostic markers
tested upon diagnosis with a myeloproliferative disorder and JAK inhibitor, ruxolitinib, is an

approved therapeutic drug used to treat myelofibrosis (301). In addition to the main V617F
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variant identified in the majority of MPN cases there are other variants identified in exon 12
that affect a region adjacent to V617F and are present in polycythaemia vera cases that test

negative for JAK2 V617F (336, 337).

JAK2/STAT signals downstream of multiple hematopoietic cell surface receptors, and in
myeloproliferative disorders, JAK2 somatic variants originating in hematopoietic stem cells
and myeloid progenitor cell compartment can constitutively hyperactivate cytokine/ligand-
independent JAK-STAT signalling (304, 305). This activation drives clonal expansion and
over-proliferation of bone marrow cells of the myeloid lineage, which underlies the clinical
manifestations of myeloproliferative neoplasms, with incomplete penetrance, and can lead to
complications such as thrombosis, secondary fibrosis, or leukemic transformation (304-307).
A higher JAK2 V617F allele burden has been associated with a higher risk of development of
arterial and venous thrombotic events (338). JAK2 genetic variability associated with MPNs
typically occur as heterozygous somatic mutations in hematopoietic stem cells that then gain
homozygosity through loss of heterozygosity on chromosome 9p due to mitotic recombination
during disease progression (339). Differences in JAK2 V617F allelic burden can also inform

on disease manifestations in MPNs, with a lower allele burden seen in ET compared to PV

(340).

Myeloproliferative disease-causing variations in JAK?2 are traditionally characterised as adult-
onset somatic variants, however, recently reported case studies have also identified germline
JAK? variants that have complete penetrance, with low risk of significant disease (Table 3.4)
(341-345). These germline variants are polyclonal and selectively affects the megakaryocytic
lineage and presents with thrombocytosis that typically has a benign clinical course with
minimal complications and no risk of disease progression (Table 3.4). Notably, most JAK?2
variants associated with human disease appear to be clustered around the pseudokinase domain
(also known as JH2) which is a protein kinase that stretches from amino acid 545 to 809, and
negatively regulates cytokine signalling by auto-inhibiting JAK2 kinase activity (Table 3.4)
(346, 347). Only one patient with a reported germline JAK2 variant, E846D, was reported to
have a significant bacterial infection episode (Table 3.4). Interestingly, this is the same variant
seen in the IMD EUCLIDs cohort and that had been shown to be a GoF variant (Figure 3.5and
Figure 3.7). No other reports of significant infection in other JAK2 germline patients could be
due to incomplete penetrance, a lack of reporting, or a lack of pathogen challenge during the

vulnerable childhood years.
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Table 3.4

Germline JA4K2 variants in disease

JAK?2 variant Disease presentation Infection episodes? Ref
Essential thrombocythemia, but also seen in non-
G571S affected family members — assumed to be non- Unknown (348)
causative
L393V V617F polycythaemia vera Unknown (312)
G335D Essential thrombocytosis Unknown (309)
One case of bacterial
E846D Familial erythrocytosis in adults endocarditis with (349)
pneumococcal
meningitis
ES46D/R1063H Erythrocytos1§ and splgnomegaly with Unknown (308)
megakaryocytic atypia in an adolescent
V617F Susceptibility to myeloid neopl.asms and essential Unknown (350)
thrombocytosis
R564Q Essential thrombocytosis in child siblings and mother Unknown (342)
H608N Essential thrombocythemia in adults Unknown (344)
L611S Chronic thrombocytosis in a 3-month-old child Unknown (341)
. (343,
V6171 Thrombocytosis with vascular events Unknown 351)
V625F Essential thrombocytosis Unknown (309)
R867Q Thrombocytosis in adults Unknown (345)
S755R/R938Q Thrombocytosis in adolescents and adults Unknown (345)
T875N Essential thrombocytosis in an adult Unknown (352)
Haplotype Predisposition to the development of V617F Unknown (353,
GGCC 46/1* myeloproliferative neoplasms 354)

2153780367, 1510974944, rs12343867, rs1159782
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All JAK?2 variants discovered within EUCLIDS patients are assumed to be germline due to
their presence in young children. Ideally, confirmation of germline variants would be
performed by sequencing DNA from cheek swab and/or hair follicles, and in circumstances
where patients are recalled this will be completed. However, from existing WES data one can
estimate the likelihood of a non-germline by assessing the allelic fraction of the variant. Allelic
fraction refers to the percentage of a sample represented by an allele and is determined by the
number of times a variant base is observed, divided by the total number of times any base is
observed at the locus (355). Typically, germline variants have an allele fraction around 50%
and 100% for heterozygous and homozygous variants, respectively, but an allelic fraction range
of 30-70% is typically accepted to characterise germline heterozygous variants (356-358). All
JAK?2 variants discovered in the EUCLIDS cohort falls within the allelic fraction range for

germline heterozygous variants.

Functional assessment of 16 JAK2 wvariants by phosphorylated JAK2 and STATI
immunoblotting revealed 3 variants to be GoF, F556V, E846D, and L871V (Figure 3.5).
F556V, and E846D have both been previously reported to be GoF (Table 3.3), in the context
of cell proliferation and EPO, MPL, and G-CSF stimulated activation of STATS, as most J4K2
published data is in relevance to cell proliferation associated with MPNs (308, 310). J4K2
L871V is a novel variant, not previously described. Two other JAK?2 variants identified in the
EUCLIDs cohort, L393V, and R1063H have also been previously prescribed as gain-of-
function however, upon closer inspection of the literature there variants were seen in co-
operation with other more dominant activating variants such as V617F and E846D and are
unlikely to be independently GoF variants but rather augment the JAK?2 activity of other GoF
variants (Table 3.3) (308, 311, 312). JAK2 F556V and E846D showed activation of JAK2 and
STAT1 upon IFN-y stimulation to a higher degree compared to WT, while L871V showed
similar levels to WT (Figure 3.6). Similar results were also seen with a flow cytometry output
investigating expression of pSTAT1 (Figure 3.7) and which revealed that JAK2 F556V and
E846D variants were hyper-responsive to cytokine signalling, which could contribute to

disease pathogenesis.

Phosphorylated proteins are difficult to work with experimentally, as they are sensitive to time
and temperature, and many of my experiments had to be performed diligently and continuously
with no optional experimental stops. Because of this, along with transient transfection not
reaching 100% transfection efficiency, I decided to create stable cell lines of all JAK2 variants

via lentiviral transduction. Stable JAK2 expression in Yy2A cells was shown by
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immunofluorescence (Figure 3.12), and immunoblot (Figure 3.13), These JAK2 stable
expressing cells will be used in future experiments to investigate the impact of variants on

JAK2 expression, cytokine signalling, and function.

In preparation of JAK2 patient samples, from a patient harbouring the activating E846D variant
two main experiments were optimised. As immunoblotting requires a lot of protein, and
therefore a high volume of blood, for the detection of phosphorylated proteins, I decided to
pursue a flow cytometry output experiment that uses a lower starting volume of blood while
remaining sensitive to detection of phosphorylated proteins. I optimised the effect of IFN
stimulation and live bacterial infection on activated STAT1 (pSTATT1) in control PBMCs and
showed that IFN-a and IFN-y stimulation resulted in a significant increase phosphorylated
STATI in the CD14+ monocyte population, which is part of the myeloid lineage, when
compared to non-stimulated cells (Figure 3.8). No difference in pSTAT1 was observed in any
condition of the CD4+ T cell population (Figure 3.8). Previously published studies have
reported an increase in CD4+ pSTAT1 upon IFN-a stimulation but used 10-100-fold higher
concentrations of IFN-a than what was used in my experiment (359). JAK2 V617F experiment
has only been performed once and will need to be repeated but pSTAT1 was observed to be
constitutively active with no stimulation compared to control in the CD14+ cell population
(Figure 3.9), this is expected as acquisition of V617F is a myeloid lineage-specific event (360).
Upon live bacterial infection, IFN-a, and IFN-y stimulation V617F and control cells show
similar levels of pSTAT] expression in CD14+ cells but there appears to be an inhibition of
pSTATI expression in CD4+V617F cells live infected with N. meningitidis and S. pneumoniae,
this is an unusual result as V617F mutations are typically absent from T cell populations (360)
and I would therefore expect data from this cell population to be similar to control cells. The

experiment will need to be repeated to determine if this is a real consequence (Figure 3.9).

The final experiment sought to characterise the potential mechanism in which GoF JAK?2
variants exacerbate invasive bacterial infections. Neutrophils are polymorphonuclear
leukocytes (PMNs) that are recruited to infection sites, and can secrete large amounts of pro-
inflammatory cytokines, which can, among other interactions, go on to trigger the JAK-STAT
pathway and activate the inflammatory pathway (95). Studies have shown that the JAK2 GoF
V617F mutation contributes to increased neutrophil adhesion (294, 361) which may account
for the severity in the IMD patients with JAK2 variants as prolonged or excessive neutrophil
activity has been documented to lead to cellular and tissue damage of the endothelium and can

result in sepsis and thrombosis (323, 362, 363). In addition to the inflammatory cytokine
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signalling pathway, increased adhesion to VCAMI1 and ICAM1, ligands for B1 and 2 integrin,
respectively has been observed with granulocytes isolated from mice knocked in with JAK2-
V617F (294). JAK2-V617F expression was demonstrated to shift f integrins from a closed,
low-affinity confirmation to an open, high-affinity conformation, via Rap-1 dependent
translocation signalling (294). This research also showed that increased endothelial adhesion
and B1/B2 integrin activation in a JAK2-V617F mice inferior vena cava ligation model
promoted venous thrombosis (294). Furthermore, they found increased granulocyte binding to
VCAMI and increased Rapl activation in V617F MPN patients compared to healthy controls
(361). A static adhesion assay was successfully optimised and showed significantly increased
neutrophil binding to VCAMI1 and ICAMI upon stimulation with TNF-o and formalin fixed
N. meningitidis (MenB), S. aureus, S. pneumoniae, or Group A Streptococcus (GAS) (Figure
3.13). This is expected as it is indicative of the known mechanism of neutrophil recruitment
that occurs during bacterial infection, which sees neutrophils recruited from the bone marrow
to sites of infection where they play a crucial role in the inflammatory pathway to help clear

infection (364-366).

Performing the static adhesion assay with V617F patient samples, showed significantly
increased attachment of neutrophils to both VCAMI and ICAMI1 at baseline, with no
stimulation, compared to controls (Figure 3.16), replicating published work (294, 361). Upon
stimulation with formalin fixed bacteria and TNF-a, neutrophil attachment did not differ
between V617F and control cells (Figure 3.17). The absence of neutrophil attachment upon
LPS stimulation is interesting as circulating LPS is known to induce neutrophil chemotaxis in
inflammation via the p38-membrane receptor pathway (367), however our experiments show
that LPS 1s not responsible for inducing binding of -integrins to VCAM1 and ICAM1 (Figure
3.15 and Figure 3.17). Consistent with previous reports , neutrophil attachment is significantly
inhibited when cells are treated with GGTI-2147, a drug that inhibits Rapl activation and
transmembrane localisation, when compared to non-treated and control cells (Figure 3.18).
Upon stimulation with all bacteria and TNF-a, GGTI-2147 pre-treated V617F cells show
inhibited neutrophil attachment compared to pre-treated control cells which showed adhesion
levels similar to non-treated (Figure 3.18). This indicates that JAK2 V617F neutrophils bind to
VCAMI and ICAMI1 predominantly via a Rap-1 dependent pathway, whereas JAK2 WT
neutrophils may potentially use other pathways independent of Rapl, such as Rho PAR-2
mediated signalling (368). This experiment will be repeated with V617F cells to confirm these
findings and with patient E846D cells which will be donated by a EUCLIDs IMD patient in
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the process of being recalled. Investigating JAK2-dependent Rapl activation can also be
further explored in future experiments by immunoblotting for Rap1-GTP, the activated form
of Rapl, and investigating localisation of Rapl in cells possessing JAK2 variants with

immunofluorescence.

Thus far, 3 of the 10 JAK2 variants found exclusively in the IMD EUCLIDS cohort were found
to be GoF, F556V, E846D, and L871V. I hypothesise that GoF variants in J4K2 exacerbate
IMD outcomes by increasing neutrophil adherence to its endothelial binding partners, VCAMI1
and ICAMI. This increased adhesion could lead to cellular and tissue damage of the
endothelium and can promote sepsis via hyperactivation of the coagulation pathway (323, 362,
363). If proved, this could result in use of JAK2 inhibitors, such as ruxolitinib an already
approved therapeutic drug used to treat myelofibrosis, to treat patients with meningococcal
infection to prevent the development of severe sepsis. Interestingly, MPN patients with GoF
JAK?2 variants are not known to be at risk for IMD. As J4K2 GoF variants in MPN are typically
somatic mutations acquired in adulthood, this lack of infectious disease risk could be due to
incomplete penetrance, a lack of reporting, or a lack of pathogen challenge during the
vulnerable childhood years. Further functional work, detailed below, will need to be done to

further characterise GoF JAK?2 variants associated with IMD.

This work is and will be continued, with immediate efforts put into confirming stably
transduced y2A-JAK2cells, making sure all experiments have statistical significance with at
least three independent biological repeats, and conducting experiments with new blood samples
from patients possessing JAK2 variants. Another imminent goal is to investigate
phosphorylated STAT1 expression with all JAK2 variant expressions upon stimulation, using
flow cytometry, as it will be informative in revealing if additional JAK2 variants have GoF
properties during cytokine signalling. Some future experiments also in progress includes
optimising the static adhesion assay to utilise PLB-985 cells, pluripotent hematopoietic cells
that can be differentiated to neutrophil-like cells, as these cells can be genetically manipulated
to express the JAK?2 variants of patients we are not able to recall (369). However, this will take
significant optimising as I ran a pilot experiment that showed no specific binding of PLB-985s
to either VCAM1 or ICAMI regardless of stimulation condition (data not shown), which is not
in accordance with what is seen with real neutrophils (Figure 3.13). I suspect that the PLB-
985s need to be differentiated first, which runs into significant experimental difficulties as
PLB-985 differentiation causes significant cell death (370). I, alongside a colleague in the lab,

are also beginning to investigate the impact of orthologs of the J4K2 variants identified in the
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EUCLIDs cohort in an established zebrafish inflammation model in collaboration with Dr
Milka Sarris (University of Cambridge) (371). The premise of this pilot work is to prepare
JAK?2 zebrafish ortholog (jak2a) RNA that will be used for transgenesis into zebrafish embryos
whose lineage have undergone transgenic modification to express fluorescently tagged
neutrophils (371, 372). The larvae expressing the jak2a ortholog variants can then be
challenged with molecules such as LPS and/or bacteria and real-time imaging of microbe-
leukocyte interactions can be performed, including measurement of neutrophil recruitment to
the challenge site. I aligned human JAK?2 and zebrafish jak2a and identified six of the J4K2
variants in EUCLIDs patients have orthologs in zebrafish jak2a, JAK2 L113V, L393V, F556V,
R564L, F844L, and L871V to jak2a L90V, L359V, F520V, R528L, F807L, and L834V
respectively. I created these jak2a orthologs using site directed mutagenesis (data not shown)
and my colleague is currently subcloning the jak2a ortholog inserts into vectors to be used for
transgenesis. This is an exciting opportunity to investigate the impact of JAK?2 ortholog variants

in vivo.

This chapter has described the work I have undertaken to investigate the impact of JAK2
variants on protein expression and function and attempt to characterise the potential mechanism
used in the context of bacterial infection. Finalising the data produced so far will provide the
first instance of genetic variability in JAK2 being associated with severe outcome in invasive

bacterial disease.
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Chapter 4
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Chapter 4 Impact of KRT10 variants in invasive bacterial disease

4.1 Background

Nm is a leading cause of bacterial septicaemia and meningitis worldwide, but there are other
invasive bacterial infections that can cause significant health impact, including Staphylococcus
aureus (S. aureus/Staph), Streptococcus pneumoniae (S. pneumoniae/Pneumo), and Group A
Streptococcus (GAS). S. pneumoniae infection is the leading worldwide cause of bacterial
pneumonia, accounting for 27 % of community-acquired pneumonia (227) and S. aureus
invasive infections can result in severe clinical manifestations such as like septicaemia, septic
arthritis, pneumonia, and endocarditis with a case fatality rate of ~25 % (208, 209). Mild GAS-
pharyngitis is recorded in ~700 million cases/year but invasive GAS disease resulting in
streptococcal toxic shock syndrome (STSS) and necrotizing fasciitis are responsible for 500,
000 deaths annually with an incidence rate of ~3 cases per 100,000 people per year in Europe
(246-248). Bacterial infection contributes to ~20 % of childhood mortality worldwide and N.
meningitidis, S. aureus, S. pneumoniae, and GAS infections are some of the main causes of

most invasive bacterial disease worldwide (373, 374).

