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Abstract

The NFkB signalling pathway is important in regulating numerous immune and inflammatory

responses. NFkB family members can modulate the transcription of cytokines, as well as

regulate genes involved in cellular differentiation, survival, proliferation, and immune cell

function. Multiple groups have identified hypomorphic mutations in IKBKB (encodes IKKb)

in patients suffering from immunodeficiency, where impaired NFkB activity was observed.

My PhD has focused on the effects of an IKKb gain-of-function mutation and its role in

human disease.

In this thesis I describe experiments conducted to investigate the effects of a novel

heterozygous de novo missense mutation that we identified in a proband with immunodefi-

ciency. The mutation was found to result in a valine to isoleucine amino acid substitution

within the kinase domain of the IKKb domain sequence and resulted in a gain-of-function

effect on IKKb. This enabled overactivation of the NFkB signalling pathway. To prove cau-

sation of this mutation, we generated a CRISPR-cas9 mouse model carrying the orthologous

mutation. Biochemical and cellular analyses revealed similarities between the human and the

mouse, therefore conferring a causative role of the mutation in the proband’s immunodefi-

ciency (Chapter 3).

Through aging and monitoring of the mouse model, we identified the development

of an inflammatory condition that involved the skin and bone/joints, and closely resembled

the IL-17-mediated human disease, psoriatic arthritis (PsA) (Chapter 4). A gene dosage effect

was evident where a skin-only disease was present in mice that were heterozygous for the Ik-

bkbV203I variant, whilst a skin and systemic inflammatory illness developed when mice carried

a double dose of the IkbkbV203I variant.

The Ikbkb gain-of-function mutation generated a remarkable Treg population that ab-

normally produced increased IL-17 both in lymphoid tissues and at the sites of inflammation

(Chapter 5). Single-cell RNA sequencing enabled the identification of an abnormally abundant

xi



Treg cluster within the spleen and bone marrow of homozygous mice. This cluster resembled

a gene signature similar to an established non-lymphoid tissue skin Treg population, as well

as a strong NFkB target gene signature mediated by the gain-of-function mutation (Chapter

6).

In this thesis I have investigated and identified the effects of an overactive IKKb

protein within the immune system to result in a novel primary immunodeficiency disease

(PID) and the IL-17-mediated inflammatory condition, psoriatic arthritis in a mouse model.

Our findings provide evidence that a fine balance of the NFkB is required to maintain immune

system homeostasis. Furthermore, we have identified a biomarker for progression from skin-

only inflammation to psoriatic arthritis through the presence of IL-17+ Tregs, mediated by GoF

IKKb. We expect that these findings will be important in better defining diagnosis methods,

as well as novel therapeutic targets for PIDs and PsA.
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Chapter 1

Introduction



2 Introduction

1.1 NFkB transcription factors: structure and function

Nuclear factor of kappa B (NF kB) was �rst discovered by Ranjen Sen and David Baltimore as a

nuclear factor kappa light-chain enhancer in activated B cells (Sen and Baltimore [1986]). This

discovery occurred when Sen and Baltimore performed a series of experiments to identify pro-

teins that bind to DNA in the Ig heavy chain and light chain enhancers. Through these experi-

ments, they identi�ed a protein that bound to DNA consensus site pattern 5'GGGRNWYYCC-

3' (where R is purine, W is adenine or thymine, Y is pyrimidine, and N is any nucleotide) in the

k light chain enhancer (Brignall et al. [2019]; Sen and Baltimore [1986]; Zhang et al. [2017b]).

Sen and Baltimore [1986] also identi�ed that NF kB was instigated during B cell maturation,

and was thought to be involved in B cell development and activation (Sen and Baltimore

[1986]). Whilst this was proven to be true, it greatly underestimated the in�uence of NF kB in

various biological systems (Zhang et al. [2017b]).

NFkB represents a family of inducible transcription factors which function to regulate

a variety of genes involved in different immune and in�ammatory responses. It is present in

many cells in the immune system (Liu et al. [2017]). It is important in the regulation of in�am-

mation, proliferation, survival, differentiation and apoptosis of immune cells (Serasanambati

and Chilakapati [2016]) (refer to Figure 1.1). Although primarily identi�ed in the kappa chain

of immunoglobulin, the NF kB binding sequence has now been identi�ed in over 400 genes,

including cytokines, chemokines, antimicrobial peptides, adhesion molecules, in�ammatory

enzymes, stress response proteins, cell-cycle regulatory genes and anti-apoptotic proteins.

In the following section, I will introduce and describe the NF kB molecules and the

two NF kB signalling pathways. Moreover, I will describe the role of NF kB in various aspects

of the immune system, including adaptive immune cell development and function.
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Figure 1.1: Broad functions of NF kB signalling . This �gure illustrates the various biological
processes that NF� B is involved in and its multiple functions. Figured adapted from Liu et al.
[2017] and made using BioRender.
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1.1.1 NFkB family

The mammalian NF kB transcription factor family consists of 5 key proteins that are each

characterised by the presence of a conserved N-terminal rel-homology domain (RHD). This

domain is responsible for dimerisation, interaction with I kB proteins, as well as DNA binding

(Basseres and Baldwin [2006]; Courtois and Gilmore [2006]). This group of molecules can be

further categorised into two groups according to their protein structure. The �rst group in-

cludes the NFkB1 (p105/p50) and NFkB2 (p100/p52) proteins. p105 and p100 contain ankyrin

repeat domains (ARD) at their C-terminus. This region prevents the NF kB proteins from ac-

tivating target gene expression when forming a homodimer. p105 and p100 also undergo

processing by partial proteolysis to generate shorter versions of the molecules, p50 and p52

respectively. The second group, known as the Rel proteins, include RelA (also known as p65),

RelB and c-Rel. They consist of a transactivation domain (TAD) on the C-terminus, which

enables them to activate target gene expression. In comparison, the NFkB proteins, p105

and p100 do not have a TAD domain. To accurately regulate gene expression, p50 and p52

must bind with a TAD-containing NF kB protein (Hayden et al. [2006]). Therefore, due to the

absence of TAD, homodimers formed with p50 and p52 are suggested to be suppressors of

transcription (Hayden and Ghosh [2012]) (refer to Figure 1.2).

1.1.2 Inhibitory I kB family

In unstimulated cells, the binding of NF kB to inhibitor of kB (IkB) proteins determines its cy-

tosolic localisation and activation. Therefore, I kB proteins have a critical role in the regulation

of the NFkB pathway (Oeckinghaus and Ghosh [2009]). Despite the IkB family consisting of

IkBb, IkBg, IkBe and Bcl-3, the most well-studied is the I kBa protein (Smirnov et al. [2001]).