The FP7 EU-funded 5-year study, EUCLIDS, described previously in section 3.2, recruited
cases of childhood bacterial infections that resulted in severe disease such as meningitis,
septicaemia, and focal infections. The bacterial infections recruited into EUCLIDs included
meningococcal, pneumococcal, streptococcal, staphylococcal, E.coli, and Salmonella
infections (Figure 3.1). Recruitment criteria included children under the age of 18 with severe
or unusual illness with no known predisposing risk factors. A gene burden analysis was
performed by Dr Evangelos Bellos (as described previously in section 3.3) of rare (MAF <1%)
non-synonymous variants investigating enrichment of variants in genes in the severe invasive
bacterial disease patients from the EUCLIDS WES cohort vs controls. Keratin, type I
cytoskeletal 10 (KRT10) was found significantly enriched in all invasive bacterial diseases,

with a significant p value <3x10°.

KRTI10 is a member of the type I cytokeratin family belonging to the intermediate filament
protein superfamily and is widely expressed in different tissues but is the most highly expressed
keratin in skin, particularly suprabasal keratinocytes (375, 376). KRT10 typically dimerises
with KRT1, via a disulphide bond at KRT10 amino acid site C401, and two heterodimers of

KRT1 and KRT10 form a heterotetrametric complex that continues to further assemble and

142



composes part of the epithelial cell cytoskeletons (375). In addition to structural support,
KRT10 also has a critical role in keratinocyte differentiation, growth, and proliferation. Genetic
variants that interfere with these roles can contribute to clinical manifestations of disease (377).
Autosomal dominant genetic variations in KRTI0 are well-known to be associated with
epidermolytic hyperkeratosis and ichthyosis with confetti, skin disorders that are typically
present at birth or shortly after and can be clinically characterised by the presence of very red

skin (erythroderma) and severe blisters (12, 13).

I initiated the work of this project including preliminary literature reviews, collection of clinical
data, and construction of KRT/( variants in a mammalian expression vector. Subsequent
experimental work was performed by two Master of Sciences students, Ms Afnan Alahmadi
and Ms Laia Rigat Nogareda who I attentively supervised during my project. Their
experimental work was decided by discussion and performed under my direction. I shall make

it transparent during this chapter what work was performed by who.

4.2 Discovery of heterozygous KRTI10 variants in unrelated paediatric

cases of invasive bacterial disease

A total of 17 heterozygous variants, 12 missense and 5 in frame indel variants, were identified
across all bacterial disease groups within the EUCLIDS cohort (Table 4.1). None of these
variants have been reported in epidermolytic hyperkeratosis, ichthyosis with confetti, or in
association with any human disease. KRT'10 harbours a Gly-Ser rich repeat region towards its
C-terminal tail and several polymorphisms have been reported in this repeat region, according
to gnomAD. However, due to the difficulties in sequencing Gly-Ser rich regions, sequencing
artifacts masquerading as polymorphisms are common and expected, and should be confirmed
by sanger sequencing. Online resources report high sequence conflict in this tail region,
meaning differences between the default canonical sequence and different independent
sequence submissions have been reported. Because of this, and the higher MAF and prevalence
of some KRTI0 variants found in this cohort, 8 of 17 variants were initially excluded from
further investigations (Table 4.1). The remaining 9 heterozygous missense KR71(0 variants,
G575V, Y499H, K344Q, G124V, F102S, R86H, S53N, S42F, and R4P were taken forward for

functional analysis.
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Table 4.1

Summary of KRTI10 variants discovered in EUCLIDS

KRTI10 al.nino acid dbSNP ID MAF [}:ii(:::se?viitl;l Present in patieflts fl:om which EUCLIDS Reason fqr vari.ant not
variant (gnomAD) EH or IC bacterial disease group further investigated
G575V rs199785115 0.001074 No 2x Men, 1x Pneumo

G548 _S52dup rs752563839 0.001796 No 2x Men Potential sequencing artifact
S547Y 1752817112 0.010692 No 40x evenly spread across disease groups P°tenﬁ:jlse}g‘;;nﬁ‘ﬁarﬁfa“
Y5428 r$780363296 0.001084 No 40x evenly spread across disease groups Potential sequencing artifact
G541S rs773883770 0.000852 No 40x evenly spread across disease groups Potential sequencing artifact

H522 (G529del rs775424605 0.000218 No 39x evenly spread across disease groups Potential sequencing artifact

G516_G524dup rs769510355 0.018886 No 43x evenly spread across disease groups Potentizigelg;inﬁrfFartifact

S508 G512del rs570853437 0.020752 No 26x evenly spread across disease groups Potenti:rllse}?iz;nlc\:/i[igl:artifact
Y499H rs571434577 0.000798 No 1x Pneumo

H487 G498del rs770927933 0.000969 No 1x Men Potential sequencing artifact
K344Q rs371899202 0.00000199 No 1x Pneumo
G124V rs200060640 0.000108 No 1x Men
F102S rs114467326 0.000672 No 1x Staph
R86H rs117610737 0.001496 No 2x Pneumo, 3x Men, 1x Staph

S53N rs146835683 0.000259 No 1x Pneumo, 1x Men
S42F rs142050024 0.000395 No 1x GAS
R4P rs142158041 0.000223 No 1x Staph

EH; epidermolytic hyperkeratosis, IC; ichthyosis with confetti, GAS; Group 4 Streptococcus, MAF; Minor allele frequency
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Figure 4.1 Lolliplot of KRT10 variants and corresponding MAF

KRTI10 amino acid variants discovered in EUCLIDS patients plotted against their reported
global minor allele frequency (MAF) according to gnomAD, and along a schematic of KRT10
protein with significant domains and regions. Key mutational hot spots where variants
associated with epidermolyitc hyperkeratosis and ichthyosis with confetti are also marked.
Image created using biorender.com.

4.3 Clinical presentation of invasive bacterial disease patients with KRT10

variants

I generated both an overall summary of demographic and clinical data seen within EUCLIDS
compared to the cases with KRT'10 variants (Table 4.2), and a more detailed table containing
individual data of all EUCLIDS patients with KRT10 variants (Table 4.3). Sex and age
demographics in the cohorts with KRT'10 variants were similar to the overall EUCLIDS cohort,
though median age was slightly lower in KRT10 patients (Table 4.2). 9/17 KRT10 patients
presented with sepsis (52.94%), 4/17 pneumonia with pleural effusion/empyema (23.53%), and
3/17 with severe meningo/encephalitis disease (17.65%) (Table 4.2, Table 4.3). There were
zero deaths in the KRT10 patients, though the rate of PICU admission (82.35%) was almost
double that of the overall EUCLIDS cohort (47.90%), indicating a more severe clinical
presentation (Table 4.2, Table 4.3).

145



Table 4.2 Demographic and clinical data summary of EUCLIDS patients, and all

those with KRT10 variants

EUCLIDS EUCLIDS EUCLIDS EUCLIDS EUCLIDS U CLADS with
All Men Staph Pneumo GAS ariants
n=453 n=144 n=107 n=101 n=89 vark
n=17
Demographic characteristics
Female 212 68 47 45 49 7
46.80% 47.22% 43.93% 44.55% 55.06% 41.18%
Male 231 70 60 56 40 10
50.99% 48.61% 56.07% 55.45% 44.94% 58.82%
Median age, 39 38 109 235 435 21
months
Clinical syndrome
Sepsis 258 70 62 52 64 9
p 56.96% 48.61% 57.94% 51.48% 71.91% 52.94%
Pneumonia pleural 51 0 3 30 16 4
effusion/empyema 11.26% 0.00% 2.80% 29.70% 17.98% 23.53%
Severe meningitis o8 30 > >2 10 3
v & 21.63% 20.83% 4.67% 51.48% 11.24% 17.65%
Clinical data
PICU admission 217 46 37 69 64 14
47.90% 31.94% 34.58% 68.32% 71.91% 82.35%
Death 18 8 3 7 0 0
3.97% 5.56% 2.80% 6.93% 0.00% 0.00%
Skin graft/ 47 31 2 0 13 2
amputation 10.38% 21.53% 1.87% 0.00% 14.61% 11.76%
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Table 4.3

Demographic and clinical details of EUCLIDS patients with KRT10 variants functionally tested in this thesis

Age of Causative Significant severe 21l Severe clinical Identified
Patient Sex Ethnicity Onset athosen & henotvpe Admissio outcomes KRTI10
(months) P g P yp n mutation
305-1027 Female Caucasian 115 N. meningitidis Meningo/encephalitis Yes G575V
401-1016 Male Caucasian 9 S. pneumoniae Severe sepsis Yes Hearing loss G575V
401552 Male Caucasian 40 N. meningitidis Severe sepsis Yes G575V
201-1136 Male Caucasian 2 S. pneumoniae Severe sepsis Yes Y499H
101-0090 Male Mixed 65 S. pneumoniae Severe sepsis No K344Q
308-1023 Female Caucasian 4 N. meningitidis Severe sepsis Yes G124V
102-1295 Male Mixed S. aureus Severe sepsis Yes F102S
Meningo/encephalitis, Severe overall
102-1250 Male Caucasian 9 S. pneumoniae  LRTI, subdural empyema, Yes N R86H
disability
cerebral abscess
311-1015 Female Caucasian 41 N. meningitidis Severe sepsis Yes R86H
102-1535 Male Caucasian 152 S. pneumoniae  Pneumonia pleural effusion Yes Moc}ieirszfigglerall R86H
204-1005 Male Caucasian 1 S. aureus Osteomyelitis Yes R86H
437222 Female Caucasian 204 N. meningitidis Severe sepsis Yes Skin graft R86H
440302 Female Caucasian 7 N. meningitidis Severe sepsis Yes Skin graft R86H
305-1016 Female Caucasian 3 S. pneumoniae ~ Pneumonia with empyema Yes S53N
101-1623 Female Caucasian ~ Unknown  N. meningitidis Meningo/encephalitis Yes S53N
107-1074 Male Caucasian 33 GAS Pleural empyema, septic Yes S42F
arthritis
201-1072 Male Caucasian 74 S. aureus Osteomyelitis No R4P

LRTI; lower respiratory tract infection

147



4.4

Construction of KRT10 variants in mammalian expression vector

I constructed nine missense KRT10 variants G575V, Y499H, K344Q, G124V, F102S, R86H,
S53N, S42F, and R4P. KRT'10 variants were introduced into the pCMV6-KRT10 WT plasmid

by site directed mutagenesis and confirmed by sanger sequencing (detailed protocol described

in section 2.4 DNA editing) (Figure 4.2). Whole plasmid sequencing confirmed no second-

site variants were introduced during the mutagenesis process. The Glycine-Serine rich C-

terminal tail region proved to be a challenge as this was a highly mutagenic area and many

clones would procure large indels during the mutagenesis process. This meant that large

numbers of clones had to be picked and processed to locate successful clones with an absence

of second-site variants.
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Sanger sequence confirmation of successfully integrated KR7'/0 variants in pCMV6-KRT10
WT plasmid. Alignment of pCMV6-KRT10 WT and mutant plasmids, visualised using
SnapGene (by Dotmatics). Nucleotide changes are marked with a red box.
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4.5 Endogenous expression of KRT10 in keratinocytes

Keratinocytes are particularly relevant for S. aureus infections as S. aureus internalises itself
within human keratinocytes during live infection as a method of immune evasion (378). To
make use of keratinocytes in future experiments, endogenous KRT10 expression had to be
assessed first. In undifferentiated HaCaT cells, no endogenous KRT10 was detected, which
was expected as KRT10 is a differentiation marker signalling a mature human epidermis layer
(Figure 4.3). To explore the full expression kinetics undergone by KRT10 during
differentiating, HaCaT cells were differentiated by confluency, as described previously (379)
and proteins were isolated over a period of 12 days and stored at -80°C, by Ms Laia Rigat
Nogareda. A subsequent immunoblot was undertaken in which I analysed the densitometry and
this experiment revealed an increase in KRT10 expression with increasing time in an almost
linear relationship after day 4 with expression of KRT10 after 12 days of differentiating ~45
fold higher than that seen as day 0, with day 0 representing HaCaT cells prior to seeding (Figure
4.3).

4.6 Protein expression of KRTI0 variants in epithelial cells and

keratinocytes

To identify the impact of KRT10 variants on protein expression, HEK293 and HaCaT cells
were transiently transfected with the KRT1(0 variants and immunoblotting was conducted by
Ms Laia Rigat Nogareda and Ms Afnan Alahmadi. Proteins were probed with primary
antibodies targeting both an epitope on the N-terminus of KRT10 and FLAG, which is tagged
on the C-terminus of KRT10. I performed the densitometry from the western blots images and
confirmed that the KRT'10 S42F, R86H, and K334Q reduced expression compared to WT when
probed with KRT10 antibody targeted to the N-terminus in HEK239 cells, however this was
not replicated when the same variants were probed with C-terminus tagged FLAG (Figure
4.4A). HaCaT cells showed reduced expression of S53N, and G575V compared to WT when
probed with KRT10 antibody targeted to the N-terminus, however only G575V mirrored this
reduced expression when probed with C-terminal tagged FLAG (Figure 4.4B).
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Figure 4.3  Endogenous KRT10 expression in differentiating HaCaT keratinocytes

The brightfield microscopy images (top) show HaCaT morphology over a 12-day period of
confluency, cells were not split or removed during this time but left at confluency over time to
induce differentiation. Western blotting (performed by Ms Laia Rigat Nogareda) of HaCaT
protein lysates over twelve days shows resolved KRT10 and GAPDH proteins (bottom right),
day 0 signifies HaCaT cells prior to seeding. Densitometry of immunoblots were analysed by
me with ImageJ, N=1 and immunoblots are representative of one independent experiment.
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Figure 4.4 Protein expression of KRT10 variants in epithelial cells and keratinocytes

A) HEK293 or B) undifferentiated HaCaT cells were transiently transfected with KRT10
constructs. Immunoblots show resolved KRT10-FLAG proteins using antibodies against an
epitope on the N-terminal of KRT10 and the C-terminal tag FLAG, with GAPDH as a loading
control. N=2 and immunoblots are representative of at two independent experiments.
Densitometry analysed with ImagelJ, data shown as mean + SEM and the differences between
variants and wild type were tested in a two-way ANOVA. significance shown with
*#%p<(0.001. NT; non-transfected, WT; wild type. Immunoblots were conducted by Ms Laia
Rigat Nogareda and Ms Afnan Alahmadi, I performed the densitometry analysis.
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4.7 Assessing subcellular localisation of KRTI0 variants by

immunofluorescence

Genetic variability in KRT10 has been reported to cause aberrant filament formation and mis-
localisation of KRT10 in keratinocytes (380). With this information, I decided to investigate
the impact of the KRT'10 variants overexpressed in undifferentiated keratinocytes, where there
is minimal to no expression of endogenous KRT10, with experimental work and analysis
conducted by Ms Laia Rigat Nogareda (Figure 4.5). Immunostaining with an antibody
recognising the KRT10 C-terminally tagged FLAG motif showed a well-defined intermediate
filament network spread uniformly throughout the cell with KRT10 WT. Interestingly= S53N,
R86H, F102S, K334Q, and G575V KRTI10 appeared to aggregate in the cytosol with
intracellular punctate appearance (Figure 4.5). KRT10 R4P, S42F, and G124V appear to have
similar KRT10 expression and filament network appearance to WT (Figure 4.5). In future
experiments it will be necessary to co-stain with other subcellular markers to determine exact

location of KRT10 expression and localisation.
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Figure 4.5  Impact of KRT10 variants on protein expression by immunofluorescence

Undifferentiated HaCaT cells were transiently transfected with KR710. A rabbit FLAG
primary antibody (1:100) followed by a goat anti-rabbit [gG secondary antibody conjugated to
AlexaFluor™ 488 (1:1000) was used to stain and visualisation of immunofluorescence was
achieved with confocal microscopy at 63X. Arrows show aggregates of KRT10-FLAG. Scale
bar, 20 pum. Figure shows a representative replicate of n=2 and was performed by Ms Laia
Rigat Nogareda.
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4.8 Investigating the impact of KRT10 variants in bacterial infection by

adhesion and invasion assays

KRT10 has been shown to bind to S. aureus clumping factor B (ClfB) (381-383) and S.
pneumoniae pneumococcal serine-rich repeat protein (PsrP) (384). To understand if KRT10
variants have an impact on this relationship a short time course adhesion and invasion assay
was carried out using S. aureus in epithelial cells and keratinocytes. This assay has been
described previously (116) and is detailed in section 2.7. Briefly, cell monolayers were
transiently transfected for 24 hours and then infected with S. aureus for 90 minutes. Bacteria
not associated with cells were washed away and the cell-associated bacteria were serially
diluted, plated on solid growth medium and colony forming unit (CFU) values were
determined. To measure invasion, a gentamicin killing of the surface adherent cells was added
after the infection and wash step followed by a saponin mediated release of intracellular
bacteria. Undifferentiated HaCaT cells were used as they express undetectable levels of

endogenous KRT10 (Figure 4.3).
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Figure 4.6 KRTI0 variants improve adhesion and invasion of epithelial cells by S. aureus