The proteins in this family are all characterised by the presence of 5 to 7 ankyrin repeat motifs

(refer to Figure 1.2) that enable their interaction with the RHD of the NF kB proteins (Oecking-

haus and Ghosh [2009]). Since the precursor proteins, p105 and p100, contain ankyrin repeats

at their C-terminus, they too can function as I kB proteins (Mercurio et al. [1993]; Oeckinghaus

and Ghosh [2009]; Rice et al. [1992]). Activation of p105 and p100 requires the removal of the

ankyrin repeats. The liberation and nuclear translocation of NF kB proteins is dependent on
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the degradation of I kB (Oeckinghaus and Ghosh [2009]).
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Figure 1.2: Domain structures of members of NF � B pathway . This �gure illustrates the do-
mains of each member of the NF� B signalling pathway. RHD; Rel Homology Domain, TAD;
Transcriptional activation domain, HLH; helix-loop-helix, GRR; Glycine-rich region, ANK;
ankyrin repeat domains, DD; death domain, ULD; Ubiquitin-like domain, LZ; leucine-zipper,
NBD; NEMO binding domain, CC; coiled-coil, ZF; zinc �nger. Figure adapted from Oecking-
haus and Ghosh [2009] and made using BioRender.
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1.1.3 IkB kinase (IKK) family

There are three subunits of the IKK family; IKK a (a.k.a IKK1), IKK b (a.k.a IKK2), and NEMO

(a.k.a IKKg). This protein family is considered a core element of the NF kB signalling pathway,

and functions to phosphorylate the I kB inhibitors (Israël [2010]). IKK a and IKK b contain a 50%

sequence overlap that includes an N-terminal kinase domain, a helix-loop-helix (HLH) that is

responsible for regulating IKK kinase activity, and lastly a leucine zipper (LZ) that functions to

enable dimerisation of the kinases (refer to Figure 1.2). IKK activity is modulated and tightly

regulated by NEMO and its binding of the C-terminus NEMO-binding domain (NBD) region

of IKK (Li et al. [2001]). Both IKK a and IKK b contain serine residues (IKKa; S176 and S180,

IKK b; S177 and S181) that are present in the activation loop of the kinase domain. They are

phosphorylated to enable kinase activity (Jeon et al. [2003]; Liu et al. [2012]). NEMO, on the

other hand, differs structurally from IKK a and IKK b as it lacks a catalytic domain (Liu et al.

[2012]) (refer to Figure 1.2).

Generally, the IKK complex is formed based on a 1:1:2 ratio where it consists of one

IKK a and one IKK b protein to form a heterodimer that then binds to homodimers of NEMO

(Häcker and Karin [2006]; Liu et al. [2012]). However, it should not be disregarded that IKK b

can still activate NFkB signalling without IKK a (Karin [1999]). Therefore, it is likely that other

versions of the IKK complex can be generated where homodimers of either IKK a and IKK b

can exist.

After phosphorylation of the necessary serine residues on IKK a and IKK b, a con-

formational change is initiated in the activation loop and allows for the kinase domain to be

catalytically active. The phosphorylation and activation of IKK subunits are thought to be me-

diated by IKK kinases (IKKK) (Hinz and Scheidereit [2014]). A well-known example is TAK1,

which has also been shown to be an upstream kinase for the c-Jun N-terminal kinase (JNK

pathway) (Hinz and Scheidereit [2014]; Israël [2010]). TAK1 is normally associated with the

TAK1-binding proteins TAB1, TAB2, and TAB3. TAB2 recruits TAK1 to K63-linked polyubiq-

uitin chains of upstream proteins, which leads to proximity-driven phosphorylation of IKK b

(Hinz and Scheidereit [2014]). However, unlike TAB2 and TAB3, TAB1 does not appear to

be involved in NF kB activation (Shim et al. [2005]). In support of this, TAB1-de�ciency has
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been shown to have minor in�uence on TNF a and IL-1b-mediated activation of NF kB (Shim

et al. [2005]; Zhang et al. [2017a]). MEKK3 is another example of an IKKK that can mediate

IKK activation. De�ciency of this kinase in cells has been shown to result in impaired NF kB

activation after stimulation with TNF, IL-1 or TLR (Huang et al. [2004]; Yang et al. [2001]).

IKK activation can also be promoted independent of the presence of upstream ki-

nases through the presence of unanchored polyubiquitin chains (Xia et al. [2009]). Further-

more, IKK activation can occur through trans-autophosphorylation, where an activated IKK

has been suggested to have the potential to adopt a conformational change from a closed

dimeric structure to a more open V-shaped structure that enables the formation of higher

order oligomers (Polley et al. [2013]). It is also plausible that trans-autophosphorylation and

IKKK-dependent phosphorylation can occur concurrently or in succession to each other to

enable maximum kinase activation.

To maintain homeostasis, the NFkB signalling pathway is controlled by negative feed-

back mechanisms that include regulation of the IKK complex. Such a mechanism includes the

dephosphorylation of serine residues within the activation loops of IKK to enable its return

into an inactive state. For example, the phosphatase PP2A can deactivate recombinant IKK

(DiDonato et al. [1997]). Additionally, autophosphorylation of IKK b at the C-terminal serines

has been reported to attenuate IKK activity (Delhase et al. [1999]).

1.1.4 Differences between canonical and non-canonical NF kB pathways

There are two arms of the NFkB pathway; canonical (classical) and non-canonical (alter-

nate). Functionally, the canonical pathway is involved in most parts of the immune response,

whereas the non-canonical pathway appears to act as a complementary signalling axis that

collaborates with the canonical pathway in the modulation of certain functions of the adap-

tive immune system (Liu et al. [2017]; Sun and Liu [2011]). Additionally, the activation of the

non-canonical arm is generally slower and persistent, and is more selective with the group of

stimuli that it responds to such as ligands from the TNFR superfamily (e.g. LT bR, BAFFR,

CD40, and RANK) (Liu et al. [2017]; Sun [2012]). The activation of the canonical pathway is

fast and transient (Sun [2017]).
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1.1.5 NFkB canonical signalling pathway

The canonical pathway is activated upon interaction between ligand and receptors such as

the interleukin-1 receptor (IL-1R), tumor necrosis factor receptor (TNFR), pattern recogni-

tion receptor (PRR) such as TLRs, and antigen receptors such as B cell receptor (BCR) and T

cell receptor (TCR) (Shih et al. [2011]). Upon ligation of the receptor, the formation of large

multiprotein complexes are induced. In T cells, ligation of the TCR triggers a phosphory-

lation cascade that involves the PI3K, PDK1 and PKCq kinases. Activation of PKC q leads

to phosphorylation of CARD11, which initiates formation and recruitment of the CARD11-

BCL10-MALT1 (CBM) complex to the membrane. This event then activates NF kB signalling

(Gerondakis et al. [2014]). Also, ligation through TNFR results in the recruitment of TNFR

type 1-associated death domain protein (TRADD), TNFR associated factor 2 (TRAF2), recep-

tor interacting protein (RIP1), and cellular inhibitor of apoptosis (cIAP). They assemble into a

complex which activates the IKK complex (Hayden and Ghosh [2014]).

In the canonical pathway, an activated IKK complex functions to phosphorylate I kB

proteins. Speci�cally, IKK b phosphorylates I kBa at serine residues 32 and 36, whilst phospho-

rylation of I kBb occurs at serine residues 19 and 23 (DiDonato et al. [1996]). This results in the

K48-linked ubiquitination of I kBs, and their subsequent proteasomal degradation to enable

the release of NFkB dimers for nuclear translocation as described earlier (Hayden and Ghosh

[2012]; Shih et al. [2011]) (refer to Figure 1.3). This pathway can be activated in both innate

and adaptive immune cells (Yu et al. [2020]). p105/p50, RelA, and c-Rel are activated through

the NFkB canonical pathway.

1.1.6 NFkB non-canonical signalling pathway

In comparison to the canonical pathway, the non-canonical pathway does not rely on the

degradation of I kBa but instead on the processing of the p100 precursor. p100 processing is

tightly regulated by the NF kB-inducing kinase (NIK) and a downstream kinase, IKK a. NIK

and IKK a function together to phosphorylate p100 at its C-terminus (at serine residues 866

and 870), which �ags p100 for ubiquitination and partial degradation to yield p52 (Sun [2017];

Xiao et al. [2004]). p52 forms a heterodimeric complex with RelB, which translocates from the
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cytoplasm to the nucleus (Xiao et al. [2004]) (refer to Figure 1.3).

1.1.7 Importance of IKK b in various systems

There have been multiple in vivo studies outlining the importance of IKK b in various systems,

speci�cally through IKK b-knockout studies. Complete deletion of IKK b in mice results in em-

bryonic lethality (approximately E13) due to apoptosis of hepatocytes after TNF stimulation

(Li et al. [1999]). A similar phenotype is observed in RelA-de�cient mice (Beg et al. [1995]).

This highlights the signi�cance of IKK b for activation of RelA after TNF a stimulation. Li et al.

[1999] identi�ed that the embryonic lethality could be rescued through further deletion of

TNFR-1 thereby reinforcing the ability of IKK b and RelA to impede the pro-apoptotic effect

of TNF during liver development.

There is evidence to suggest that IKKb is vital in the survival of osteoclasts and

facilitates in�ammation-induced bone loss (Ruocco et al. [2005]). Speci�cally, IKK b protects

osteoclast precursors from TNFa-mediated apoptosis (Ruocco et al. [2005]). A NEMO-binding

domain peptide that blocks IKK activation has been shown to prevent cytokine-induced os-

teoclast formation by osteoclast precursors and therefore protect from in�ammatory arthritis

(Dai et al. [2004]). Furthermore, IKK b is also important in preventing osteoclasts or gut ep-

ithelium from apoptosis after ligation of Toll-like receptors (Chen et al. [2003]; Ruocco et al.

[2005]; Schmid and Birbach [2008].

Mouse studies involving a constitutively active IKK b (caIKKb) have also been con-

ducted. A caIKK b that was introduced into the myeloid lineage through CD11b-cre mice was

found to result in signi�cant bone loss in vivo, with a notable increase in the number of osteo-

clasts and reduced bone volume (Otero et al. [2012]). Speci�c expression of a constitutively

active IKK b in skeletal muscle results in muscle wasting, which suggests a link for IKK b in

cachexia and muscle atrophy (CaiD et al. [2004]; Schmid and Birbach [2008]).



1.1 NFkB transcription factors: structure and function 11

Figure 1.3: NF� B signalling pathway . This �gure represents the two arms of the NF � B sig-
nalling pathway and selected cell surface receptors that activate them upon ligation. In the
canonical pathway, the most common heterodimer is p50:RelA (p65) and is shown. Upon
ligation of appropriate receptors, the IKK complex is activated which leads to the phosphory-
lation and ubiquitination of I � B molecules. I� B molecules undergo proteasomal degradation,
which releases the NF� B dimer and enables its translocation from the cytoplasm to the nu-
cleus to initiate transcription of target genes. In the non-canonical pathway, upon ligation, the
NIK:IKK � complex binds to p100. This leads to the partial processing of p100 in the protea-
some and converts p100 into its active form, p52. The RelB:p52 heterodimer complex then
translocates to the nucleus to activate gene transcription. Figure adapted from Oeckinghaus
and Ghosh [2009] and made using BioRender.
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1.2 Adaptive immune cell development and function through NF kB

1.2.1 NFkB in immune cell development

The adaptive immune system is one of two main immunity processes present in vertebrates

(with the other being the innate immune system). It is made up of specialised cells and

processes that function to eliminate invading pathogens and destroy any harmful molecules

that they produce (Chaplin [2010]). Unlike the innate immune system, which is developed to

target a vast range of pathogens, the adaptive immune system is highly speci�c to each foreign

pathogen that invades the host (Chaplin [2010]). Adaptive immune responses are carried out

by lymphocytes, which are categorised into B and T cells. NF kB is crucial in the development

and function of adaptive immune cells (Hayden et al. [2006]).

1.2.1.1 NFkB and B cell development

Both arms of the NFkB pathway have a role in B cell maturation, where de�ciencies in IKK a,

IKK b or NEMO result in reduced mature B cell numbers (Kaisho et al. [2001]; Pasparakis et al.

[2002b]; Serasanambati and Chilakapati [2016]). Similarly, progenitor cells that have a double

knockout of p50/p52 or c-Rel/RelA exhibit a block in maturation at the transitional B cell

stage (Franzoso et al. [1997]; Grossmann et al. [1999]). Dual requirement for both canonical

and non-canonical pathways in B cell development may explain why knockout of p50/p52

results in a greater block in B cell development compared to a knockout of c-Rel/RelA.

The survival of immature B cells has also been shown to be dependent on NFkB.

Immature B cell numbers were reported to be reduced in mice with conditional ablation of

NEMO or IKK a/IKK b (Barnabei et al. [2021]; Derudder et al. [2009]). Mice that lacked both

Nfkb1 and Nfkb2 also developed mild reductions in the immature B cell population (Claudio

et al.). Mice with a B cell-speci�c deletion of IKK b have been shown to have reduced follicular

and marginal zone B cells (Pasparakis et al. [2002b]).

BAFF, which is an activator of the non-canonical NF kB pathway has been known to

provide essential B cell survival signals through RelB and can facilitate B cell proliferation
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(Almaden et al. [2014]). BAFF-de�cient mice show complete impairment in maturation of

transitional B cells, and consequently tend to have lower circulating peripheral B cells (Rauch

et al. [2009]; Schiemann et al. [2001]). On the contrary, when BAFF is overexpressed, mice have

been shown to develop autoimmune-like conditions similar to systemic lupus erythematosus

(SLE) and Sjogren's syndrome, and are associated with the production of autoreactive anti-

bodies (Mackay et al. [1999]; Samy et al. [2017]).

1.2.1.2 T cell development

T cell development can occur early in the fetal liver during early embryogenesis and continues

within the newly formed thymus around embryonic day (E) 10-13.5 (Manley and Blackburn

[2003]). All T cells arise from hematopoietic stem cells (HSCs), which are also found in the

bone marrow. The HSC then differentiate into multipotent progenitors (MPPs) and can be-

come either myeloid or lymphoid cells. Differentiation continues from a common lymphoid

progenitor (CLP) that can only become either a T, B or natural killer (NK) cell. These CLP

cells then migrate to the thymus to eventually become bona �deT cells (Yang et al. [2010]).

The earliest cells to migrate into the thymus are CD4 -CD8-CD44+CD25-cKithigh . These cells

are generally termed double negative (DN) due to their lack of expression of CD4 and CD8,

and more speci�cally they are referred to as DN1 (Yang et al. [2010]). Studies have shown

that cells with high expression levels of cKit at the DN1 stage ef�ciently generate T lineage

progeny (Allman et al. [2003]; Matsuzaki et al. [1993]; Porritt et al. [2004].

At the DN2 stage, the T cells have the ability to differentiate into either ab or gd

T cell lineages. Double positive (DP) thymocytes undergo positive selection, where they are

presented with self-antigens by thymic cortical epithelial cells on MHC proteins. Thymocytes

that interconnect with class I MHC proteins are deemed CD4 -CD8+, whilst those that interact

with class II MHC proteins are deemed CD4 +CD8-. These cells will receive important "survival

signals" to continue on with the thymocyte development process. In contrast, thymocytes that

fail to interact with any MHC molecule will receive no survival signals and will "die by

neglect" (Chaplin [2010]; Starr et al. [2003]).

Lastly, negative selection occurs to �lter cells that have the potential to react strongly
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to self-antigens. The thymocytes that survive negative selection then migrate to the periphery

and are referred to as naive T cells (Chaplin [2010]; Germain [2002]). Interestingly, less than

5% of the total developing thymocyte population that survive positive and negative selection

make it into circulation (Chaplin [2010]).