Bar graphs show HEK293 monolayers were transfected with KR710 variants and then infected
with S. aureus for 90 minutes at a MOI of 10 and bacteria adherence (left) or invasion (right)
were determined by colony counts (CFU/mL). Experiments were conducted by Ms Afnan
Alahmadi and data analysed by me. Figure shows representative data of n=3 independent
biological experiments. Data shows mean + SEM and the differences between variants and
wild type were tested in a two-way ANOVA with multiple comparisons corrected with Tukey,
significance shown with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. NT; non-transfected,
WT; wild type.
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Both epithelial cells (Figure 4.6) and keratinocytes (Figure 4.7) show a significant marked
increase in both adhesion and invasion of S. aureus in the presence of KRT/( variants. In
epithelial cells, KRT10 S42F, R86H, F102S, G124V, and G575V show a significant 1.5-2 log
increase of staphylococci adhesion compared to WT, and only two variants, G124V, and
G575V carried this significant difference through to staphylococci invasion (Figure 4.6). In
keratinocytes, KRT10 variants S42F, R86H, G124V, and G575V also show a significant 1.5-2
log increased staphylococci adhesion with S42F, and G575V displaying a significant log

increase of intracellular staphylococci (Figure 4.7).
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Figure 4.7 KRTI0 variants improve adhesion and invasion of keratinocytes by S. aureus

HaCaT monolayers were transfected with KR7/0 variants and then infected with S. aureus for
90 minutes at a MOI of 10 and bacteria adherence (left) or invasion (right) were determined by
colony counts (CFU/mL). Experiments were conducted by Ms Afnan Alahmadi and data
analysed by me. Figure shows representative data of n=3 independent biological experiments.
Data shows mean £ SEM and the differences between variants and wild type were tested in a
two-way ANOVA with multiple comparisons corrected with Tukey, significance shown with
*p<0.05, ***p<0.001, ****p<0.0001. NT; non-transfected, WT; wild type.
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4.9 Discussion

The KRTI10 gene is found in chromosome 17g21 and has two splice variants, the canonical
transcript being 584 amino acids long (Accession number P13645). Genetic variations in
KRT1I0 are well-established to be associated with epidermolytic hyperkeratosis and ichthyosis
with confetti, skin disorders that are typically present at birth or shortly after and can be
clinically characterised by the presence of very red skin (erythroderma) and severe blisters
(380, 385). These skin disorders caused by KRT10 variants are often autosomal dominant but
have also been seen to be inherited in an autosomal recessive manner, with the disease causative
nature arising from the absence of KRT10 function, and/or the mis-localisation of KRT10 (380,
385). KRT10 variants discovered in epidermolytic hyperkeratosis are commonly found in two
“mutational hot spots” at beginning of the 1A rod domain, encoded by exon 1, and the other at
the end of the 2B rod domain, encoded by exon 6 (Figure 4.1) (386, 387). Variation in KRT10
associated with epidermolytic hyperkeratosis was first established in 1992 with the
identification of a heterozygous p.R10H in an adolescent, later validated in two unrelated
families with epidermolytic hyperkeratosis (385, 388). SNPs p.N8H (388), p.Y14D (388),
p.R10C (386, 388), p.R10L (386), p.R15H, p.L15S (385), p.L103Q (388), p.R156H (389),
p-R156C (390, 391), p.M150R (390, 391), p.Q434X (392), p.C427X (393), located in the
mutational hotspots have also been reported in cases of epidermolytic hyperkeratosis.
Heterozygous frameshift variants at the C-terminal tail of KRT10 have been reported to cause
aberrant filament formation and mis-localisation resulting in a replacement of the Gly-Ser rich
tail with arginine- or alanine-rich motifs, causing KRT10 mis-localisation in keratinocytes and

leading to a clinical presentation of ichthyosis with confetti (Figure 4.1) (380, 394-398).

Keratin proteins have been seen to interact with invading pathogens by binding to them, and
potentially playing a role in their attachment, such as Burkholderia cepacia with KRT13 (399)
and Salmonella enterica with KRT18 (400). In relevance to this project, KRT10 has previously
been shown to interact with S. aureus and S. pneumonia. Studies have showed preferential
binding of the glycine/serine repeat motif located at the C-terminal tail region of KRT10 to
clumping factor B (CIfB), a surface binding protein of S. aureus, on the surface of desquamated
nasal epithelial cells and keratinocytes, an interaction that may contribute to adherence and
initial colonisation of the host (382, 383). Studies also show that KRT/0 binds to the
pneumococcal serine-rich repeat protein (PstP) of S. pneumoniae, on the endothelial lung cells,
specifically at the PsrP basic binding region which is flanked by serine-rich repeats and

promotes biofilm formation through self-oligomerisation (225, 384). A more recent
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crystallography study further clarifies the interaction, by revealing that the PsrP basic binding
region undergoes a conformational change, resulting in a novel MSCRAMM fold (401).

A gene burden analysis was performed by Dr Evangelos Bellos of whole exome sequences
from 750 paediatric patients suffering from severe bacterial and viral infections recruited in
EUCLIDS (Table 4.2). Using >140,000 exomes from gnomAD non-infectious non-cancer
adult dataset as a control, KRT1(0 was revealed as a top hit enriched in the invasive bacterial
infection cohort which included invasive IMD, pneumococcal infection, invasive
staphylococcal infection, and group A streptococcal infection. A range of clinical presentations
and causative pathogens were seen in these patients, with severe sepsis the leading significant
phenotype in 9/17 patients (Table 4.3). A total of 17 heterozygous variants, 12 missense and
5 in frame indel variants were identified in invasive bacterial infection patients in EUCLIDS
(Table 4.1). Notably, KRT10 harbours a Glycine-Serine rich repeat region towards its C-
terminal tail where there is reported high sequence conflict. In our cohort 5 in-frame indels and
3 missense variants found in high prevalence in this region were put aside for further
investigations until their validity could be confirmed (Figure 4.1) (Table 4.1). The remaining
9 missense KRT1(0 variants were introduced by site directed mutagenesis in a mammalian
expression vector (Figure 4.2) and overexpressed in epithelial cells and keratinocytes (Figure

4.4).

KRT10 S42F, R86H, and K334Q had reduced expression compared to WT when probed with
KRT10 antibody targeted the N-terminal in HEK293 cells, however this was not replicated
when the same variants were probed with C-terminal tagged FLAG (Figure 4.4A). In HaCaT
cells, there is a reduced expression of KRT'10 S53N, and G575V compared to WT when probed
with the KRT10 antibody targeted the N-terminal, however only G575V mirrored this reduced
expression when probed with C-terminal tagged FLAG (Figure 4.4B). These inconsistent
results between a-KRT10 and a-FLAG immunoblots may be explained by difference in
antibody binding affinity, as a-KRT10 binding likely does not bind as strongly to its epitope as
a-FLAG, also evidenced by stronger bands seen in the a-FLAG immunoblots. However,
reduced expression in G575V in HaCaT cells is likely a real result as this also objectively seen
in immunofluorescence data (Figure 4.5). No other KRTI(0 variants that show reduced
expression via immunoblot is supported by immunofluorescence data. Immunofluorescence of
KRT10 variant localisation was carried out in undifferentiated HaCaT keratinocytes, which
were shown to produce undetectable levels of endogenous KRT10 (Figure 4.3).

Immunofluorescence confirms that there is no loss of KRT10 expression caused by variants
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discovered in the EUCLIDS cohort and 5/9 KRT10 variants, S53N, R86H, F102S, K334Q, and
G575V appear to aggregate in the cytosol with intracellular punctate appearance (Figure 4.5).

As discussed earlier, KRT10 preferentially binds to both S. aureus and S. pneumonia and this
binding has been shown to encourage bacterial colonisation and biofilm formation, because of
this, I hypothesised that KRT/0 variants associated with invasive bacterial disease may have
increased or higher affinity binding of KRT10 to bacteria. To begin to characterise the impact
of KRTI10 variants on function, I commissioned a bacterial assay, performed by Ms Afnan
Alahmadi and Ms Laia Rigat Nogareda, that measured number of cell-associated bacteria and
intracellular bacteria in cells expressing the KRT10 variants. Results from this assay supports
my hypothesis as multiple KR7'/0 variants show a significant marked increase in staphylococci
adhesion and invasion of HEK293 (Figure 4.6) and HaCaT (Figure 4.7) cells. In both cell types
G575V shows significant increase in both adhesion and invasion of staphylococci, interestingly
S. aureus 1s known to bind to the C-terminal glycine and serine motifs where G575 is located
and this variant could result in improved binding (383). Adhesion of staphylococci was also
shown to be significantly increased in HEK293 cells expressing KRT10 S42F, R86H, F102S,
(Figure 4.6) and G124V and HaCaT cells expressing S42F, R86H, and G124V (Figure 4.7).
Invasion of staphylococci was also improved in HEK293 cells expressing G124V (Figure 4.6),
and HaCaT cells expressing S42F (Figure 4.7). However, these experiments were performed
again by a separate student and there were difficulties replicating the significance of this data
(data not shown). The lack of reproducibility could be due to technical reasons to be
investigated. For example, S. aureus CIfB is an MSCRAMM only expressed on the cell surface
during the exponential phase of bacterial growth (402), and it could be that the bacteria in the
second set of repeated experiments were grown insufficiently. Secondly, the transfection
efficiency in the second set of repeated experiments was also lower, visualised by co-
transfection with GFP and microscopy, (data not shown) then the original three independent
replicates performed by the first student, which could result in decreased KRT'10 expression
and therefore insignificant interactions with the bacteria. These will need to be further explored
and the experiment repeated to determine true significance. Alternatively, KRT10 may not be
significantly involved in bacterial adhesion or invasion, and this would have to be confirmed

with additional investigations.
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Additionally, I would also test the impact of KRT'10 variants on bacterial adhesion and invasion
using the other pathogens discovered in the KRT10 patients, including S. pneumoniae, GAS,
and N. meningitides in appropriate airway and lung cell lines. Other experiments to investigate
the impact of KRT'10 variants in invasive bacterial infections are biofilm formation assays,
which could be of particular interest as KRT10 binds to PsrP which self- oligomerises to
promote biofilm formation and it would be interesting to investigate if KRT10 genetic
variations enhances this virulence mechanism (401). Another valuable experiment to utilise are
pull down assays, which will allow investigations into the impact of KR7'/0 variants on known
bacterial binding partners, such as S. aureus CIfB. In conclusion, this work is still in its infancy
but so far describes KRTI0 genetic variability as a promising candidate to investigate in
susceptibility to invasive bacterial infection as preliminary data shows KRTI(0 variants to

modulate bacterial adhesion and invasion.
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Chapter 5
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Chapter S Loss-of-function TICAM1 variants in SARS-CoV2

infection

The work presented in this chapter was carried out during the height of the SARS-CoV-2
pandemic lockdowns and due to the sudden nature of the project and tight deadline timely work
was imperative, thus, all work carried out in this chapter was in direct collaboration with a lab

colleague, Ms Ira Sabli.

5.1 Background

Monogenic inborn errors of type I IFN immunity have been implicated in respiratory viral
infections. Severe influenza disease, including critical pneumonia and acute respiratory distress
syndrome (ARDS), have been associated with AR /RF-7, AR IRF-9, AR and AD TLR-3
deficiencies (280, 403, 404). It was shown 7TLR-3 deficiencies result in enhanced susceptibility
to influenza virus, which could be rescued by IFN-a2b or IFN-Al therapy (280). IRF9
deficiency marked an inability to respond effectively to type I IFN in all cell types whereas
IRF7 deficiency effected the ability of pulmonary epithelial cells and plasmacytoid dendritic
cells (pDCs), or both, to induce type I or type III IFNs (403, 404). This suggested the IRF-7-
dependent type I and III amplification and the following IRF-9 response to be essential in
protection from influenza virus. Notably, though GATA Binding Protein 2 (GATA?2) is not
directly involved in the type I IFN pathway, AD haploinsufficiency in GATA2 have resulted in
rare influenza associated ARDS, and might be due to a lack of pDCs in GATA2-deficient
patients, which have a high baseline expression of IRF-7 and therefore produces large amounts

of type I and type III IFNs that can signal induction of anti-viral defences (405-407).

SARS-CoV-2 is a single stranded positive RNA virus whose infection can manifest into severe
COVID-19 disease. Around 30% of SARS-CoV-2 infections are asymptomatic with around
20% of COVID-19 patients requiring hospitalisation, of which, up to 30% needing intensive
care (267). COVID-19 currently has a case fatality rate ~1% worldwide, but this can increase
in pandemic settings and is variable depending on reporting countries and resources available
in these countries to treat disease. For example, Peru currently has a COVID-19 case fatality

rate of ~5% (267) (https://covid19.who.int/region/amro/country/pe). Mild symptoms of

COVID-19 include common cold like symptoms such as coughing, high temperature,
unexplained tiredness, muscle aches etc. However, serious disease can further develop and one

of the more severe manifestations of COVID-19 is life-threatening pneumonia.
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Risk factors for developing severe COVID-19 include older age (over 50), being male, and
pre-existing co-morbidities, particularly conditions affecting the pulmonary system such as
chronic obstructive pulmonary disease, cardiovascular diseases, and hypertension (267, 408-
410). In 2020, the disease incidence rate of COVID-19 was 1 in 1000 in the young healthy
population which rises to 1 in 10 in the over 80 population with underlying health conditions
(267, 408-410). Genetic risk factors discovered early in the pandemic included discovery of
types A and B blood groups conferring greater risk to COVID-19 compared to type O, while
type AB, conferred the least amount of risk decrease (411). Another genetic risk factor
identified early to be associated with increasing risk of hospitalisation from COVID-19 was a
region on chromosome 3, spanning 6 genes, that were in high linkage disequilibrium (412).
Around 5% of severe COVID-19 cases, predominantly presented with severe pneumonia but
other presentation including encephalitis and cardiovascular disease are also reported to a lesser
degree, are in young healthy adults that have no known pre-existing health conditions (410).
Thus, the COVID Human Genetic Effort (COVIDHGE, https://www.covidhge.com) proposed

that causative inborn errors of immunity (IEI) may be involved in development of COVID-19
pneumonia with complete or incomplete penetrance in otherwise healthy patients (413). IEIs
in the TLR3 (280), IRF7 (404), and IRF9 (403) pathways have been shown to confer
susceptibility to life-threatening influenza pneumonia, by impairing the response to and
production of type I IFNs. Due to these established roles, it was decided to investigate 1EIs in
these pathways in life-threatening COVID-19 pneumonia (289, 414).

This work can contribute to understanding the wide clinical variability that occurs in an
infected population, hypothesising that monogenic inborn errors of immunity can help explain
the development of severe disease in otherwise healthy low-risk individuals. COVIDGHE is
an international consortium, led by Professor Jean-Laurent Casanova and Dr Helen Su, that
aims to discover the human genetic and immunological bases of the various clinical forms of

SARS-CoV-2 infection. Our lab participates in this massive collaborative effort.

The work described in this chapter was published in Zhang et al (2020) “Inborn errors of type
1 IFN immunity in patients with life-threatening COVID-19” on which I am a second co-author
(289). The overall project was to investigate 7LR3, IRF'7, IRF'9 and loci associated within these
pathways, including TICAM1, UNC93B1, TRAF3, TBKI, IRF3, NEMO/IKBKG, IFNARI,
IFNAR?2, STATI, and STAT2, in the context of COVID-19 pneumonia. Due to our labs previous
experience investigating 7/CAM1 in herpes simplex encephalitis (12), we were tasked to

elucidate the role TICAMI variants may play in SARS-CoV-2 infection and COVID-19. I
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personally constructed all the 7/ICAM 1 variants identified in the COVID-19 pneumonia cohort
and performed the immunoblotting experiments alongside Ms Ira Sabli and this contribution

was critical to establish pathogenicity of 7/CAM]I variants.

5.2 Identification of TICAM]1 variants in COVID-19 pneumonia patients

In 2020, the COVIDHGE consortia internationally collected whole-exome (n=295) and whole-
genome (n=364) sequences from 659 patients presenting to intensive care with critical COVID-
19 pneumonia. Severe life-threatening COVID-19 pneumonia was characterised as patients
with pneumonia who developed critical disease, whether pulmonary with mechanical
ventilation (CPAP, BIPAP, intubation, hi-flow oxygen), septic shock, or with any other organ
damage requiring hospital admission to the intensive care unit (ICU). Within this cohort, 74.5
% were men and 25.5 % were women, 13.9 % died, and patients were comprised from various
ethnicities aged between 1 month and 99 years, with a median age of 51.8 years (289). As a
control group, 534 individuals who tested positive for SARS-CoV-2, either via PCR or
serological test, and who either remained asymptomatic or had self-resolving mild illness were

enrolled.