1.2.1.3 NFkB and T cell development

The NFkB pathway has a crucial role at various stages of T cell development. In particular, the

non-canonical arm has a role in the development of the thymus, where regulation of the devel-

opment of thymic epithelial cells (TEC) occurs (Sun [2017]). Mice de�cient in Relbhave been

shown to have defects in medullary TEC formation. These mice also developed multi-organ

in�ammation (Riemann et al. [2017]). In support of this, mice carrying Nfkb2processing resis-

tant mutations developed autoimmune disease involving severe exocrine pancreatitis, which

was found to arise due to defects in T cell selection in the thymus. The thymus of the Nfkb2

processing resistant mutations were also found to exhibit medullary hypoplasia and decreased

numbers of mTECs (Wirasinha et al. [2021]). The impairment in mTECs can lead to the de-

velopment of T cell-dependent in�ammatory disease that is initiated by heightened numbers

of autoreactive T cells that have evaded negative selection (Gerondakis and Siebenlist [2010]).

This is true of Nfkb2 processing resistant mice, which develop T cells expressing autoreactive

TCR motifs, indicating escape from selection (Wirasinha et al. [2021]). In addition, mTEC for-

mation is known to require the non-canonical NF kB kinase NIK (Kajiura et al. [2004]). Mice

lacking NIK, mTEC numbers were reduced and thymic structure was disorganized.

Canonical NFkB may have a pro-apoptotic role during negative selection of thymo-

cyte development (Zhu and Fu [2010]). In HY transgenic mice, which are mice that express a

TCR that is speci�c for the HY antigen, there is an observed reduction in double positive (DP)

T cells due to impaired negative selection. The DP population was observed to be partially

rescued when NFkB is partially inhibited by an I kB super-repressor (Mora et al. [2001]). In

contrast, there is also suggestion that NFkB has an anti-apoptotic role during negative selec-

tion. Fiorini et al. [2002] found that I kB-like NFkB inhibitor, I kBNS, was induced by peptides

involved in negative selection but not by peptides involved in positive selection. Furthermore,

retroviral transduction of I kBNS in fetal thymic organ culture revealed increased occurrence
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of TCR-triggered cell death (Fiorini et al. [2002]). Overall, these studies highlight the role of

canonical NFkB in both pro-apoptotic and anti-apoptotic mechanisms during T cell develop-

ment.

Persistent IKK-NFkB signalling has been found to impair T cell development. A

study involving a murine model that expressed caIKK b led to increased T cell apoptosis (Kr-

ishna et al. [2012]). Through FACS analysis, this study revealed a developmental block at the

CD4 CD8 double positive stage in the thymus where there was a reduction in proportion and

absolute numbers of single positive CD4 + and CD8+ T cells. Consistent with reduced thymic

output, the proportions and absolute counts of CD4 + and CD8+ T cells in secondary lymphoid

organs, spleen and lymph nodes, were signi�cantly diminished in these mice. These �ndings

were corroborated with a previous study that involved a transgenic model of constitutive

NFkB signaling. In this model, a constitutively active IKK b transgene was expressed under

the control of the Lck promoter (Jimi et al. [2008]). Similarly, a partial block was observed in

the double positive CD4 CD8 stage. Krishna et al. [2012] further suggested that constitutive

IKK b activation promotes T cell apoptosis through increasing expression of FasL and activa-

tion of caspase-8. The role of IKKb in apoptosis mechanisms in T cells may account for the

reduced T cell numbers and therefore negatively in�uence T cell development.

1.2.2 Role of NFkB in regulating T cell function and in�ammatory T cell differen-

tiation

The canonical arm of the NFkB pathway has vital involvement in regulating T cell activation.

Adequate NFkB activation occurs when both a TCR signal and CD28 co-stimulatory signal

are present (Cheng et al. [2011]; Thaker et al. [2015]). Impaired NFkB activation is linked to T

cell anergy. CD8+ T cells fail to properly phosphorylate the p65 protein at serine 311, whilst

also fail to acetylate p65 at lysine 310, both of which are important in NF kB transactivation

function. Interestingly, proximal events in NF kB signalling including I kBa degradation and

nuclear translocation appeared normal (Clavijo and Frauwirth [2012]). On the other hand,

chronic NFkB signalling can lead to abnormal T cell activation that can therefore limit the

sensitivity of T cells to undergo anergy. Peli1, which is a ubiquitin ligase, negatively regulates

c-Rel by mediating its K48 ubiquitination process. In Peli1-de�cient mice, there is a nuclear
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accumulation of c-Rel (Chang et al. [2011]). De�ciency of Peli1 in mice enabled increased

T cell activation and led to the spontaneous development of autoimmunity associated with

multi-organ in�ammation and autoantibody production.

An overactive IKK b in T cells has been reported to result in impaired T cell func-

tion. In particular, Krishna et al. [2012] revealed that constitutively active IKK b impacted the

ability of T cells to undergo activation and proliferation after TCR engagement. In the pres-

ence of anti-CD3 stimulation (TCR crosslinking), splenocytes from caIKK b mice showed CD4+

cells had increased expression of CD25 and CD69 activation markers compared to wild type

cells. This suggested that caIKKb may initiate increased basal activation of CD4 + T cells. In

comparison, when caIKK b splenocytes were stimulated with anti-CD3, there was impaired

upregulation of both activation markers. Additionally, proliferation of caIKK b CD4 T cells

was defective in the presence of anti-CD3. To account for the TCR unresponsiveness observed

in these mice, it was suggested to be linked to increased levels of Blimp1, a transcriptional

repressor that promotes T cell exhaustion. Defects in IL-2 production in caIKK b T cells were

also evident, and addition of exogenous IL-2 managed to improve T cell survival and prolifer-

ation. Overall, it is apparent that continuous NF kB signalling via IKK b is suf�cient to impair

T cell function.

1.2.2.1 NFkB in in�ammatory cells: T H 17 cells

NFkB also modulates CD4+ T cell differentiation, in particular T helper 17 (T H 17) cells, which

have an important part in the pathogenesis of autoimmunity and in�ammation (Dong [2008];

Sun et al. [2013]). In 1986, it was proposed that CD4+ T cells differentiated into two subsets

termed TH 1 and TH 2 cells (Mosmann et al. [1986]). TH 1 cells were responsible for inducing im-

munity against intracellular pathogens and characterized by the production of IFN g (Tesmer

et al. [2008]). On the other hand, TH 2 cells produced IL-4 and facilitated humoral immunity

against parasitic helminths (Tesmer et al. [2008]). It was not until 2005, where TH 17 cells be-

came the third subset identi�ed (Harrington et al. [2005]; Park et al. [2005]). T H 17 T cells are

characterised by the production of proin�ammatory cytokine, IL-17 which recruit neutrophils

to the site of infection as a response to intrusion of pathogens or against self-antigens (Crome

et al. [2010]; Tesmer et al. [2008]).
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During T cell activation, the cytokine environment has a crucial role in determining

which CD4 + effector T cell lineage the naive cell will adopt through the induction of lineage-

speci�c transcription factors. Naive T cells stimulated in the presence of TGF b and IL-6

become TH 17 cells and usually express the transcription factor RORgT (Louten et al. [2009];

Tesmer et al. [2008]).

The canonical NFkB pathway can regulate the differentiation of CD4 + T cells into

these subsets through the regulation of cytokine secretion in innate immune cells as well as T

cell mediated processes (Liu et al. [2017]). Some NFkB proteins have been shown to play a role

in TH 17-mediated immune responses. Early indication of the association of NF kB signalling in

TH 17 responses, involved a study that utilised mice with T cell-speci�c deletion of IKK b. These

mice were found to be increasingly resistant to the initiation of T cell-mediated autoimmune

disease, experimental autoimmune encephalomyelitis (EAE), as well as reduced TH 17 cells

(Greve et al. [2007]). Also, IKKb can initiate PKCq-mediated STAT3 promoter activation,

which is important for T H 17 cell differentiation (Kwon et al. [2012]). These highlight the

crucial role of IKK b in the production of this T cell subset.