Rare (MAF <0.01) monoallelic and biallelic nonsynonymous variants, predicted to be loss-of-
function, were found to be enriched in the TLR3/IRF7/IRF9 pathway associated loci, using a
principal component analysis (PCA)-adjusted burden test (289). This included TLR3, IRF7,
IRFY9, TICAMI, UNC93BI1, TRAF3, TBKI, IRF3, NEMO, IFNARI, IFNAR2, STATI, and
STAT?2 loci. From this original analysis 19 heterozygous TICAM] variants were identified and
communicated to us. Table 5.1 summarises these variants, along with their MAF and clinical

disease severity.
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Table 5.1 TICAM1 variants identified in life-threatening COVID-19 pneumonia
patients

Protein variant MAF Phenotype,
(Global gnomAD) number of cases
T41 0.0003874 Severe, 1
T321 0.003 Severe, 1
S60C 0.000294 Severe, 1
R71Q 0.000529 Severe, 3
V8OM 0.000642 Severe, 1; Asymptomatic, 1
Al11T 0.0001305 Critical, 1
T157M 0.000107 Critical, 1
S160F 0.00216 Severe, 1
R195Q 0.0000641 Severe, 1
G245S 0.00125 Severe, 1
V302L 0.0 Severe, 1
T3771 0.0000119 Severe, 1
L386P 0.0 Severe, 1
Q392K 0.0 Severe, 1
S465N 0.0 Severe, 1
D557N 0.000173 Severe, 1
MS595L 0.000012 Severe, 1
G598W 0.000553 Severe, 1
P620S 0.0000114 Severe, 1; Asymptomatic, 1
Q702R 0.0 Severe, 1

MAF; minor allele frequency

Figure 5.1 visualises the identified 77CAM] variants on a lolliplot, and shows localisation of

variants along the TICAMI1 protein and within certain domains. Previously reported 7/CAM I

variants were used during this research as controls, including a loss-of-function variant,

p-R141X, and a hypomorphic variant, p.S186L (12).
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Figure 5.1  Lolliplot of TICAM]1 variants and corresponding MAF

TICAM]1 variants discovered in COVID-19 pneumonia plotted along a schematic of TICAM1
protein against their reported minor allele frequency (MAF), according to gnomAD. Known
TICAM]I loss-of-function variant, p.R141X, and hypomorphic variant, p.S186L, included as
experimental controls, highlighted in red. TRAF6 binding domain (T6BD), Receptor-
interacting protein homotypic interaction motif (RHIM). Image created using biorender.com.

5.3 Construction of TICAM]1 variants in mammalian expression vectors

Firstly, the pEF-Bos mammalian expression vector containing wild-type (WT) TICAMI C-
terminally tagged with HA, previously described (12), was used to introduce the missense
variants by site-directed mutagenesis and overlapping primer pairs containing the single
nucleotide substitution (detailed protocol found in section 2.4 and primer details found in Table
2.4). Plasmids generated from site-directed mutagenesis were sanger sequenced to confirm
successful integration of target variants by aligning the constructed plasmid sequences to
TICAM1 WT (Figure 5.2). Whole plasmid sequencing confirmed no second-site variants were

introduced during the mutagenesis process.
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Figure 5.2  Sequence confirmation of site directed mutagenesis in 7ICAM1 WT

Sanger sequence confirmation of successfully integrated TICAMI variants in pEF-Bos-
TICAM1 WT plasmid. Alignment of pEF-Bos-TICAM1 and mutant plasmid, visualised using
SnapGene (by Dotmatics). Nucleotide changes are marked with a red box. All constructs were
created by me.

166



5.4 Optimisation of transient transfection in TICAM]1-/- cells

To begin, transient transfection optimisation was completed in TICAM]1-/- SV40-fibroblasts,
previously shown to have undetectable TICAMI1 protein expression (12), using Lipofectamine
3000 and pEF-Bos-TICAMI1 WT plasmid, and cell viability and IFN-B induction was
investigated (Figure 5.3). A plasmid concentration of 100ng was determined to be used with
further experiments, as it achieved a ten-fold induction of IFN-f3 by luciferase assay while cell
viability was at an acceptable level (Figure 5.3). This was investigated as it has been previously
established that overexpression of T/ICAMI can trigger the TLR-3 downstream pathway,
including rapid apoptosis which results in a high level of cell death (415, 416).
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Figure 5.3  Transient transfection optimisation in TICAM1-/- cells

TICAM1-/- cells were seeded on 24-well plates and transiently transfected with TICAM1 WT
plasmids at 10 ng and 100 ng using lipofectamine 3000 for 24 hours. A) MTS assay used to
assess cell survival. B) IFN-B induction by luciferase assay. NT; non-transfected, LT;
lipofectamine transfected control (no DNA), WT; wild type. Experiment performed by Ms Ira
Sabli, n=3 independent experiments.
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5.5 Loss of expression TICAMI variants identified wusing an

overexpression system

5.5.1 Impact of TICAMI1 variants on protein expression by

immunoblotting

TICAMI1-/- SV40-fibroblast cells were transiently transfected pEF-Bos-TICAMI1
constructs, in the presence of 20uM z-VAD-fmk to inhibit apoptosis. Post-transfection, protein
was isolated from cell lysates and quantified as described in section 2.6. Western blots were
then performed using an antibody recognising the HA antigen located on the C-terminal of
TICAMI1 and resolved via chemiluminescence (detailed protocol outlined in section 2.6). pEF-
Bos-TICAM1 constructs R141X and S186L were used as a loss-of-expression and
hypomorphic controls, respectively (12). R141X was previously described to result in complete
TICAM]I deficiency, shown by undetectable protein expression by immunoblotting and
absence of IFN-f or NF-kB promoter induction (12) S186L was previously described to be
hypomorphic specifically in a doxycycline-inducible retroviral transduction system in which
TICAMI1 protein levels are more similar to endogenous expression, no hypomorphic traits were
described when transiently transfected (12). Three variants showed a clear loss-of-expression
with no detectable proteins showed by immunoblotting, and densitometry analysis shows a

significant absence of detectable protein in T4I, S60C, and Q392K (Figure 5.4).

5.5.2 Visualisation of the impact of TICAM1 variants with confocal microscopy

To confirm the loss-of-expression variants shown by the immunoblots, TICAM1-/- cells were
transiently transfected with TICAM1 constructs C-terminally tagged with HA. (see detailed
protocol in section 2.13). Immunofluorescence was visualised with confocal microscopy and
cells transfected with T41, S60C, and Q392K showed a lack of fluorescence of TICAM1-HA
(Figure 5.5), therefore confirming a loss-of-expression phenotype for these three variants,

corroborating the immunoblot data (Figure 5.4).
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Figure 5.4  Impact of TICAMI variants on protein expression by immunoblotting

TICAMI-/- cells transiently transfected with TICAM1 constructs. R141X and S186L were
used as a loss-of-expression and hypomorphic controls, respectively. Immunoblots
representative of n=3 and shows resolved TICAM1-HA proteins, with GAPDH used as a
loading control. Densitometry analysed with ImageJ, data shown as mean + SEM and the
differences between variants and wild type were tested in one-way ANOVA, significance
shown with ****p<(0.0001. NT; non-transfected, LT; lipofectamine transfected, WT; wild
type. Immunoblots were performed by both me and Ms Ira Sabli.
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Figure 5.5 Impact of TICAMI1 variants on protein expression by immunofluorescence

TICAMI1-/- cells transiently transfected with TICAMI constructs. Visualisation of
immunofluorescence was achieved with confocal microscopy. R141X and S186L were used as
a loss-of-expression and hypomorphic controls, respectively. Images are representative of n=3
and shows TICAM1-HA proteins. Scale bare represents 40 puM. NT; non-transfected, WT; wild
type. Immunofluorescence was performed by Ms Ira Sabli.
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5.6 Functional characterisation of TICAMI1 loss of expression variants

shows impaired type I IFN and NF-kB signalling

All 20 TICAM1 variants were tested in luciferase reporter assays to investigate their impact on
signalling function. The three loss-of-expression variants identified by immunoblotting and
immunofluorescence, T4, S60C, and Q392K were also seen to be loss-of-function (LoF) with
respect to induction of the IFN- and NF-kB promoters, when compared to WT, and at a similar
levels to the known LoF deleterious variant, R141X (12) (Figure 5.6). All other TICAMI

variants did not show a loss of expression (Figure 5.6).
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Figure 5.6  Impact of TICAMI1 variants on type I IFN and NF-kB signalling

TICAMI1-/- cells were transfected as described previously. R141X and S186L were used as a
loss-of-expression and hypomorphic controls, respectively. IFN-f (top left, top right, bottom
left) or NF-kB (bottom right) Firefly Luciferase was normalized against Renilla Luciferase
activity and expressed values were analysed as fold change with respect to TICAM1 WT. Each
graph shows n=3 from three independent biological repeats, values are graphically represented
as mean =+ SEM and the differences between variants and wild type were tested in one-way
ANOVA, significance shown with *p<0.05. NT; non-transfected, LT; lipofectamine
transfected, WT; wild type, EV; empty plasmid. Luciferase assays were performed by Ms Ira
Sabli.
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5.7 Discussion

Inborn errors of immunity resulting in deficiencies in the TLR3-IFN signalling pathway have
been previously associated with other viral infections, most typically herpes simplex virus 1
(HSV-1) infection. This includes autosomal recessive (AR) UNC9Y93B deficiency, AR, and
autosomal dominant (AD) 7LR3 deficiencies, AD TRAF3 deficiency, X-linked NEMO
deficiency, and AR STATI deficiency (see Table 1.6) (273, 275, 278, 279, 417, 418).
Additionally, AD TANK-binding kinase 1 (7BK1) variant p.G159A, acting in a dominant
negative manner, has shown failure in inducing both autophagy and an appropriate anti-viral
IFN response upon both HSV-1 infection and stimulation with polyinosinic-polycytidylic acid
(poly I:C), a synthetic molecule mimicking dsRNA structure (276, 419, 420). Also, both AD
and AR TICAM1 deficiencies, shown to impair TLR3 signalling, have also been implicated in
HSV-1 infection, underlying herpes simplex encephalitis (HSE) in paediatric patients, with
incomplete clinical penetrance (12). These published AD pS186L and AR p.R141X TICAM1
variants, were used as hypomorphic and LoF controls during the work described in this chapter,
and LoF resulting from the premature stop codon in p.R141X was co-corroborated internally
with no detectable protein seen in immunoblots probed with antibody directly recognising
TICAMI1 (data not shown), and an absence of IFN- and NF-xB promoter inductions, seen by
reporter assay (Figure 5.6).

Due to inborn errors of immunity implicated with the development of critical pneumonia and
ARDS in influenza infections because of deficiencies in TLR-3, IRF-7 and IRF-9, it was
decided to investigate these genes along with 10 other loci directly related to these three genes
that confer influenza susceptibility. This included genes in the TLR3-dependent type I IFN
pathway TICAM1, UNC93B1, TRAF3, TBKI, IRF-3, and NEMO/IKBKG, and those located in
the IRF7- and IRF9-dependent type I IFN amplification pathway including /FNARI, IFNAR?2,
STATI, and STAT2 (289). Genetic aetiologies in all these genes have been linked with other
viral diseases (summarised in Table 1.6). As mentioned previously, due to the time-sensitive
nature of the topic at the time, this massive work was delegated throughout the COVIDHGE

network, and our lab was tasked to investigate the impact of rare TICAM1 variants.

In this study, 20 variants of 7/CAM1 found in severe and/or critical COVID-19 pneumonia
patients (Table 5.1) were successfully constructed into a mammalian expression vector pEF-
Bos-TICAMI, described previously (12). The integration of the target SNP into the plasmid

was confirmed by sanger sequencing followed by confirmation of no other second-site errors
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introduced during the mutagenesis process that could impact observed variant-specific findings
(Figure 5.2). It has been previously established that overexpression of 7/CAM1, which occurs
during transient transfections, can trigger the TLR-3 downstream pathway, including rapid
apoptosis which results in a high level of cell death (415, 416). Additionally, overexpression
of TICAMI can induce its own degradation through NDP52-mediated selective autophagy and,
potentially, lysosomal degradation (421, 422). This is because, cellular TICAM1 levels are
typically kept in tight regulation as it’s a key adaptor molecule in the TLR pathway and
increased expression can trigger the signalling system. To overcome apoptosis taking place in
transient transfections and allow for investigations using applications downstream of transient
transfections, z-VAD-fmk was supplemented into transfections. This compound is a cell-
permeant pan-caspase inhibitor that prevents apoptosis by permanently binding to the catalytic
site of caspase proteases. Use of this compound allowed for ~40% cell death rate in TICAM1
transfections (Figure 5.3), which, while high, was at an acceptable level to conduct further
experimentations, and showed good induction of IFN-B promoter representing an intact

signalling pathway (Figure 5.3).

TICAM1-/- fibroblast cells were used as they provided a TICAMI deficient background on
which to assess expression or biological function of the TICAMI1 variants. Primarily, protein
expression was assessed using immunoblot (Figure 5.4) and immunofluorescence (Figure 5.5)
to visualise the TICAM1-HA expressing proteins, and these showed mirrored results with three
TICAMI1 variants, T4l, S60C, and Q392K appearing to be loss-of-expression with no
detectable protein. All other TICAMI1 variants showed protein levels similar to or reduced
compared to WT but densitometry showed that they did not reach the significance threshold
(Figure 5.4). Protein lysates were also probed with anti-TICAMI antibody (data not shown)
and showed similar results to the anti-HA blots shown here, with a loss of function seen in T4I,
S60C, Q392K, and R141X (Figure 5.4). To further characterise the impact of the variants on
TICAMI function, two luciferase reporter assays were performed to investigate induction of
NF-kB and IFN- promoter, key signalling molecules activated and downstream of TICAMI1.
These showed that the three loss-of-expression variants, T4I, S60C, and Q392K, were also
loss-of-function with respect to NF-kB and IFN-f promoter induction, with induction levels
significantly reduced compared to WT and in line with a previously established loss-of-
function variant, R141X (Figure 5.6). Though three 7/CAM1 variants were discovered to be
LoF, the potential impact of the other variants should not be discarded as it has been shown

that AD TICAM1 variants can be hypomorphic and result in severe clinical phenotypes (12).
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S186L was used as a hypomorphic control in these investigations, however hypomorphic
phenotypes tend to be subtle and are typically not made apparent in an overexpression system,
as was used in this research, as cellular levels can become saturated and subsequent analyses
are not sensitive enough to reveal any impacts. However, S186L was found to be hypomorphic
and showed significantly less cytokine production and impaired IFN-B, IFN-A, and IL-6
induction in a doxycycline-inducible retroviral transduction system in which protein levels are
closer to endogenous levels, also resulting in less cell death as protein levels are intracellularly
tolerated (12). This method can therefore be further explored with the 7/CAMI variants
identified in this cohort, to identify any more subtle hypomorphic effects on TICAM1 function.
Furthermore, potential future work should also entail investigating dominant negative effects
as these were discovered as monoallelic variants in patient samples and current work, discussed
in this chapter, was limited to investigations in an overexpression system. The COVID-19
severe pneumonia patients possessing the three investigated LoF 7/CAM] variants, T4, S60C,
and Q392K did not carry any known variants at other candidate loci known to underlie inborn

born errors of immunity (289).

In summary, three TICAM] variants were discovered to be LoF, T4l, S60C, and Q392K and
this data together with other IEIs identified in this project that impact of type I [IFN immunity
have be shown to play a role in susceptibility to and severity of COVID-19. With autosomal-
recessive deficiencies in /RF-7 and IFNARI, and autosomal-dominant deficiencies in 7LR-3,
UNC93B1, TICAM] (described in this chapter), TBK1, IRF-3, IRF-7, IFNARI, and IFNAR?2
found to result in a stunting or absence of type I IFN production and amplification. All together,
these deficiencies were shown to contribute to ~3.5% of patients developing life-threatening
COVID-19 pneumonia and highlights the importance of type 1 IFN response in limiting SARS-
CoV-2 infection (289).
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Chapter 6 BRC Paediatric Clinic INGENIOS)

6.1 Background

One of the leading causes of childhood mortality in those under 5 years of age worldwide is
infectious diseases along with other noncommunicable diseases such as pre-term birth
complications, birth asphyxia, accidental trauma, and congenital anomalies, according to the
WHO (423). There is typically an unproportional burden of infectious disease on the youngest
and oldest members of society most likely due to an incomplete or deteriorating immune
system. Children under 5 years of age are particularly vulnerable to infectious disease as they
have immature immune systems, with maternal antibodies contributing to the infant’s passive

immunity waning within months of birth (424).

Analysis of death registration data between 2013-2015 in England and Wales showed that 3.3
deaths per 100,000 children were caused by infectious disease, with 1 in 5 of all childhood
deaths resulting from infectious disease, though, notably, 55 % of these deaths had an
underlying condition (425). From this subset, the average age of death was ~12 months and 63
% of deaths were from bacterial infections, 34 % from viral infections, and 2.5 % from fungal
infections, with respiratory tract infections the most prevalent reported clinical presentation
(425). Because of the still prevalent burden of infectious disease in some of the most vulnerable
members of society, it is important to undertake research that improves diagnosis,
understanding of disease mechanisms and informs therapeutic options. The development of

NGS has presented a powerful tool to medical professionals in assisting with these endeavours.

Over the past two decades the paediatric infectious team at St Mary’s Hospital (London, UK)
has continually led NIHR and European Union funded projects investigating the genetics
aetiologies and functional immunology of children with severe or unusual infection. The
EUCLIDs FP7 project was one such project that was described in detail in Chapter 3 of this
thesis. The ongoing work on these projects suggests that an estimated ~10% of children with
serious infection phenotypes, and no known predisposing conditions, have identifiable genetic
aetiologies to explain their disease, many of which are novel (426) (unpublished). Due to this,
Imperial’s Biomedical Research Centre (BRC), which is a partnership between Imperial
College Healthcare NHS Trust and Imperial College London, awarded funding to create a new
specialist clinic using non-NHS, research-based diagnostic approaches. This included

functional immunological testing, NGS and subsequent variant analysis and research to
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predominantly investigate severe and/or unusual infectious phenotypes in children. Previous
elucidations of mechanisms in infectious diseases, for example complement deficiencies in
invasive meningococcal disease or genetic variability in the IL12-IFN-y pathway predisposing
to atypical mycobacterial infections have resulted in improved diagnostics and better-informed
therapy decision-making. Whole exome sequencing (WES) was the main NGS of choice in
this clinic due to its cost-effectiveness. Although protein coding regions of the human genome
constitutes less than 2% of the total DNA, more than 85% of all known disease causing gene
variants are located in the exome (18). Other benefits in choosing to use WES was the ease of
variant processing and analysis that does not require complicated analytical tools, compared to
WGS or RNA-sequencing data, and the accompanying lower operational costs, including data
storage (18). However, other NGS methods such as WGS or RNA-sequencing data can be used

in specific cases where it is deemed necessary and appropriate.

This specialist clinic is part of the Investigating the GENetics of InfectiOn Study, INGENIOS.
A key benefit of this clinic is the multi-disciplinary team (MDT) behind it, which includes
clinicians, scientific researchers, research nurses, genomic medicine councillors, and a wide
net of collaborators to call upon. The collective knowledge, skill, and expertise in this MDT
enables a broad discussion of cases. The main goal of this project was to establish this specialist
clinic, use it to recruit appropriate cases and investigate the possible mechanisms behind severe

disease in children.

6.1.1 Aims

My aimed contributions to INGENIOS were to

e Design and implement a universal pipeline to investigate genetic variability in WES.

e Conduct genetic investigations using the designed pipeline in all INGENIOS recruits
where WES data is available.

e Assist in wet lab work where appropriate, including DNA extraction, and relevant
immunological testing.

e Participate and take a leading role in ongoing monthly MDT meetings, held to discuss
new recruits, patient results and research, and present updated information on patients

if/when they are seen again in clinic.
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6.2 Summary of INGENIOS recruits

Appropriate patients who fit the study criteria of INGENIOS were recruited by the clinical
team and admitted or referred to the Imperial College Healthcare NHS Trust (ICHNT)
nationally, with a base at St Mary’s Hospital (London, England). Recruitment criteria include
presentation with a severe or unusual infectious disease in children who were otherwise healthy
and have no known underlying risk factors for infection. Where possible, recruitment of a
complete trio was preferred, a pedigree which represents an index case, the biological mother,
and the biological father. In some cases, siblings and other family members were also recruited
to assist in analysis relevant to disease segregation. At the time of writing, a total of 72 index

cases have been recruited to INGENIOS, with accompanying family members.

Figure 6.1 summarises key demographic traits of the index cases, with 33/72 being female and
39/72 male, with a wide range of ethnicities. The most prominent ethnicities are those of
north/mid/east European descent (35/72), which is expected as the clinic is geographically
located in north-west Europe, followed by those of South Asian descent (12/72), likely owing
to the multi-cultural diversity found within London. The recorded age of onset represents the
age when the significant clinical episode occurred that prompted recruitment, this shows a wide
distribution from 0-18 years with most illnesses presenting in those under 12 months of age
(Figure 6.1). Figure 6.2 summarises the breadth of severe/unusual phenotypes present in
INGENIOS, with most cases having infection with an identified causative pathogen (52/72)
(Figure 6.2). A breakdown into broad categories reveals 17/72 bacterial infections, 32/72 viral
infections, 22 of which identified HSV as the causative pathogen, 3/72 fungal infections, 13/72
which presented with an autoimmune/inflammation phenotype, typically of unknown cause,
and 7/72 which were not categorised (Figure 6.2). There is a clear over-representation of HSV
infections, reflecting the research interest of the project and referral of these cases to
INGENIOS. A full comprehensive table of patient details is available in the appendix (Table
8.1).

After patients were recruited a biological sample was taken from them and from relevant family
members, typically either blood or saliva, and DNA was extracted (detailed protocol found in
section 2.4.7). The DNA quality was then checked and sent for WES to Novogene (UK,
Cambridge centre). In some cases, where appropriate, a separate blood sample was obtained

from case and control to perform additional immune functional testing. This typically occurred
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in patients presenting with an HSV-1 infection as the lab was equipped to perform inhouse

immunoassays, primarily testing patient cytokine response to stimulants and HSV-1 infection.
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Figure 6.1  Demographic summary of INGENIOS patients

Distribution of major demographic information of the cohort recruited to the INGENIOS clinic,
including sex (top left), age of onset of first significant clinical episode (top right), and
ethnicities (bottom). Total number of patients (at the time of writing) = 72. NR; Not recorded.
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Figure 6.2 Clinical diagnoses summary of INGENIOS patients

Summary of the prominent phenotypes of the cohort recruited to the INGENIOS clinic, total
n=72 represented by the pie chart in the middle. Surrounding bar charts represent the
breakdown of clinical diagnosis or causative pathogen within each section. Total bacterial =
17, total viral = 32, total fungal = 3, total autoimmune/inflammation = 13, Total other = 7.
CRP; C-reactive protein, HSV; herpes simplex virus, HHV6; Human herpesvirus 6, MIS-C;
Multisystem inflammatory syndrome in children, SARS-CoV-2; severe acute respiratory
syndrome coronavirus 2, VZV; varicella zoster virus.
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6.3 Genetic analysis of WES

6.3.1 Initial WES processing

Whole exome sequencing was performed on an Illumina NovaSeq 6000 platform which
generated paired end reads of 150 base pairs in length. This generates exomes with an effective
mean coverage of 50x. With an average turnaround time of 3-4 weeks, the raw reads in FASTQ
format were then returned to us from Novogene, and initially processed by Dr Evangelos Bellos
for de-duplication and sequencing quality assessment using the Picard tools

(http://broadinstitute.github.io/picard) and then aligned to the current human reference genome

(build UCSC hg19) using bwa v0.7. Post-alignment, the exomes were jointly genotyped using
GATK v3.8 (https://github.com/broadinstitute/gatk) (292). Initial variant annotation was

achieved using Ensembl's Variant Effect Predictor (VEP) database and then the Variant Call
Format (VCF) files were uploaded to an online software platform, QIAGEN Clinical Insight
(QCI) Interpret (Figure 6.3). From here, variants observed in individuals can be viewed and
handled in a user-friendly interactive format. The next step was to perform an initial genetic
analysis that could be replicated in all patients consistently, and this pipeline was designed and

implemented by me.

6.3.2 Development of a universal analysis pipeline

To begin, non-synonymous variants with a minor allele frequency of <1% was applied to filter
out common, likely benign, polymorphisms. Next, it was important to discover if the patient
had any known pathogenic variants in known genes associated with primary
immunodeficiencies (PID) which could assist in a diagnosis, and limit further investigative
resources and time. Therefore, a PID gene list was curated based on the most updated
knowledge provided by The International Union of Immunological Societies (IUIS) expert
committee on Inborn Errors of Immunity. This list currently consists of 485 genes underlying
IEI phenotypes (7). Additionally, more comprehensive gene lists were independently curated
for patients presenting with specific infectious diseases, from causative pathogens including
HSV, Neisseria meningitidis, mycobacteria, and candidiasis, drawing from both publications
and unpublished data shared by collaborators and colleagues (Figure 6.3) (full gene lists can
be found in the appendix, section 8.1 Gene lists used to filter WES data). These gene
lists were applied to WES data on QCI, to enable filtering of the sequence data at the gene level
(not the variant level). Once a list of variants located in known disease-causing genes was

produced using the patient WES it was then necessary to investigate on a variant level to
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determine pathogenicity. This was accomplished in a multitude of ways. Firstly, I applied the
accepted standards and guideline from the American College of Medical Genetics and
Genomics (ACMG) via QCI software, to generate a list of variants categorised as pathogenic/
likely pathogenic/ uncertain significance/ likely benign/ benign/ conflicting interpretations
(20). The relevance of each variant was considered according to the predicted mode of
inheritance in each case, such that a heterozygous variant discovered in a gene that is known
to cause disease in an autosomal recessive manner was deemed unlikely to result in a severe
phenotype, except in very rare circumstances. Successfully filtered variants that are predicted
pathogenic/likely pathogenic, fit the expected mode of inheritance of the patient in question,
and have a published disease phenotype that fits the clinical history of the patient were then
very closely scrutinised to determine the likelihood of their being a causative variant. This
includes a comprehensive literature search on the variant itself to determine if it has been
previously reported and in what context, the novelty of the variant, and assessing the type and
location of variant itself and the impact it is likely to have on the protein. I accomplished this
using multiple public resources, including Genomenon Mastermind

(https://www.genomenon.com/mastermind/), the Human Gene Mutation Database (HGMD®)

(https://www.hgmd.cf.ac.uk), NCBI ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), and the

Genome Aggregation Database (https://gnomad.broadinstitute.org/). For example, a nonsense

mutation resulting in an early termination, or an indel resulting in a frameshift, or a variant in
a splice site, is likely to cause more damage to the protein than a more common missense
variant. Protein impact can be scored in silico using predictive software such as Combined
Annotation Dependent Depletion (CADD), Polymorphism Phenotyping v2 (PolyPhen-2), and
Sorting Intolerant From Tolerant (SIFT). However, it is worth noting that in silico predictive
software tends to favour identification of loss-of-function, damaging, variants and not potential
gain-of-function variants, which are harder to predict. Therefore, predictive software was used

with this limitation taken into consideration.

All information on the variants was then collated and presented at an MDT meeting, where a
joint decision was made on the next steps to take, after consideration of the likelihood of a
variant being causal in the patient’s clinical presentation. MDT decisions included next steps
in clinical management, and decisions about downstream functional work undertaken to

investigate the biological impact of detected variants .
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Figure 6.3  Analysis pipeline used for INGENIOS patients

| Mode of inheritance - IUIS & OMIM |

Summary of the analysis pipeline designed to explore genetic variability using WES data of
patients recruited to INGENIOS. Processed WES results were uploaded to QIAGEN Clinical
Insight, where a cascade of filters were applied to investigate the presence of potential disease-
causing variants. These steps included filtering out synonymous variants, and then filtering on
low variant frequency, selection of known disease-causing genes, and prediction of
pathogenicity. HSE; herpes simplex encephalitis, IMD; invasive meningococcal disease, MAF;
minor allele frequency, MSMD; Mendelian susceptibility to mycobacterial disease, PID;
primary immunodeficiency, QCI; QIAGEN Clinical Insight, WES; whole exome sequencing.
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6.4

Discovery of genetic variants in paediatric patients

In most cases, implementing the designed pipeline described above achieves 1 of 6 outcomes

that are discussed at the MDT meetings.

1.

An established known pathogenic variant in a known disease-causing gene is found that
matches the mode of inheritance and the patient’s diagnosis, allowing for accurate
informed care and where appropriate, referral.

A variant of unknown significance is discovered in a known disease-causing gene that
matches the mode of inheritance and the patient’s diagnosis, which typically results in
functional testing to characterise the genotype.

An established known pathogenic variant in a known disease-causing gene is found that
matches the patient’s diagnosis, but the mode of inheritance is incorrect. This prompts
discussion with expert collaborators and colleagues to determine the likely impact and
decide on next steps.

An established known pathogenic variant in a known disease-causing gene is found that
matches the mode of inheritance but does not match the patient’s phenotype. In these
cases, ethical relevance of reporting is discussed and may result in referral.

Either a novel variant, or a variant predicted to have high impact is discovered in a gene
in a cellular pathway relevant to the patients’ phenotype, that matches the mode of
inheritance. In these cases, the research burden is discussed and if agreed further
functional work is performed to characterise the variant.

No variants of interest are found in genes that match, or could lead to, the disease

phenotype, and the patient is assigned a ‘negative genetic report’.

Some examples of cases that fall into some of these categories will be described in the

following sections.

6.4.1 De novo heterozygous STAT3 in pneumococcal infection (1018)

Patient 1018 is a male of East Asian descent presenting with a history of severe pneumococcal

pneumonia, multiple skin, ear, and upper respiratory tract infections and eczema. The first

pneumococcal pneumonia episode occurred at around five years of age with right sided

pneumonia and pleural effusion caused by S. penumoniae which was isolated from the pleural

fluid and detected by PCR. This first episode required invasive treatment by drainage of the

right sided empyema by video-assisted thoracoscopic surgery (VATS), and insertion of a chest

drain. He recovered from this until around 10 years of age where he was admitted to St Mary’s
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Paediatric Intensive Care Unit (PICU) with right lobe pneumococcal pneumonia showing
extensive right sided consolidation and pleural effusion, confirmed by urine antigen testing. He
was conventionally ventilated for 5 days and treated with antibiotics. Due to his medical
history, he was recruited into INGENIOS to determine if a genetic cause could be identified
for his predisposition to severe pneumococcal disease. Notable immunological findings from
NHS tests included very high serum IgE levels, 3598 IU/mL (normal range <200 IU/mL),
indicative of potential Hyper-immunoglobulin E syndrome (HIES), and live vaccine failure for
measles as no measles antibody was detected after vaccination with both doses. AD-HIES is
characterized by chronic eczema, elevated IgE levels and recurrent infections of the skin,
mucosa, and lungs (427, 428). There is no significant family medical history and DNA was

obtained from the trio, index case, mother, and father, sent for WES, and analysed.

Genetic analysis of the trio WES was performed, using the pipeline described above (Figure
6.3), with all inheritance models interrogated. This analysis resulted in the discovery a
heterozygous de novo pathogenic variant in Signal transducer and activator of transcription 1
(STAT3), p.R382Q (Table 6.1). This variant is classed as pathogenic by ACMG by fulfilling
strong pathogenic (PS) criteria, PS2; De novo (both maternity and paternity confirmed) in a
patient with the disease and no family history, and PS3; Well-established in vitro or in vivo
functional studies supportive of a damaging effect on the gene or gene product, along with
other moderate and supporting pathogenic criteria. STAT3 p.R382Q is located in the STAT3
DNA-binding domain and is an established disease-causing variant in HIES, which aligns with
1018’s immunological phenotype (429, 430). Published functional characterisation describes
dominant negativity, and defective responses to cytokines, diminished STAT3 DNA-binding
ability, and reduced secretion of anti-inflammatory molecules (429-431). Bacterial infections
in STAT3-HIES are common and recurrent bacterial pneumonia is seen in 80% of STAT3-
HIES patients, often complicated by pleural effusion (427, 432, 433). This clinic was therefore
able to confidently report STA73 R382Q as a disease-causing variant in patient 1018.

Patient 1018 had a full recovery with good overall performance at hospital discharge, is
currently on azithromycin prophylaxis and care has been handed over to the immunology team
at Great Ormand Street Hospital (GOSH), with ongoing assessment to determine if a bone

marrow transplant is necessary.
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Table 6.1 STAT3 variant summary discovered in INGENIOS patient 1018

Gene STAT3 Zygosity Het

dbSNP ID rs113994136 Inheritance De novo

HGYVS description NM 139276.3 Consequence Missense
c.1145G>A, Read depth 64x
p-R382Q ACMG Pathogenic

Location GRCh38 | Chromosome 17: CADD 33

(hg19) 2.42329642C>T gnomAD MAF | -

Figure 6.4 Pedigree of INGENIOS patient 1018

This pedigree shows INGENIOS patient 1018,
indicated with the arrow, affected with recurrent
pneumococcal pneumonia, the rest of the family
1018 % remain well. A known pathogenic STAT3
heterozygous variant p.R382Q was discovered de

O Female D Male . Affected male  NOVO in the index case.

6.4.2 Known AD STATI in oral thrush (1028)

Patient 1028 is a female of north/mid/east European descent with hypothyroidism who
presented with recurrent oral thrush with the first episode occurring at 6 years of age. Familial
history included recurrent mouth lesions with no known diagnosis in both the mother and older
sister. Candida albicans was isolated from a mouth swab of the index case during an episode.
DNA was obtained from both the index case and mother, sent for WES, and analysed. DNA

was not available from the father or sister.

Genetic analysis of index case and mother WES was performed, using the pipeline described
above (Figure 6.3), with pedigree segregation informing on a likely autosomal dominant
inheritance, though all inheritance models were interrogated for completeness (Figure 6.5).
This analysis resulted in the discovery of a known published pathogenic heterozygous missense
variant in Signal transducer and activator of transcription 1 (STAT1), p.R274W (rs387906758)
in patient 1028 that was inherited from the mother (Table 6.2). ACMG computed a pathogenic

classification as the variant aligns with strong pathogenic (PS) criteria, PS3; Well-established
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in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene
product, and PS4; The prevalence of the variant in affected individuals is significantly
increased compared with the prevalence in controls, along with other moderate and supporting
pathogenic criteria fulfilment. STATI p.R274W has been described as a gain-of-function
variant associated with autosomal dominant Chronic Mucocutaneous Candidiasis (CMC) by
independent sources (434, 435). Published functional characterisation of p.R274W determined
hyperphosphorylation of STAT1 leading to defective responses in type 1 and type 17 helper T
cells (Thl and Th17) necessary for clearing CMC with IL-17A & IL-17F cytokines, and
impaired STAT3-dependent transcriptional activity, with the IFN-y receptor pathway
maintained (434, 435). The original published case studies on gain-of-function S7473 in CMC
describes a family pedigree with an almost identical phenotype to patient 1028 and affected
family members, in which both female index case and mother are affected with CMC with

candida and hypothyroidism and a younger sister is also affected with CMC with candida (434).