Mice that express p50 but not its precursor, p105, experience dysregulated NFkB

activation and are found to spontaneously develop colitis as a result of increased production of

TH 17 cells. Chang et al. [2009] identi�ed that abnormal NF kB activation in this model enabled

innate immune cells to increase responsiveness to TLR stimulation for IL-6 production.

Furthermore, c-Rel is considered to be important in the generation of T H 17 cells, as

well as inducing ROR gT. c-Rel-de�cient T cells were found to have reduced expression of

RORgT and RORg, an isoform of RORgT. The gene expression of RORgT and RORg are

regulated by two different promoters that contain NF kB binding sites wherein c-Rel binds.

This c-Rel this binding event was suggested to be important in gene expression of RORgT

and RORg (Ruan et al. [2011]). However, a study published in 2010 contradicted the previous

�ndings by indicating that c-Rel was not as important in T H 17 differentiation as initially

proposed. This was said to be attributed to the presence of IL-2, a known inhibitor of T H 17

induction (Laurence et al. [2007]). Results by Visekruna et al. [2010] supported this notion,

where the addition of exogenous IL-2 to a culture of c-Rel-de�cient CD4 + T cells resulted in

reduced TH 17 development. Contrastingly, in the absence of IL-2, production of T H 17 cells
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was comparable between WT and c-Rel-de�cient CD4 + T cells (Visekruna et al. [2010]). IL-2

production is governed by NF kB (Liou et al. [1999]; Shapiro et al. [1996]) and therefore c-Rel-

de�cient T cells in the 2010 study may naturally produce less IL-2 than WT T cells. As a

consequence, the presence of IL-2 in WT cells may hide greater differences between WT and

c-Rel-de�cient T cells in regards to T H 17 differentiation. Furthermore, RelA can also drive

TH 17 differentiation by binding to Rorgpromoters that mediate RORg and RORgT expression

(Ruan et al. [2011]).

The non-canonical NFkB pathway also plays a role in regulating T H 17 cell develop-

ment, speci�cally through the NIK protein (Jin et al. [2009]). NIK de�ciency has been shown

to result in attenuated differentiation of T H 17 cells and enables mice to become resistant to

the occurrence of EAE (Jin et al. [2009]). Moreover, genetic defects resulting in loss of TRAF2,

a negative regulator of NIK, causes continuous T cell activation and increased T H 17 cell pro-

duction and chronic in�ammation in mice (Lin et al. [2011]).

1.2.3 NFkB regulation of Treg development

Regulatory T cells (Tregs) develop in the thymus during T cell development. During positive

and negative selection, a progenitor Treg population develops and expresses a CD4+CD25+

phenotype (Lee and Lee [2018]). This unique T cell subset can then induce expression of

FOXP3 through stimulation by IL-2 and IL-15 cytokines (Lio and Hsieh [2008]; Owen et al.

[2019]). Whilst FOXP3 has been shown to be a critical transcription factor for Treg develop-

ment, this described two-step developmental process would indicate that FOXP3 expression is

not a prerequisite for Treg development but instead it is a manifestation that occurs post-Treg

differentiation. The main occurrence that dictates the fate of thymocytes to become Tregs is

TCR activation (Lee and Lee [2018]). In particular, Treg selection is based on the af�nity of the

T cell precursor to self-antigens. One could describe it as a "Goldilocks" process where af�nity

cannot be too high or too low, but just right (Li and Rudensky [2016]). For instance, a T cell

that receives very strong signals (high af�nity) will undergo clonal deletion (apoptosis), whilst

a cell that receives weak signals (low af�nity) will survive and be selected to develop into an

effector cell. A T cell that receives an intermediate signal will be selected to become a Treg

(Lee and Lee [2018]; Owen et al. [2019]). Tregs function to suppress immune responses to pre-
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vent the occurrence of pathology arising from self-reactivity (i.e. autoimmunity) (Sakaguchi

et al. [2009]).

The NFkB non-canonical pathway has been shown to in�uence Treg development.

Mice carrying a mutation in the NIK protein that prevents its binding to the IKK a protein,

have been observed to develop abnormal thymic structure alongside impaired production of

Tregs. Furthermore, an exogenous supply of Tregs were found to rescue the autoimmune

phenotype developed in this mouse model (Kajiura et al. [2004]). A recent study identi�ed

that the conditional deletion of Relbin FOXP3+ Tregs did not alter the number and function

of Tregs in these mice, and no occurrence of autoimmunity was observed. Contrastingly,

a germline deletion of Relb led to the development of systemic autoimmunity, as well as

an accumulation of Tregs in lymphoid and non-lymphoid organs (Li et al. [2018b]). This

highlights that Relbmay not have a cell-intrinsic role in Treg development.

Additionally, IKK a, which has a role in both arms of NF kB signalling is also known

to be required for Treg maintenance and expansion. Conditional knockout of IKK a in CD4+

T cells resulted in a greater than 60% reduction of Treg numbers in the thymus, spleen, and

lymph nodes of mice (Chen et al. [2015]).

There have been investigations to show that canonical members have vital roles in

controlling and maintaining the identity of FOXP3 + Tregs and their function (Li and Jacks

[2017]). Mice that were p50-/- c-Rel-/- had reduced thymic Tregs (Zheng et al. [2003]). In

support of this, Sankar Ghosh and his team utilised mice that had a conditional deletion of

RelA (encodes p65) andRel (encodes c-Rel) in developing and mature Tregs. c-Rel was shown

to be important in thymic Treg development, whilst p65 had importance in maintaining Treg

identity and immune tolerance (Oh et al. [2017]).

IKK b also plays a role in the generation of Tregs, where a drastic reduction of the

population in the thymus and peripheral lymphoid organs is observed in mice that had T

cells that speci�cally lacked IKK b (Schmidt-Supprian et al. [2003]). It was further shown that

the remaining Tregs present in these mice contained Tregs that had escaped Cre-mediated

deletion of the loxP-�anked IKKb alleles, therefore highlighting that IKK b is necessary for the

generation of CD4+CD25+ Tregs (Schmidt-Supprian et al. [2003]).
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The canonical NFkB signalling can be negatively regulated by the deubiquitinase

CYLD (Ferrandino et al. [2018]). Mice de�cient in CYLD experience constitutive NFkB activa-

tion in developing and mature T cells, with Treg numbers expanded (Reissig et al. [2012]). An-

other study involving CYLD-de�cient mice veri�ed this model to have increased CD4 +CD25+

T cells in peripheral organs. They identi�ed that the mechanism behind this expanded popu-

lation was due to a lack of CYLD resulting in increased ubiquitination and activity of Smad7,

which was required for TAK1 activation. They further established that TAK1 facilitated down-

stream signalling events, including the binding of AP-1 to the FOXP3 promoter, therefore

possibly explaining the increased Treg phenotype (Zhao et al. [2011]). Furthermore, another

negative NFkB regulator called A20 can also inhibit Treg development. This is supported by

a study where an increase in Tregs is observed in T cell–speci�c A20-de�cient mice, alongside

an increase in activation of RelA (Fischer et al. [2017]).

PKCq, which is a positive regulator of NF kB has also been shown to be important in

Treg development. Speci�cally, PKC q-de�cient mice have signi�cantly reduced Treg numbers,

which may be explained by the positive effect PKC q has on FOXP3 expression through activa-

tion of the calcineurin/NFAT pathway (Brezar et al. [2015]; Gupta et al. [2008]). Alternatively,

PKCq-de�cient mice have also been found to have reduced IL-2 production by effector T cells

(Furtado et al. [2002]). Therefore, this may have negative effects on Treg survival due to the

reliance of this population on IL-2. Moreover, it is important to note that there appears to be a

�ne balance required between PKC q function as a positive regulator of NF kB and the function

of the negative regulators (CYLD, A20) in dictating the development and function of Tregs.

1.2.4 Role of NFkB in Treg function

Some Tregs can lose their stability as an immunosuppressive T cell population and lose FOXP3

expression during lymphopenic or in�ammatory environments (Sun et al. [2013]). There is

some suggestion that the NFkB canonical pathway has a role in regulating Treg stability and

function. Treg-speci�c deletion of Ubc13, a K63-speci�c ubiquitin-conjugating enzyme, re-

sulted in impaired suppressive function of Tregs, and became vulnerable to conversion into

TH 1 and TH 17-like effector T cell phenotypes (Chang et al. [2012a]). The survival of Tregs and

FOXP3 expression appeared unaffected. Ubc13 is critical for activation of the IKK complex
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and downstream NF kB proteins (Bhoj and Chen [2009]). Speci�cally, Treg function medi-

ated by Ubc13 is reliant on the IKK pathway as the function of Ubc13-impaired Tregs can be

reversed by a transgene encoding a constitutively active IKK b (Chang et al. [2012a]). Sim-

ilarly, Treg-speci�c deletion of IKK b in mice can also result in impaired Treg function and

cause autoimmunity (Sun et al. [2013]). The Ubc13-IKK axis is suggested to be important in

the expression of Treg-related genes, namely those encoding IL-10 and SOCS1 (Chang et al.

[2012a]). However, it remains unclear whether this axis is crucial in regulating expression of

other genes associated with maintaining Treg stability and function. Additionally, mice that

had a conditional knockout of IKK a in CD4+ T cells appeared to have Tregs with defective

suppression capabilities in vivo (Chen et al. [2015]).

The crucial role of RelA in Treg activation and stability has been established more

recently. Mice with Treg-speci�c deletion of RelA developed severe autoimmune disease asso-

ciated with abnormal effector Treg function (Messina et al. [2016]; Oh et al. [2017]; Ronin et al.

[2019]; Vasanthakumar et al. [2017]). Ronin et al. [2019] revealed consistent results regarding

increased functional instability of RelA-de�cient Tregs, which had reduced FOXP3 expression.

This population was then found to develop into ex-Tregs in lymphoid and non-lymphoid tis-

sues that were found to express increased amounts of proin�ammatory cytokines IFN g and

TNFa (Ronin et al. [2019]). Treg-speci�c deletion of c-Rel also led to autoimmune disease

development, although milder manifestations occurred compared to mice with RelA-de�cient

Tregs and mice with double deletion of c-Rel and RelA in their Tregs. Mice with c-Rel-de�cient

Tregs did not experience early lethality and developed modest lymphocyte in�ltration. In

comparison, mice with RelA-de�cient Tregs developed severe in�ammatory phenotype that

resulted in mice dying between 5-15 weeks of age. This phenotype was heightened in mice

with double knockout (RelA and c-Rel) Tregs where mice were observed to be dying between

2-4 weeks of age due to developing a lethal autoimmune disease that was similar in mice

that completely lacked Tregs. Although in vivo suppression analysis still revealed that c-Rel-

de�cient Tregs could not control effector T cell proliferation (Oh et al. [2017]). These results

suggest that RelA may have a more important role in maintaining Treg function compared

to c-Rel. Furthermore, defective Treg function has been moreso associated with reduced ex-

pression of these genes, and intuitively reduced NF kB activation. It remains unclear whether
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functional plasticity of Tregs can be observed at the other extreme where there is overactive

NFkB signalling.

The role of the non-canonical NFkB pathway in Treg biology remains elusive. How-

ever, a study in 2018 identi�ed that mice with Nfkb2-de�cient T cells developed severe late-

onset autoimmunity. However, this was not due to a Treg de�ciency (Grinberg-Bleyer et al.

[2018]). Nfkb2-de�cient Tregs were found to have impaired suppressive capacity, as well as

increased nuclear translocation of RelB. Interestingly, deletion of Relbrescued the phenotype.

The investigators suggested that p100 functions to regulate RelB to maintain Treg function

(Grinberg-Bleyer et al. [2018]).

1.3 Immune pathology arising from dysregulated NF kB

As previously mentioned, NF kB signalling is involved and essential for many cellular func-

tions (Figure 1.1). Therefore, it is clear that defects surrounding this pathway can lead to the

development of numerous human immune diseases such as immunode�ciency, autoimmu-

nity and in�ammation. Additionally, defective NF kB signalling has also been implicated in

other human illnesses, including various cancers and neurological disorders (Park and Hong

[2016]; Shih et al. [2015]).

1.3.1 Primary Immunode�ciencies

Primary Immunode�ciencies (PIDs) are a large group of disorders that develop due to abnor-

malities in the development and/or function of the immune system (McCusker et al. [2018]).

This can increase an affected individual's susceptibility to infection, autoimmunity, in�amma-

tion, and malignancy (McCusker et al. [2018]). More than 250 PIDs have been discovered with

the list continuously increasing (Picard et al. [2015]; Al-Herz et al. [2014]). For symptomatic

patients, the prevalence of PIDs is roughly 1:8500 to 1:100000 (Abolhassani et al. [2020]). How-

ever, it is generally accepted that PIDs are under-diagnosed or treatment is delayed (Baumgart

et al. [1997]; Abolhassani et al. [2020]). This consequence occurs due to the clinical presen-

tation of PIDs being highly variable. In saying that, most disorders include susceptibility
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to infections, which can appear as "typical" infections in the sinuses, ears and lungs, and

therefore can lead to the illness being undetected in many patients in a primary-care setting

(McCusker et al. [2018]). Although, recent advancements in medical technology has enabled

the discovery and identi�cation of numerous molecular and genetic defects in many PIDs.

1.3.2 NFkB in the development of PIDs

Even though PIDs are generally genetically heterogenous, several conditions in this category

are caused by abnormalities in the NFkB signalling pathway (Paciolla et al. [2015]). Defects in

this pathway can result in a spectrum of phenotypes in the PID category, including mycobacte-

rial and pyogenic infections, and anhidrotic ectodermal dysplasia. Table 1.1 summarises these

defects alongside phenotypes that are commonly identi�ed in patients with these diseases.

1.3.2.1 Autosomal dominant ectodermal dysplasia with immunode�ciency (AD-EDA-ID)

AD-EDA-ID is a rare immunode�ciency disease associated with ectodermal dysplasia (Al-

Herz et al. [2014]). It is commonly due to heterozygous mutations present within the NFKBIA

gene (encodes IkBa) (Paciolla et al. [2015]). The mutations (p.Ser32Ile, p.Gln9X, p.Glu14X,

p.Trp11X, p.Ser36Tyr, p.Met37Lys) identi�ed to be involved in this disease have a dominant

effect and are hypermorphic due to the enhanced inhibitory ability of I kBa, leading to reduced

NFkB activity (Paciolla et al. [2015]).

Patients suffering from this disease tend to exhibit heightened susceptibility to in-

fections with invasive pyogenic bacteria that can result in manifestations such as meningitis,

sepsis, arthritis, osteomyelitis and abscesses, as well as environmental mycobacteria, and in

some cases parasites, viruses and fungi (Courtois et al. [2003]; Janssen et al. [2004]; Kawai et al.