This strong evidence led us to determine STAT3 p.R274W to be a causative disease-causing
variant in patient 1028 and care was taken over by the Great Ormand Street Hospital (GOSH)

immunology team.

Table 6.2 STATI variant summary discovered in INGENIOS patient 1028

Gene STATI Zygosity Het
dbSNP ID rs387906758 Inheritance AD
HGYVS description | NM 007315.4 Consequence Missense
c.820G>A, Read depth 25x
p.R274W ACMG Pathogenic
Location GRCh38 | Chromosome 2: CADD 32
(hg19) 2. 191859911 G>A  gnomAD MAF -
. Figure 6.5 Pedigree of INGENIOS patient 1028

This pedigree shows INGENIOS patient 1028, indicated with
i the arrow, affected with recurrent oral thrush, a phenotype

shared with her older sister and mother. A known pathogenic
STATI variant p.R274W was discovered in the index case,
1028 ™\ segregated autosomal dominantly with the mother. Sister and
@ AffecedFemale [ ] Male father were not genetically investigated.
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6.4.3 Novel X-linked CFP in IMD (1034)

Patient 1034 is a male of north/mid/east European descent and presented with a severe case
meningococcal sepsis, with blood culture detecting Neisseria meningitidis serogroup Y, at aged
7 that resulted in a four-limb amputation. At the time of illness, he had not been immunised but
has since been immunised with the MenACWY vaccine and he is currently well after the
disease incident and has been advised by the clinical team to re-start on regular long-term
penicillin prophylaxis. Family history at the time of recruitment showed both parents and older
brother to be well with no significant clinical episodes. DNA was obtained from both the index
case and mother, sent for WES, and analysed. A DNA sample was obtained from the father,
but quality control revealed the DNA to be of too low a quality to continue with WES, and a

new DNA sample has since been requested.

Genetic analysis of index case and mother WES was performed, using the pipeline described
above (Figure 6.3), with all inheritance models interrogated. This analysis resulted in the
discovery a novel high impact hemizygous variant in complement factor properdin (CFP)
(Figure 6.6). Chromosome X-Linked (XL) recessive damaging variants in CFP, hemizygous
in males and homozygous in females, are well established to cause invasive meningococcal
disease as they result in CFP deficiency. CFP is a positive regulator of the alternative
complement pathway as it can bind to and stabilise a central element, C3b, thereby prolonging
its functional activity within the pathway (120). CFP deficiencies have been associated with
non-recurrent and rapidly progressive fatal meningococcaemia, with around 50% of CFP
deficient IMD patients infected by Nm serogroups W and Y (121). Notably, the causative Nm
serogroup in patient 1034 meningococcal sepsis was serogroup Y. Details of previously

published CFP deficiencies associated with IMD can be found in Table 1.2.

The predicted deleterious CFP variant discovered in patient 1034, ¢.940+1G>C, results in a
splice site loss located immediately after exon 6. ACMG pathogenic criteria were fulfilled with
a very strong pathogenic score, PVS1, awarded due to the presence of a null variant (in a gene
where LoF is a known mechanism of disease (Table 6.3). As this is a novel variant, not
previously described but predicted to have high impact and located in a known disease-causing
gene that matches the mode of inheritance and patients’ diagnoses, further research to

characterise the impact of the novel CFP variant will be undertaken.
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Table 6.3 CFP variant summary discovered in INGENIOS patient 1034

Gene CFP Zygosity Hemi
dbSNP ID - Inheritance XL
HGYVS description NM 002621.2 Consequence Splice site loss

c.940+1G>C Read depth 52x

ACMG Likely pathogenic
Location GRCh38 | Chromosome X: CADD 33
(hg19) g2.47486171C>G  gnomAD MAF -
D Figure 6.6 Pedigree of INGENIOS patient 1034

This pedigree shows INGENIOS patient 1034, indicated
with the arrow, affected with severe meningococcal
sepsis, a healthy older brother, and healthy parents. A
novel CFP variant, predicted to result in a splice site loss
is currently being investigated as the disease-causing
variant and was XL-inherited from the mother. Brother
1034 ' and father have not been genetically investigated.

O Female carrier . Affected male l:l Male

6.4.4 AD CTLA4 in HSE (1002)

Patient 1002 is a female of north/mid/east European descent who presented with HSV-1
encephalitis (HSE) at 9 years of age. She subsequently presented with a rapid onset of new
behavioural changes, 4 months after the initial HSE episode, and was diagnosed with - N-
methyl-D-aspartate receptor (NMDAR) encephalitis. There was no known parental history of
HSV infections, and the younger brother remained healthy with no significant clinical episodes.
The patient’s mother had a history of vitiligo and of epilepsy. Anti-NMDAR antibody testing
returned a negative result during the initial HSV-1 encephalitis episode but was positive at the
subsequent encephalitis episode. Detection of HSV-1 in her cerebrospinal fluid was confirmed
with polymerase chain reaction (PCR) in the HSE episode but was negative in the NMDAR
encephalitis episode. A magnetic resonance imaging (MRI) brain scan during the initial HSE
episode revealed a parenchymal bleed, an area of infarction, and inflamed anteromedial
temporal lobes, sub frontal regions, and limbic region. She was treated with intravenous
acyclovir to clear the infection, followed by oral valaciclovir continuing prophylaxis. There

were no significant new MRI changes when she re-presented with NMDAR encephalitis.
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Patient 1002 was discharged from hospital care a month after the NMDAR encephalitis onset

with new persisting attention deficit hyperactivity disorder and behaviour management issues.

DNA samples from the full trio ofindex, mother, and father, were obtained and sent for WES
and analysis using the designed pipeline was carried out (Figure 6.3). There were no variants
of interest revealed by the HSE gene screen and no clear potentially causative variants in genes
typically associated with the presenting phenotype found in the PID gene screen. However, an
autosomal dominant variant in Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA4), was
uncovered in the PID gene screen, a missense variant resulting in amino acid change p.G109E
(Table 6.4). CTLA-4 is a key negative immune regulator involved in the suppression of
proliferation and differentiation of T cells, via regulatory T cells (Tregs) (436, 437). The main
mechanism used by CTLA4 to perform this regulation is by preferentially binding CD80 and
CD86 with higher affinity, thereby successfully competing with costimulatory receptor CD28
on antigen-presenting cells (APCs) (438, 439). Once bound CTLA-4 performs
transendocytosis, whereby it removes CD80 and CD86 from the surface of the APC therefore
reducing APC-mediated activation of T cells (440, 441). Autosomal dominant variants in
CTLA4 have been shown to result in haploinsufficiency, impaired ligand binding, or impaired
CTLA-4 dimerization, causing immune dysregulation and immunodeficiency in humans (442-
445). Clinical presentation of CTLA4 haploinsufficiency is highly variable, with incomplete
penetrance. Findings include a decrease in circulating T and B cells, autoimmune cytopenia,
enteropathy, interstitial lung disease, extra-lymphoid lymphocytic infiltration, and recurrent

infections (7).

The specific CTLA4 p.G109E variant uncovered in INGENIOS patient 1002 had been
previously published in association with CTLA4 haploinsufficiency and first described in a
female patient of European descent who presented at age 3 with immune dysregulation
syndrome including, lymphoproliferation, splenomegaly, hepatomegaly, lymphadenopathy,
and both upper and lower respiratory tract infections with Staphylococcus aureus and human
papillomavirus isolated (444). The INGENIOS MDT consulted with an expert in CTLA4
haploinsufficiency, Dr Bodo Grimbacher (Freiburg, Germany). After consulting with Dr
Grimbacher, whole blood samples of patient 1002 and her mother, who also shares the CTLA4
p.G109E variant (Figure 6.7), were sent to his team to perform a transendocytosis assay to

determine if CTLA-4 function had been affected.
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Results of the transendocytosis assay confirmed CTLA4 insufficiency in patient 1002, showing
a decrease percentage of intracellular CTLA-4 expression in activated Treg cells of 1002
(24.0%) and her mother (16.6 %) in comparison to the travel control (37.5 %) (Figure 6.8A).
A reduced percentage of CTLA4-dependent transendocytosis in Treg cells of 1002 (67.3 %)
and her mother (66.4 %) in comparison to the travel control (81.4 %) was also confirmed
(Figure 6.8B). This experiment concluded that 1002 and her mother had impaired CTLA-4
biology but not to the full extent usually seen in CTLA-4 insufficient individuals, typically
characterized by a complex immune dysregulation syndrome (444) (personal communication
with Dr Bodo Grimbacher). This allowed the MDT to consider that there was no clear evidence
that CTLA4 p.G109E was disease-causing in relevance to HSE, but it was noted that there was
a confirmed functional impairment that was known to predispose to autoimmune
complications, which might include the subsequent NMDAR encephalitis in the index patient,
and the presence of vitiligo in the mother. This case represents a potential complex genotype
involved in NMDAR encephalitis, and if proven with further research, would represent the first

association of CTLA4 insufficiency in this illness.

Table 6.4 CTLA4 variant summary discovered in INGENIOS patient 1002

Gene CTLA4 Zygosity Het
dbSNP ID rs144988077 Inheritance AD
HGYVS description | NM _005214.5 Consequence Missense
c.326G>A, Read depth 246x
p.GI109E ACMG Uncertain
Location GRCh38 | Chromosome 2 CADD 17.58
(hg19) 2.203870802G>A gnomAD MAF [ 0.025
Figure 6.7 Pedigree of INGENIOS patient 1002
. This pedigree shows INGENIOS patient 1002,

indicated with the arrow, affected with herpes simplex

encephalitis (HSE), with all other family members
] unaffected. A heterozygous CT7LA4 variant of
uncertain significance, inherited from the mother as
autosomal dominant is currently being functionally
investigated as a potential disease-causing or disease-
1002 exacerbating variant 1002, mother, and father have

@/ ftecied Female | |Male been genetically investigated, the brother has not.

191



&

Unstimulated Stimulated CO4+EQXP3+
1 I-‘.—
E === MRALICZT
E g -1 | | MFMembesei1ds
T g
£ 31 ..
e
— |
et - MELICI155S
-E o g » MFI-Mansbrine 309
£ i
$ 9. g3
o
o !
e P-E 8 ! i
‘_i & o o el Tt
{ - 1
E ‘.] !J =) | MFIIC:TST
H a3 | » =] =1 | MF|-Mambrinastan
= High 1. | {5 - T
b o S5 Madiary B0.9% o - o . 1
= : { = |
G o e [* — = |
RS (L o
" - o' . w' - wt
CD44+CD4SRO4FOXPI+ CTLA-4
*Mean fluorescence intensity (MFI)
) *Intraceliular (IC)
3
-'E <"1 az | <o Q2
= 16,0 81,4 ﬂ.l' 0,11
£ -~ L - &
s FOXPY N ‘kﬁ ‘
T 5.3 L 1 ¥
B | [=7] o3 o4 ol
= EI A ot | e 0
B i IEET - Ll T
M - o . - o« & . - « &
=1 Q| <o a2
12

Mother
CD4SRO

M - -’ o o - o ' '
3 <11 az | <ot
30,2 673 96, 0,022
= - 3 .'] i'
—
~ FOXPI+
2 129 oy b B
5 E Lo L =11
2.03 047 | 3,57 0,022
s @ & W “ @ o o S oW W o
—_— =
CO4+FOXPI+ m&carlet-CD80

Figure 6.8  CTLA4 transendocytosis assay

Performed by Dr Bodo Grimbacher and their team (Freiburg, Germany). 1002, mother of 1002,
and a travel control were investigated for A) CTLA4 expression in activated Treg cells and B)
CTLAA4 function by examining transendocytosis of CD80-mScarlet (a CTLA-4 ligand) by flow
cytometry in isolated primary human CD4+ T cells activated with CD3/CD28 beads for 16
hours in the presence of CD80-mScarlet. Cells were gated for using flow cytometry on
CD4+CD45RO+FOXP3+ and analysed for mScarlet uptake.
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6.3 Discussion

The premise of INGENIOS is to provide a route for personalised genetic and functional
analysis to enable delivery of the best possible, well-informed, clinical care. For recruitment,
the clinic capitalised on the existing tertiary referral pathway of children with severe
infectious conditions to the ICHNT paediatric infectious diseases and paediatric intensive
care teams. Children admitted or referred to ICHNT with mainly severe, atypical, recurrent,
or persistent infections are considered for recruitment into INGENIOS by which the
following investigations can be applied, next generation sequencing of DNA (predominantly
WES), thorough genetic investigations, and where appropriate, targeted functional
immunological investigations not currently available through the National Health Service
(NHS). These functional investigations can include, but are not limited to, investigating
cellular responses to immune/inflammatory mediators, or pattern associated molecular
patterns (PAMPs), including measurement of cytokine production, proliferation, and cell
mortality. Additionally, gene-specific assays can be used, where available, to investigate the
impact of variants detected by WES. For instance, the transendocytosis CTLA4 experiments
performed for patient 1002 were able to directly test the impact of the detected CTLA4

variants (Figure 6.8).

The main strength of INGENIOS is the in-depth genetic investigation. I implemented an
analysis pipeline (Figure 6.3) that allows for WES data from a clinically variable cohort to
be processed cohesively. Multiple steps make up the pipeline and each was carefully
considered and optimised before integrating into the final form. WES processing, initially
performed by Dr Bellos, is important to accurately call and align variants, and remove
obvious sequencing artefacts that could obscure real data. The current tools used to perform

this can be updated as variant calling software improves and develops.

A cut-off MAF of <1% was used to enrich for rare variants that are more likely to cause
severe and/or unusual disease. A more stringent cut off of 0.1 % was considered suitable for
highly homogeneous and fully penetrant diseases, but the more relaxed MAF of <1% was
considered better where there might be disease with incomplete clinical penetrance (19, 20).
Consideration of the background patient ethnicity was important for interpretation of filtering
on the basis of MAF, as variant frequency within different ethnicities can vary, likely due to

genetic drift during population expansion (446).
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Next, WES data were screened for known pathogenic variants found in genes associated with
PIDs. This step enabled rapid and accurate reporting of known causative variants back to the
patient and their clinical care team. However, in cases where known causative variants were
not revealed further research was undertaken. The next step was to interrogate the variants
found in all known PID genes, a classification list which is updated periodically and reported
by the IUIS expert committee on Inborn Errors of Immunity (7). This allowed for the
discovery of novel causative variants in genes already associated with the presenting
phenotype, as with patient 1034 (Table 6.3 and Figure 6.6). I also curated specialised and
exhaustive candidate gene lists for specific clinical presentations — including infections by
specified pathogens for which there is available evidence for IEIs that are known to
predispose to or influence disease development. These lists were generated by intense and

comprehensive literature searches.

Variants that passed through this filter cascade were then evaluated based on their predicted
impact on protein coding, using the ACMG classification of interpreted pathogenicity (20),
and taking account of the inheritance pattern, and clinical phenotype. The inheritance pattern
analysis considered whether the variants detected were expected to be disease-causing in
either a monoallelic or biallelic manner and made use of trio data to determine whether the
pattern of disease within the family was compatible with the variant inheritance pattern. It is
particularly useful to have WES from a trio when disease patterns are multi-generational, as
it allows for familial segregation analysis to be explored, for example in the case of patient
1028 (Figure 6.5). It is also important to determine the likelihood of a sibling possessing the
same disease-causing variant, for example in the case of patient 1018 his investigations
revealed a known pathogenic variant in STA73 resulting in severe recurrent pneumococcal
pneumonia (Table 6.1 and Figure 6.5). However, it was classified as de novo as neither parent
was a carrier, therefore it is unlikely for another child born from the same parents to acquire

this specific variant.

The results from the genetic, and functional, investigations are reviewed by clinicians,
researchers and clinical scientists in a monthly MDT which lays the foundations for diagnostic
reporting in this specialist area. Thus far, INGENIOS has been able to assist in positively
identifying, or accurately informing care, for around 10% of recruits (personal communication)
and has provided opportunities to investigate potentially new pathways in disease, discover

novel variants in known disease associated genes, and contribute to knowledge in the IEI field.
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Chapter 7
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Chapter 7 Discussion

7.1 Overview

A common feature of the infectious diseases discussed in this thesis is that only a small
proportion of the exposed population will develop significant and severe clinical symptoms
while the majority will have self-limiting or mild disease. In 2019, prior to the SARS-CoV-2
viral pandemic, the World Health Organisation (WHO) reported over 7.7 million deaths caused
by infectious disease worldwide (1). Differences in host susceptibility and predisposition to
development of severe clinical manifestations of infectious disease has been investigated for
decades and attribution of host genetic factors in infectious disease originated with adoption
and twin studies in the twentieth century (447, 448). More modern genetic approaches
including WES, linkage analysis, and gene enrichment studies using large case vs control
cohorts, have since been able to identify single gene inborn errors of immunity (IEI) in
infectious disease (14, 25, 412). IEI’s are responsible for more than 485 known clinical

syndromes, including many primary immunodeficiencies (7).