[2012]; Lopez-Granados et al. [2008]; McDonald et al. [2007]; Ohnishi et al. [2012]; Picard et al.

[2011]. The patients exhibited combined immunode�ciency with hypogammaglobulinemia,

alongside reduced T cell numbers and impaired T cell proliferation in response to anti-CD3.

In addition, the �rst mutant allele described (S32I) was introduced into mice through knock-in

methods. These mice developed most of the phenotypes identi�ed in the patients. Although,

they also developed new features including lack of Peyer's patches, spleen follicles, marginal
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zone and germinal centres (Mooster et al. [2015]).

1.3.2.2 X-linked anhidrotic ectodermal dysplasia with immunode�ciency (XL-EDA-ID)

XL-EDA-ID is another rare immunode�ciency disease linked to the occurrence of a develop-

mental disorder due to mutations in the X-linked gene IKBKG (encodes NEMO) (Paciolla et al.

[2015]). Patients that develop this disease are all male. There are about 100 male patients with

approximately 43 different IKBKG mutations that have been reported (Picard et al. [2011]).

These mutations are considered hypomorphic due to their ability to impair NF kB activity, but

not its complete termination (Puel et al. [2004]). LoF mutations in this gene are lethal for

males in utero (Paciolla et al. [2015]).

Patients with XL-EDA-ID develop susceptibility to infections with invasive pyo-

genic bacteria (S. pneumoniae, H. in�uenzae and S. aureus) and mycobacterial (M. avium and

M. kansasii) (Kawai et al. [2012]). They tend to exhibit abnormal immunoglobulin synthesis

or hyper-IgM syndrome, impaired anti-polysaccharide antibody synthesis, as well as damp-

ened lipopolysaccharide (LPS) and IL-1 family protein responses. Additionally, they have

been reported to develop defective natural killer cell function (Dupuis-Girod et al. [2006];

Kawai et al. [2012]; Mancini et al. [2008]; Nishikomori et al. [2004]). Comparatively, an N-

ethyl-N-nitrosourea (ENU)–induced mutation of Ikbkgwas introduced into mice and resulted

in disrupted TLR signalling in a study conducted in 2010 (Siggs et al. [2010]). This mutation

conferred susceptibility to bacterial and viral infections in these mice but lacked ectodermal

dysplasia. Although, the survival of lymphocytes remained intact, in comparison to condi-

tional knockout of Ikbkg studies in mature B and T cells (Pasparakis et al. [2002b]; Schmidt-

Supprian et al. [2003]).

Interestingly, there are some males that carry hypomorphic IKBKG mutations and

present with immunode�ciency without evidence of ectodermal dysplasia, similar to the

abovementioned mice (Frans et al. [2017]; Kolitz et al. [2021]). Kolitz et al. [2021] suggested

that this may be due to the hemizygous presence of the mutation, or possibly through selec-

tive, as opposed to global, impact of the mutation on NF kB activity.
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1.3.2.3 Autosomal recessive IRAK-4 de�ciency

IRAK-4 de�ciency is an autosomal recessive PID that leads to defective NF kB activation in the

TLR signalling pathway (Paciolla et al. [2015]). IRAK-4 belongs to the IRAK family of protein

kinases that are important in NF kB activation in TLR and TCR signalling pathways (Kawagoe

et al. [2007]; Suzuki and Saito [2006]). Upon TLR ligation, MYD88 is recruited, which then

recruits IRAK-4 and IRAK-1. IRAK-4 functions to phosphorylate IRAK1, regulating the re-

cruitment of TRAF6 to the receptor complex. The IRAK-1-TRAF6 complex then dissociates

from the receptor to interact with TAK1 and MEKK3 and mediate their activation, triggering

the activation of the NF kB signalling pathway (Kim et al. [2011]).

Up to 49 patients have been identi�ed to have IRAK-4 de�ciency (Picard et al. [2007]).

It occurs due to homozygous or compound heterozygous mutations in the IRAK4 gene. At

present, the identi�ed mutations include two missense (p.Arg12Cys and p.Arg391His), �ve

frameshift (p.Pro42fsX4, p.Ala211fsX2, p.Asn175fsX31, p.Thr208fsX12 and p.Leu274fsX14),

and three nonsense (p.Tyr48X, p.Gln293X and p.Glu402X) mutations (Gobin et al. [2017];

Paciolla et al. [2015]). Except for the missense mutations, all of these mutations were loss-

of-expression and loss-of-function in their effect due to the development of a premature ter-

mination codon or the deletion of a signi�cant part of IRAK4 (Cardenes et al. [2006]; Enders

et al. [2004]; Hoarau et al. [2007]; Ku et al. [2007]; Kuhns et al. [1997]; Medvedev et al. [2003];

Picard et al. [2011]; Takada et al. [2006]).

Patients with IRAK-4 de�ciency develop recurrent infections from S. pneumoniae, S.

aureusand P. aeruginosabacteria (Paciolla et al. [2015]). Cellular analyses from these patients

reveal defective ability to induce IL-1 b, IL-6, IL-8, IL-12, TNFa or IFN g after stimulation

with IL-1 b, IL-18 or known TLR agonists (Paciolla et al. [2015]). In comparison, responses to

TNFa were deemed unaffected (Picard et al. [2007, 2003]). In addition, T and B cell responses

appeared normal in patients with IRAK-4 de�ciency (Paciolla et al. [2015]). However, some

patients appeared to exhibit poor antibody responses to carbohydrates, indicating that T-

independent B cell responses may be defective (Picard et al. [2011]).
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1.3.2.4 Autosomal recessive MYD88 de�ciency

MYD88 de�ciency was �rst identi�ed in 2008. Presently, there have been up to 24 cases

documented (Gaschignard et al. [2014]; Von Bernuth et al. [2008]; von Bernuth et al. [2012]).

The following mutations have been identi�ed in this gene: a homozygous in-frame MyD88

deletion (p.E52del), compound heterozygous missense mutations (p.L93P; p.R196C) and a

homozygous missense mutation (p.R196C) (Paciolla et al. [2015]; Von Bernuth et al. [2008]).

Patients with this disease develop recurrent pyogenic bacterial infections. Immuno-

logical analyses of patients with MYD88-de�ciency are reported to be similar to that of Myd88-

de�cient mice. Although, susceptibility to certain bacteria is different. For example, MYD88-

de�cient patients are vulnerable to S. aureus, P. aeruginosaand S. pneumoniae. Contrastingly,

mice develop susceptibility to a greater variety of pathogens, including most common bacte-

ria, viruses, fungi and parasite (Paciolla et al. [2015]; Von Bernuth et al. [2008]).

1.3.2.5 NFKB1 de�ciency

A known monogenic cause for common variable immunode�ciency (CVID) are heterozygous

hypomorphic mutations in NFKB1 (Tuijnenburg et al. [2018]). CVID is a common PID result-

ing in impaired B cell function, with reduced T cell function also occurring in some patients

(Boztug et al. [2016]). In comparison, patients with homozygous mutations in NFKB1 present

with combined immunode�ciency that includes impairment in the development and function

of mature B and T cells, alongside reduced NFkB activation (Mandola et al. [2021]). Het-

erozygous variants in NFKB1 lead to a PID manifestation characterised by recurrent infections

and associated with hypogammaglobulinemia. Interestingly, approximately half of patients

exhibit autoimmune features such as cytopenia and organ in�ammation/lymphoproliferation

manifesting as lymphadenopathy or hepatosplenomegaly. Less than 20% of patients also de-

velop cancer, most commonly lymphoma (Fliegauf et al. [2015]; Lorenzini et al. [2020]).
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1.3.2.6 NFKB2-related CVID

In 2014, NFKB2 mutations were identi�ed in two families. The �rst mutation that was iden-

ti�ed was a heterozygous 1 base pair deletion in the NFKB2 gene. This mutation resulted in

a frameshift and premature termination, resulting in a truncation in the C-terminus NFKB2,

affecting the phosphorylation sites necessary for processing of p100 to p52. The second mu-

tation was another heterozygous mutation that resulted in a nonsense mutation. Similarly,

this variant led to a truncation in the C-terminus of the protein. These patients developed

childhood-onset hypogammaglobulinemia, recurrent infections, autoimmunity, and adrenal

insuf�ciency (Chen et al. [2013]).