Invasive meningococcal disease is rare but has significant mortality with a case fatality rate of
10%, with up to 19% of survivors suffering from life-long severe sequelae with a reduced
quality of life (49, 50). Seminal studies by Goldschneider and colleagues in the 1960s
demonstrated that establishment of serum bactericidal antibodies acquired against circulating
invasive strains and nasopharyngeal carriage was the most important host defence mechanism
that correlated to protection against Nm infection (44, 45). Both rare monogenic variants and
common polymorphisms have been associated with susceptibility to and severity of IMD
(described in Chapter 1), and their discoveries have assisted in elucidating the host

susceptibility, pathogenesis of Nm, and aetiology of IMD.

The infectious diseases in this thesis all have significant mortality and/or morbidity. IMD has
significant mortality at an overall rate of over 50% in untreated individuals and 10 % in those
treated (47, 48). COVID-19 has a case fatality rate of ~1 %, with 20% of patients requiring
hospitalisation, (267). S. aureus has a case fatality rate of ~25 %(207), S. pneumoniae causes
invasive disease in ~35 per 100,000 in the infant and over 65 age groups (228, 229), and
invasive GAS is responsible for around 500 000 deaths annually worldwide (246-248).
Individuals with complement deficiencies, typically autosomal recessive disorders, account for

less than 3 % of IMD and are known to be at increased risk of recurrent IMD, as they have a

196



diminished ability to limit meningococci dissemination (11, 121, 122). This indicates that there

are more genetic aetiologies to be discovered that can assist in elucidating disease pathogenesis.

This thesis resulted from the data acquired during EUCLIDS and was positioned to identify
novel undescribed genetic aetiologies that underlie invasive bacterial infections, using IMD as
the primary model. Whole exome sequencing (WES) was employed as the primary genetic
methodology during this study as more than 85 % of all known disease-causing gene variants
are located in the protein coding regions of the genome, making it a cost-effective method, in
both actual sequencing costs and operational costs, for investigating genetic disorders
associated with infectious disease (16). This study also aimed to functionally validate and
mechanistically characterise these genetic findings in a relevant disease context. Throughout
this project I was a part of a new specialist paediatric clinic that investigated WES, and
immunological experiments where necessary, of children with severe or unusual infections, in
real time. During this thesis, I also collaborated with the COVIDHGE consortium in a project
that came about suddenly with the advent of the SARS-CoV-2 pandemic. The scope of that
project was to investigate how genetic variability of loci involved in type I IFN response could
contribute to the wide clinical variability in phenotypes observed during widespread SARS-
CoV-2 infection. Similarly to other aspects of my thesis, WES and functional characterisation

was utilised to investigate this.

7.2  Main findings

Initial gene burden analyses of WES data from EUCLIDS recruits uncovered JAK?2 as a top hit
enriched specifically in IMD, and KRT10 enriched in the overall invasive bacterial disease
cohort. The biological functions of JAK2 are aplenty and its role in cytokine signalling and
innate immunity made it a promising candidate to investigate in the context of bacterial
infection (299, 300). This thesis has identified at least three gain-of-function JAK2 variants that
constitutively activate the JAK/STAT signalling pathway, p.F556V, p.E846D, and p.L871V,
determined by immunoblotting of phosphorylated JAK2 and phosphorylated STATI1, and
verified by flow cytometry of increased activated STAT1 expression (Chapter 3). Both F556V,
and E846D have been previously described as GoF J4K?2 variants, but only in the specific
context of myeloproliferative neoplasms and not in association with infectious disease (308-
310). JAK2 L871V is a novel variant, that has not been previously described. JAK?2 variants
discovered in invasive bacterial disease cases, exclusive of IMD, G127A, M1871, V392M,
S523T, G571S, and 1724T have not yet differed from JAK2 WT under any tested
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circumstances. This does not necessarily prove that GoF JAK2 variants have an exclusive
impact only in IMD cases as they may impact J4K2 function in a way that [ have not tested for
yet or there may be J4K2 variants in bacterial disease patients still yet undiscovered that show
similar GoF traits to those described here. So far, I have optimised the experiments to be used
with new patient samples and, was able to perform these experiments on whole blood JAK2
V617F samples, V617F is a known GoF variant. Utilising an in vitro static adhesion assay to
mock imitate an endothelial environment has shown that GoF J4K2 V617F neutrophils have
increased attachment to their endothelial ligands, VCAM1 and ICAMI, at baseline and that
both control and V617F neutrophils show a marked increase in attachment upon stimulation
with formalin-fixed Nm, S. aureus, S. pneumoniae, and GAS. I have also shown that this is a
Rap-1 dependent process in V617F neutrophils but not in control neutrophils as they potentially
use other pathways independent of Rapl, such as Rho PAR-2 mediated signalling (368)
(Chapter 3). At least one JAK2 IMD patient identified in this cohort was able to be recalled,
fortuitously this patient has the E846D variant, shown to be one of the clear GoF variants. New
blood samples will be donated shortly to test with in these experiments and I anticipate seeing
similar GoF trends in the E846D cells as seen in the V617F cells. The characterisation of this
mechanism as potentially being the causative pathway for the development of severe disease
in IMD cases would corroborate with previously published data that shows GoF JAK?2 variants
to promote venous thrombosis through enhanced adhesion of granulocytes to the endothelia
(294). This study shows, for the first time, association of GoF J4K2 variants in IMD cases and
begins to characterise constitutive activation of JAK2, via a neutrophil-mediated pathway, as
contributing to poor clinical outcome in IMD. This could result in use of already licensed JAK2
inhibitors, such as ruxolitinib, to treat patients with meningococcal infection who test positive

for JAK2 GoF variants to prevent the development of severe sepsis.

Previously described genetic aetiologies reported to be associated with IMD, have been
implicated in influencing coagulation and thrombosis (Table 1.5). Severe IMD is often
characterised by coagulopathy, which can result in the most severe clinical thrombotic
complication, purpura fulminans, developing in up to 20 % of cases and can progress into skin
necrosis requiring grafting or amputations (51, 187, 188). Polymorphisms in genes involved in
regulation of coagulation by the fibrinolytic system have been associated with development of
these severe IMD outcomes (51). These include the factor V Leiden mutation (FVY) in F5,
polymorphisms in the PROC promoter region, p.T3251 in CPB2, and indels in the SERPINE|
promoter region (Table 1.5) (11). Results from the static adhesion assays suggest that JAK?2
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GoF variants may contribute to increased severity of IMD by causing increased attachment of
neutrophils to the endothelium, which lead to tissue damage, constitutive activation of the

inflammatory response and can result in sepsis and thrombosis (323, 362, 363).

Further gene enrichment analysis of the EUCLIDS cohort revealed KRT10 to be enriched in
overall invasive bacterial infections, caused by meningococcus, pneumococcus, streptococcus,
staphylococcus. Variants in KRTI0 associated with epidermolytic hyperkeratosis and
ichthyosis with confetti can result in aberrant KRT10 intermediate filament function, hereby
affecting KRT10’s role in providing structural integrity in the cytoskeleton (380, 394-398).
Epidermolytic hyperkeratosis involves lysis of the epidermal granular layer forming painful
and unpleasant blisters, and secondary focal infections with bacteria, typically Staphylococcus
aureus is common (449). However, these secondary S. aureus infections are normally
superficial, mostly malodorous, and tend not to result in invasive disease (449). To note, none
of the reported variants known to be causative for epidermolytic hyperkeratosis or ichthyosis

with confetti are present in our invasive bacterial disease cohort.

KRT10 genetic variability has not been previously associated with invasive infectious disease
but wild type KRT10 is known to bind to both S. aureus CIfB and S. pneumonia PsrP and
encourages bacterial colonisation and biofilm formation (225, 382-384). This interaction
between KRT10 and bacterial surface proteins encouraged further investigations and supplied
insight to form a hypothesis that AD KRT10 variants could modulate bacterial adhesion and
invasion and contribute to pathogenesis. To investigate this, I created 9 KRT/(0 missense
variants identified in the EUCLIDS cohort and all showed detectable protein via
immunoblotting, though variants S42F, R86H, and K334Q showed reduced KRT10 expression
in HEK293 cells and S53N, and G575V showed reduced KRT10 expression in HaCaT cells.
However, with the exception of G575V expression in HaCaT cells, all other variants showed
KRT10-FLAG expression similar to wild-type in both HEK293 and HaCaT cells.
Immunofluorescence investigations supports reduced expression of G575V in HaCaT cells but
no other KRT10 variants show substantially reduced expression compared to WT, this leads
me to believe that the antibody used to directly probe KRT10 in immunoblotting needs to be
further investigated. This can be accomplished by redoing an antibody titration experiment to
achieve optimal antibody dilution and by probing with other available KRT10 antibodies.
Immunofluorescence investigations of subcellular WT KRT10-FLAG localisation also showed
a well-defined intermediate filament network spread uniformly throughout the cell that is

typical of WT KRT10. Whereas KRT10 S53N, R86H, F102S, K334Q, and G575V appear to

199



aggregate in the cytosol with an appearance of intracellular punctate appearance (Chapter 4).
In future experiments it will be necessary to co-stain with other subcellular markers to

determine the exact location of KRT10 expression and localisation.

Principal bacterial assays investigating the adhesion and invasion of staphylococci in cells
expressing KRT'10 variants showed significant increased staphylococci-cell association with
S42F, R86H, F102S, G124V, and G575V expression in HEK293 cells and S42F, R86H,
G124V, and G575V expression in undifferentiated HaCaT cells. Increased number of
intracellular staphylococci was also measured in HEK293 cells expressing G124V and G575V,
and HaCaT cells expressing S42F and G575V. Notably, KRT10 G575V is the only variant to
be significant in both adhesion and invasion in both cell types. As S. aureus CIfB is known to
bind to the KRT10 C-terminal glycine and serine motifs where G575 is located this may
suggest the hypothesis that G575V improves S. aureus adhesion and subsequent invasion
(383). However, as discussed in Chapter 4, there has been difficulties replicating the
significance of these results that will need to be addressed before definitive concluding remarks
can be made. Additionally, though patients with known PIDs were excluded from WES
selection of the EUCLIDS cohort, I will be undertaking a more thorough investigation of
KRTI0 patients to definitively exclude the presence of known IEIs, using the rigorous
methodologies developed in Chapter 6. Thus far, genetic variability underlying pneumococcal
and staphylococcal diseases are the result of deficiencies arising from IEIs (Chapter 1, section
1.5), the data presented in this thesis shows the first instance where genetic variability in a
nonimmune related gene could influence susceptibility to invasive disease. If proven, this could
reveal novel therapeutics for the treatment of invasive bacterial disease in KRT/0 patients. For
example, it has been shown in patients with epidermolytic hyperkeratosis and ichthyosis caused
by KRT10 mutations that retinoid treatment reduces the formation of KRT10 aggregates and
can rescue the filament structure in keratinocytes, though the exact mechanism remains elusive
(450, 451). Currently my data suggests that KR7'10 variants discovered in invasive bacterial
disease patients form KRT10 aggregates and may play a role in modulating bacterial adhesion
and invasion. This could align with the impact of KR7TI0 variants in epidermolytic
hyperkeratosis and ichthyosis where retinoid treatment were successfully used to rescue mutant
KRT10 function, revealing a potential treatment avenue for invasive bacterial disease patients

with KRT10 variants.

IEIs resulting in deficiencies in the TLR3-IFN signalling pathway have been previously

associated with viral infections, most notably herpes simplex virus 1 and influenza. The
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COVID Human Genetic Effort (COVIDHGE, https://www.covidhge.com) proposed that
causative IEIs, in pathways associated with other viral infections, may be involved in
development of COVID-19 pneumonia with complete or incomplete penetrance in young and
healthy patients. Here we provide evidence that rare 7/CAM1 variants discovered in COVID-
19 pneumonia patients result in TICAMI deficiencies within the context of the TLR3-IFN
signalling pathway. There was a clear loss of protein expression shown by immunoblotting
and immunofluorescence and a marked decrease in IFN-f and NF-kB promoter induction in at
least three rare TICAM1 variants tested, T41, S60C, and Q392K (Chapter 5). The COVID-19
severe pneumonia patients possessing these three variants did not carry any known variants at
other candidate loci known to underlie inborn born errors of immunity (289). As the patients
were heterozygous for the mutation, further functional investigation is required to decipher

whether this effect is due to haploinsufficiency or dominant negativity.

This data proposes that type I IFN is important in defence against life-threatening COVID-19
pneumonia, as defects in the TLR3-IFN signalling pathway can impair induction of key anti-
viral signalling molecules (289). Some key risk factors have been associated with development
of severe COVID-19, chief of which are increased age, male sex, obesity, and other pre-
existing co-morbidities (267, 408, 409). Additionally, two classes of inborn errors have been
associated with severe COVID-19, firstly inborn errors underlying the high production of
autoantibodies neutralising type I IFNs which has been reported to account for ~20% of fatal
COVID-19 cases in the over-80s population (452). Secondly, monogenic inborn errors of type
I IFN immunity, specifically TLR3 and interferon regulatory factor 7 (IRF7)—dependent type 1
IFN immunity have been described to play a role in susceptibility to and severity of COVID-
19 in ~3.5% of patients with life-threatening COVID-19 pneumonia (289). In these patients,
autosomal-recessive deficiencies in /RF-7 and IFNARI, and autosomal-dominant deficiencies
in TLR-3, UNC93B1, TICAMI, TBK1, IRF-3, IRF-7, IFNARI, and IFNAR2 were found to
result in a stunting or absence of type I IFN production and amplification. This major
collaborative study assisted in elucidating the critical role of TLR3 and type I IFN immunity
in limiting SARS-CoV-2 infection (289).

Applying developed genetic investigations to the specialist paediatric clinic which recruited
children with severe or unusual infections into INGENIOS contributed to identifying, or
accurately informing care, for at least 10% of recruits (Chapter 6). Some case studies presented
in this thesis include the discovery of a de novo heterozygous STAT3 variant, R382Q, in

pneumococcal infection which is a known dominant negative variant that results in hyper-
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immunoglobulin E syndrome (HIES). Further investigations revealed that bacterial infections
in STAT3-HIES are common and recurrent bacterial pneumonia is seen in 80% of STAT3-
HIES patients, often complicated by pleural effusion (427, 432, 433). This aligned exactly with
the patient phenotype and allowed accurate reporting of a disease-causing phenotype which led
to referral to an appropriate immunology team and a possibility of a bone marrow transplant to
cure his disease. INGENIOS has also facilitated research of a potentially complex genotype
involved in NMDAR encephalitis, and if proven with further functional studies, would

represent the first ever association of CTLA4 insufficiency in this illness.

The main strength of INGENIOS is the in-depth genetic investigation. I implemented an
analysis pipeline (Figure 6.3) that allows for WES data from a clinically variable cohort to
be processed cohesively. Genetic research is only as good as the technology available and
current tools can present some technical limitations, including WES difficulty in sequencing
GC-rich repetitive regions and the necessity of using a noncomprehensive capture library
(453). However, the current tools used to perform this can be updated as variant calling
software improves and develops, while the robust logical concept of variant filtering
designed can remain as a solid foundation. INGENIOS has provided opportunities to
investigate potentially new pathways in disease, discover novel variants in known disease

associated genes, and contribute to knowledge in the IEI field (Chapter 6).

7.3  Study limitations and future recommendations

This study has utilised functional validation of promising gene candidates directed by WES
collected from large well phenotype defined patient cohorts as a primary method to discover
novel aetiologies in severe and unusual infectious disease. However, while this method
provides statistical genetic significance validated by functional data, there are some limitations
to consider. Firstly, recruitment of rare disease samples such as invasive meningococcal
disease, presents a significant task for the clinical team responsible. Secondly, in relation to
recruitment, the need for rigorous phenotyping of clinical outcomes, disease, and demographic
data is essential to properly categorise disease groups and perform subsequent analysis.
Thirdly, the route, timing, and geographical location of enrolment may present difficulties for
future subsequent investigations with the cohort aging and contact details changing. WES
analysis revealed 16 JAK2 variants in a total of 35 patient recruited into EUCLIDs, including

18 IMD cases. However, thus far only one patient, recruited with IMD, has been successfully
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recontacted and accommodating in supplying new relevant samples, such as whole blood

samples, for further functional characterisation studies.

Technical limitations are also inherent in WES methodologies, for example current WES relies
on public databases for known target exome regions and undiscovered regions are not
considered, resulting in a noncomprehensive capture library (453). WES also has difficulties
in successfully sequencing GC rich regions and repetitive regions with adequate coverage, and
it can not accurately detect copy number variants, of which have been previously associated
with rare disease (454). The biggest limitation of WES is that only captures ~2% of the entire
genome, the protein coding regions, whereas other techniques such as whole genome
sequencing captures most if not all of it. However the argument for using WES is that within
the 2% of the human genome it covers, over 85% of disease-causing variants are found there
(23) and a comparative study showed that WGS in clinical diagnostics is only 0.81 % improved
over WES (26), a modest increase that may not offset the raised cost of WGS for some. The
high skill level, operational cost, and computational power necessary for WGS and data

analysis allows WES to remain a viable choice for genetic studies.

Another restriction in this project was the difficulty in recalling previously recruited patients
and precuring new relevant patient samples. To attempt to overcome this plasmids construct
were created to continue to investigate genetic variability with functional characterisation
assays. However, the transient transfection methods employed during this project can create an
exogenous expression system and as the efficiency of transient transfection is not at 100% this
can introduce variability in measured results. To overcome this, I have made sure to use cell
lines with no detectable endogenous expression of target proteins, determined by
immunoblotting. Furthermore, I have generated stable cell lines expressing J4K2 variants of
interest, that, upon sequence confirmation, will be used to continue functional analyses. Other
genome editing techniques such as base editing (455) and prime editing (456) using the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) systems can also be

utilised to introduce genetic variants of interest in appropriate cell lines.

Research in meningococcal disease lacks any suitable animal models for investigations, as Nm
is a human restrictive pathogen, and use of in vitro systems can limit the significance of results
once transferred to an in vivo setting. Neutrophil chemotaxis and recruitment are particularly
tricky to investigate as these events occur naturally in the free-flowing system of the human

endothelial bloodstream. Investigates of neutrophil B-integrins binding to their ligands,
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VCAMI and ICAMI1 have been well established (294, 361, 457, 458), and modifications on
these protocols have allowed us to begin to measure the impact of J4K2 variants on neutrophil
adherence, which could promote sepsis as excessive neutrophil activity can induce endothelial
cells to shift to a pro-inflammatory and pro-coagulant phenotype (459). Sepsis was one of the
major clinical manifestations seen in the EUCLIDS IMD JA4K?2 patient cohort and this can be
difficult to characterise in an in vitro model. To overcome this restriction, I shall be
collaborating with Dr Milka Sarris (University of Cambridge) to attempt to characterise the
impact of JAK2 mutants in vivo using an established zebrafish inflammation model (371). The
premise of this pilot work is to prepare JAK?2 zebrafish ortholog (jak2a) RNA that will be used
for transgenesis into zebrafish embryos whose lineage have undergone transgenic modification
to express fluorescently tagged neutrophils (371, 372). The larvae expressing the jak2a
ortholog variants can then be challenged with molecules such as LPS and/or bacteria and real-
time imaging of microbe-leukocyte interactions can be performed, including measurement of
neutrophil recruitment to the challenge site. I aligned human JAK2 and zebrafish jak2a and
identified six of the JAK2 variants in EUCLIDs patients to have orthologs in zebrafish jak2a,
JAK2 L113V, L393V, F556V, R564L, F844L, and L871V to jak2a L90V, L359V, F520V,
R528L, F807L, and L834V respectively. I created these jak2a orthologs using site directed
mutagenesis (data not shown) and my colleague is currently subcloning the jak2a ortholog
inserts into vectors to be used for transgenesis. This is an exciting opportunity to investigate

the impact of JAK?2 ortholog variants in vivo.
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7.4 Concluding remarks

Whole exome sequencing has provided an avenue of research that is patient driven and pushes
towards significant findings of rare variants associated with infectious disease. The findings of
the work presented in this project highlight the usefulness of WES in directing subsequent
functional characterisation in novel genes likely to be causative in disease. This includes the
discovery of gain-of-function JAK2 variants that maybe associated in driving severe disease in
IMD. Loss-of-function TICAM]I variants associated with impaired type I IFN signalling in
SARA-CoV-2 viral infection. Finally, potential KRT/0 gain-of-function variants encouraging
increased bacterial adhesion and colonisation, that may be associated with a number of invasive
bacterial infections. The technologies and methodologies developed during this work has also
been applied to improving diagnostic genetic reporting and informed patient care of children
with severe and/or unusual infections recruited into the Imperial College Biomedical Research
Council funded specialist paediatric clinic and accompanying study, INGENIOS. In this work,
efforts were made to understand the impact of novel genetic actiologies in susceptibility to and
severity of infectious disease, discovered by whole exome sequencing and functionally

validated.
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Chapter 8 Appendix

8.1 Gene lists used to filter WES data

8.1.1 Mendelian susceptibility to mycobacterial diseases (MSMD)

ILI2RB1, ILI2B, IL23R, ILI2RB2, SPPL2A, IRF8, IFNGRI, IFNGR2, STATI, NEMO,
IKBKG, CYBB, TYK2, JAKI, RORC, ISG15

8.1.2 Herpes simplex virus infection

TLR3, UNC93BI1, TICAMI1, TRAF3, TBK1, IRF3, SNORA31, DBRI, NEMO, STATI

8.1.3 Neisseria meningitidis infection

SPLUNCI, CFP, C2, C3, C5, C6, C7, C8B, C9, CFD, CFB, CFI, IRAK4, IKBKG, GATA?2,
CEACAM3, CEACAM®G6, SFTPA2, CFHR3, CFH, MBL2, TLR4, TLRY, TNF, IL1B, ILIRN, IL-
6,1L10, FCGR24, FCGR3B, F35, SERPINEI, PROC, CPB2

8.1.4 Candidiasis

ILI7RA, ILI7RC, IL17F, STATI, TRAF3IP2, CARDY, AIRE, STAT3, TYK2, DOCKS, CD235,
ILI2RBI, RORC, MBL2, NLRP3, TLRI, TLR2, TLR3, TLR4, PTPN22, IL12B, IL10, IL4,
DECTINI, DEFBI
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8.2 INGENIOS patient details

Table 8.1 Recruited INGENIOS patient details

Patient ID | Sex | Age at | Ethnicity Clinical Diagnosis Pathogen detected WES | Trio
Onset recruited
(months)
1001 F 188 Meningococcal B Septicaemia - right | N. meningitidis B via blood | Y N
North/Mid/East _
lower leg necrosis - compartment | culture
Europe
syndrome
1002 F 113 North/Mid/East | HSV  Encephalitis - subsequent [ HSV-1 via CSF PCR Y Y
Europe NMDAR encephalitis 20/02/2018
1003 M 84 North/Mid/East VZV via CSF PCR Y N
VZV meningitis
Europe
1004 M 2 North/Mid/East | E. coli bacteraemia, E. coli meningitis | E.coli vis blood and CSF|Y Y
Europe with subdural collection culture
1005 F 2 HHV-6 severe illness 2012, bone | HHV-6 via blood PCR and |Y Y
Polish and ) .
marrow suppression, DAT-negative | bone marrow
Middle East ‘ _
haemolysis (ongoing)
1006 F 1 Polish and HHV-6 via blood PCR Y Y
Unexplained haemolytic anaemia
Middle East
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1007 135 Fungal chest infection candida [ Candida via blood PCR Y N
South Asian
parasitosis on BAL
1008 181 South Asian Left lilac vein thrombosis
1009 5 HSV-1 encephalitis in childhood, | HSV-1 via CSF PCR Y Y
North/Mid/East | subsequent  recurrent  superficial
Europe herpetic lesions on face without
significant progression
1010 Immune  thrombocytopenia  and N N
North African _ _
autoimmune neutropenia
1011 82 South Asian Fever R50 Y Y
1012 85 North African | Recurrent fever Y Y
1013 39 South Asian HSV-1 encephalitis HSV-1 via CSF PCR Y Y
1014 Nasopharyngeal aspirate PCR | N N
North/Mid/East | Persistent MAI lung infection, low [ - detected influenza A HI,
Europe interferon gamma production RSV, Rhinovirus/enterovirus,
parainfluenza 4
1015 63 North/Mid/East Y Y

Europe; Native

American

Kawasaki disease
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1016 199 North/Mid/East | Subdural empyema with intracerebral | Fusobacterium necrophorum
Europe abscess with frontal sinus extension via blood culture
1017 202 North/Mid/East HSV-1 via CSF PCR
HSV Encephalitis
Europe
1018 Pneumococcal disease
1019 8 North/Mid/East o o | N. meningitidis B via blood
Type B Neisseria meningitidis - sepsis
Europe culture
1020 2 Listeria meningitis, raised ICP, VP | Listeria monocytogenes via
Sub-Saharan
shunt CSF PCR
1021 149 HSE at birth and again in 2019
1022 Disseminated rifampicin-resistant | Mycobacterium Bovis (BCG
BCG (meningitis, miliary disease, | strain) via sputum culture
South Asian colitis), Severe colitis - defunctioning
ileostomy - reversed Sep. 2019 after 6
months TPN
1023 2 North/Mid/East HSV-1 detected via eye swab
HSV infection of skin and eyes ]
Europe PCR NOT via CSF
1024 Neonatal HSE (fatal) and mum with

HSV1 colitis
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1025 195 . Cerebral aspergilloma with left frontal | Aspergillus detected in pus
North/Mid/East o .
lobe abscess extending into left orbit - | from left frontal burrhole
Europe ) ) o
left orbital exenteration aspirations
1026 107 South Asian Autoimmune encephalitis
1027 14 _ . o Influenza A via
North/Mid/East | Autoimmune encephalitis (influenza _
nasopharyngeal aspirate and
Europe A)
CSF PCR
1028 72 North/Mid/East Candida albicans via mouth
Recurrent oral thrush
Europe swab
1029 93 . . - . N. meningitidis (group W135
Meningococcal septic arthritis of right
Sub-Saharan _ . type 2a subtype pl.5 pl.2)
knee, SARS-CoV-2 co-infection _ o ‘
from right knee joint fluid
1031 145 South East ASOT positive
' Sydenham Chorea
Asian
1031S 112 South East ASOT positive
_ Recurrent fever
Asian
1032 South Recurrent HSV lesions around left eye | HSV-1 via eye swab
European since 2012
1033 2 North/Mid/East
Recurrent fever
Europe
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1034 North/Mid/East | Severe meningococcal sepsis with 4-
Europe limb amputation
1035 North/Mid/East | Sepsis - 2 episodes of meningococcal
Europe disease, with no immune deficit found
1036 ) HSV-1 infection (skin/eye/mouth) in
North/Mid/East _ .
neonatal period, and again at age 2
Europe
with encephalitis
1037 5 Recurrent fever from August 2019,
North/Mid/East | associated with shivering and rigors.
Europe Fever lasts 8-10 days and recurs in 3
weeks.
1038 Ongoing fluctuating CRP (nil focus
South Asian
identified)
1039 157 Musculoskeletal - osteomyelitis in the
Sub-Saharan _ _ _
right distal femoral metaphysis
1040 93 16/11/2020 - unwell with sore throat;

North/Mid/East

Europe

since then behaviour change, inc.
episodes of screaming, shouting and

hitting face and head
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1042 2 . Meningitis; bacteraemia | beta-haemolytic streptococcus
North/Mid/East . '
Streptococcus pneumoniae serotype | group C/G via nose/throat
Europe
35F swab culture
1043 North/Mid/East '
Recurrent shingles
Europe
1044 73 South Recurrent right peri-orbital HSV | HSV-1 via vesicle and eye
European infections swab
1045 2 North/Mid/East . HSV-2 via CSF PCR
Neonatal HSV-2 Encephalitis
Europe
1046 Atypical mycobacterial infection with [ Mycobacterium avium with
Mycobacterium avium, with large | Achromobacter from lymph
' abscess formation in the neck. [ node biopsy
Jewish
Completed a year of 4-drug treatment
(Clarithromycin, Moxifloxacin,
Ethambutol, Rifampicin)
1047 27 Mixed: Turkish HHV6 via blood PCR
HHV-6 in blood; chronic ITP
and Scottish
1048 x2 episodes HSV-1: after birth

(severe, disseminated), and age 7

(HSE)
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1049 13 South  Asian
. Rash of unknown cause
(Indian)
1050 Kawasaki disease with strong family
history
1051 141 North/Mid/East VZV via PCR
VZV Meningitis
Europe
1052 5 Mother of HSV-1 via CSF PCR
English  and -
. HSV-1 encephalitis.
Syrian descent.
Father Syrian.
1053 165 North/Mid/East - SARS-CoV-2 PCR positive
COVID pneumonitis
Europe
1054 14 ] streptococcus pneumonia
) Streptococcus pneumoniac; )
West Asian from nasopharyngeal aspirate
haemolytic uraemic syndrome.
and blood culture
1055 2 Mother of HSV-2 via blood and eye
Iranian and swab PCR
Neonatal HSV-2 infection. Vesicular
Singaporean

heritage  and

father Brazilian

lesions
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1056 3 North/Mid/East . HSV-1 via CSF PCR
HSYV encephalitis
Europe
1057 168 Sub Saharan Meningoencephalitis
1058 33 North/Mid/East . .
Acute flaccid myelitis
Europe
1059 14 Staphylococcus aureus meningitis. | Data missing
. HHV6 in blood and bone marrow,
North/Mid/East
completed 14 days of foscarnet.
Europe ) ] )
Bicytopena- neutropenia and anaemia
(requiring blood transfusions)
1060 283 West Asian Disseminated VZV infection Blood and forehead swab PCR
1061 0 Recurrent HSV-2 meningitis | HSV-2 via CSF PCR
North/Mid/East _ _
(prophylaxis treatment since first
Europe )
episode of HSV-2)
1062 6 MRSA  pneumonia  with  right | Pleural fluid MRSA positive
West Asian
loculated empyemas
1063 159 North/Mid/East ‘
2x episodes of PIMS-TS
Europe
1065 1 North/Mid/East | HSV-2 encephalitis; neonatal HSV-2 | HSV-2 via blood and skin
Europe infection skin, eye and mouth. PCR
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1066 North/Mid/East
Recurrent Shingles
Europe
1067 VZV  meningitis, full recovery.
Measles despite vaccination, full
South Asian '
recovery 2012. COVID 2 episodes
16/12/21, 02/22.
1070 250 Right sided Mastoiditis and cerebral
North/Mid/East
Venous Sinus Thrombosis post head
Europe o
injury.
1071 19 North/Mid/East HSV IgG
Recurrent cutaneous HSV infection
Europe
1072 51 Recurrent monthly fevers without
South Asian
cause
1073 24 Mixed: Italian HSV IgG
_ Recurrent Herpes
and Egyptian
1075 96 North/Mid/East | Recurrent labial, hand and arm herpes | HSV IgG, Measles IgG
Europe simplex lesions
1076 36 North/Mid/East HSV IgG
Recurrent orofacial herpes
Europe
1077 169 ) Streptococcus Bacteraemia Streptococcus Intermedius via
East Asian

Blood culture:
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Streptococcus Milleri via Pus

from Liver Abscess
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8.3 Plasmid Maps
8.3.1 pTRIP-JAK?2 wildtype plasmid map

(14,914) Bell* Aarl (437)
BmgBI (641)
| Nhel (£85)

(14,132) BamHI Bmitl (589)
PasI (921)
SacIl {1408)

(13,804) Swal
3" LTR (AU3) (fragment)

(13,301) BsiWI
PacI (2033)

(12,654) Xeml

(11,609) BstBI —
(11,540) Spel —]
PTRIP-JAKZ2
14,987 bp

{B-globin intron

PLtetO-1 promoter (fragment)— -
PLtetO-1 promoter (fragment)

(10,650) SnaBI

cPPT/CTS

RRE

large T antigeén 0
| fren (ragmer™

Sfil (6004)

{8974) Nrul*
(8852) BSSHII

Agel (6541)

small t antigen (fragment)
SV40 NLS| small t intron

(8449) BspEL /

nef (fragment
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NgoMIV (3232)
Nael (3234)
SgrAl (3241)

| AfeI (3327)

T Pvul (4250)

T Fspl (4436)

AhdI (4659)



8.3.2 pEF-bos-TICAM1 wildtype plasmid map

(7294) Zral AatIl (7296)
(7176) Pfol

Scal (203)

(6944) Psil

(5998) AleL

P
%
2.
g 3
@ 08
5 o5
(5752) PmiI ﬁy o2
[©] 2
5692) Eagl - Notl —— =3
(5692) Eag = PEF-bos-TICAM1 N
7531 bp w2
FE
B
=1
1=
&

-

(5333) BsmI

{4963) PfIFI - Tth111lI
(4950) PshAl
(4910) SexAI*

(4838) SbfI

Fsel (2959)

(4259) Bsu361

(3974) BspEl \ PaeR7I - PspXI - XhoI (3458)
(3960) BamHI BbsI (3607)

-
=

__— BspQI - Sapl (1689)

SV40 promoter
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8.3.3 pCMV-KRT10 wildtype plasmid map

(6561) Psil
(6436) DraIll

Spel (357)
Asel (365)

NdelI (592)
(5955) SexAI* SnaBl (698)

(5777) Sfil EcoRI (979)
(5728) Stul Sall (985)
Accl (986)
BamHI (992)
Acc651 (998)
Kpnl (1002)
BglII (1008)
AsiST (1024)

(5550) PIuTI
(5548) Sfol
(5547) Narl
(5546) Kasl

(5430) PfIFI - Tth111l

pCMV6-KRT10
6633 bp

EcoNI (1821)
Xcml (1829)

Bsml (1952)

?\}\G‘l\ﬂ“
N
w3 el

RGH poly(A) 51972 4000

BspEI (2403)

MIul (2781)
BsiWI (2784)
NotI (2790)
PaeR71I - PspXI - XhoI (2796)
Pmel (2874)
Fsel (2884)
SacIl (2888)
: Alel (2974)
(3627) Pcil AhdI (3030)

(3462) Agel BbvCI (3200)
(3351) BStXI BIpI (3244)

(3941) Apall
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