In 2015, our lab published �ndings regarding a novel missense mutation in NFKB2

which resulted in the development of a syndrome with combined primary immune de�ciency

and autoimmune manifestations. The proband in this study developed recurrent respiratory

and gastrointestinal infections, as well as hypogammaglobulinemia. Additionally, cellular

analysis of PBMCs from the patient revealed a de�ciency in the mature B cell population. The

mutation was a heterozygous missense mutation resulting in an amino acid substitution from

aspartate to glycine at position 856 in the C-terminus of p100 (Lee et al. [2014]).

1.3.3 IKBKB mutations in the development of immunode�ciency

At present, all the IKBKB (encodes IKKb) mutations identi�ed in humans have been homozy-

gous loss-of-function (LOF) alleles, with great links to the development of immunode�ciency

(Table 1.2). These mutations have resulted in the loss of IKKb expression and have been iden-

ti�ed in young patients mainly presenting with SCID and severe susceptibility to bacterial

infections. The �rst discovered IKBKB mutation in humans was published in The New Eng-

land Journal of Medicinein 2013. Genetic studies were performed on four patients from four

different families, who presented with SCID-related clinical manifestations, including failure

to thrive and severe infections (Pannicke et al. [2013]). There was a single biallelic mutation

identi�ed in all four patients and it was a homozygous duplication, c.1292dupG in exon 13

of the IKBKB gene. Healthy family members revealed to be carriers of this mutation but no

identi�cation of a homozygous variant. The mutation was found to result in a premature
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Table 1.1: List of PIDs associated with defective NF kB signalling

Disease Genetic
defect

Associated manifestations

AD-
EDA-ID

Mutations
in NFK-
BIA
(encodes
IkBa)

Anhidrotic ectodermal dysplasia, T cell abnormalities, susceptibility to infections

XL-EDA-
ID

Mutations
in IKBKG
(encodes
NEMO)

Anhidrotic ectodermal dysplasia, antibody de�ciency, susceptibility to infections

IRAK-4
de�-
ciency

Mutations
in IRAK4

Bacterial infections

MYD88
de�-
ciency

Mutations
in
MYD88

Bacterial infections

NFKB1
de�-
ciency

Mutations
in NFKB1
(encodes
p105)

Recurrent infections, hypogammaglobulinemia, autoimmune features, impaired B and T cell function

NFKB2-
related
CVID

Mutations
in NFKB2
(encodes
p100)

Recurrent infections, hypogammaglobulinemia, autoimmune features, B cell de�ciency

stop codon and loss of IKK b expression in �broblasts and peripheral blood mononuclear cells

(PBMCs), which led to impaired NF kB signalling. Immunological abnormalities in these pa-

tients included hypogammaglobulinemia, predominantly naive phenotypes in B and T cell

compartments, and absent regulatory and gd T cells (Pannicke et al. [2013]). This study �rst

highlighted the severe impact a loss of IKBKB can have on the immune system. However,

whilst a complete loss was evident to result in a SCID phenotype in humans, it was not lethal

compared to what had been previously identi�ed in mouse embryos (Li et al. [1999]; Tanaka

et al. [1999]).

The two following identi�ed IKBKB mutations were also found to result in a com-

plete loss of IKK b expression, both of which were homozygous nonsense variants (R227X,

R286X) (Mousallem et al. [2014]; Nielsen et al. [2014]). Similar clinical manifestations were

observed in patients with these mutations with failure to thrive and susceptibility to bacterial

infections. The patient in the Nielsen et al., study also developed hyper IgM syndrome and

severe in�ammation in the left thigh and left knee arthritis (Nielsen et al. [2014]). In com-

parison, four patients with the R286X variant also presented with hypogammaglobulinemia
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Table 1.2: Human IKBKB mutations

Mutation Effect on IKK b Clinical presentation Immunological phenotype

Homozygous
duplication

(c.1292dupG) (Pannicke
et al. [2013])

Complete loss of IKK b
expression

Failure to thrive, sepsis,
bacterial infections

Hypoagammaglobulinemia,
reduced B cells, reduced NK

cells, reduced activated T cells

Homozygous nonsense
(R272X) (Nielsen et al.

[2014])

Complete loss of IKK b
expression

Failure to thrive, hyper IgM,
arthritis, bacterial infections

Increased IgM, absence of
memory B cells, reduced

memory T cells
Homozygous nonsense

(R286X) (Mousallem
et al. [2014])

Complete loss of IKK b
expression

Candida, failure to thrive,
bacterial infections, fever

Hypoagammaglobulinemia,
elevated T cells, reduced

memory B cells, reduced NK
cells, reduced memory and

reduced Tregs

and vulnerability to fungal, viral and bacterial infections, similar to the c.1292dupG IKBKB

variant. Interestingly, the R286X variant also resulted in reduced regulatory T cells in these

patients, as well as defective T and B cell activation (Mousallem et al. [2014]).

1.3.4 Autoimmune and in�ammatory diseases

The occurrence of autoimmunity is due to immune responses acting against self-antigens

which can result in chronic in�ammation and destruction of tissues (Sun et al. [2013]). Ex-

amples of autoimmune and in�ammatory diseases include SLE, rheumatoid arthritis (RA),

in�ammatory bowel disease (IBD), and type 1 diabetes. The immune system is a sophisti-

cated system that can function to prevent such diseases from occurring. For instance, adaptive

immunity is regulated to prevent the development of lymphocytes that react against self anti-

gens, whilst the innate immune system is tightly controlled to inhibit its premature activation

in the absence of a pathogen attack (Klein et al. [2014]; Sandel and Monroe [1999]; Vanpouille-

Box and Galluzzi [2019]). However, in these circumstances, non-immune cells may also have a

role beyond just regulating the development and maintenance of tissue homeostasis, but may

act as regulators of the host's protective immune response (Hamada et al. [2019]). Thus, im-

pairments in the function of non-immune cells to mediate immune regulation may be involved

in the pathogenesis of various autoimmune and in�ammatory diseases. Non-immune cells in-

clude epidermal keratinocytes, epithelial cells, stromal cells, synoviocytes, and neurons. For

this section, there will be a description of the role of non-immune cells in in�uencing in�am-

matory phenotypes, with a special focus on those present in the skin (keratinocytes) and joints



30 Introduction

(synoviocytes).

1.3.4.1 Epidermal keratinocytes

Epidermal keratinocytes are present in the outermost layer of the skin and are the �rst re-

sponders during skin injury and invading pathogens (Benhadou et al. [2019]; Zhang [2019]).

Keratinocytes are known to produce inhibitory cytokines. The presence of these cytokines en-

able the skin environment to remain dormant of in�ammation, and prevent the occurrence of

triggers have the potential to activate local dendritic cells (Benhadou et al. [2019]; Salmon et al.

[1994]). Although, a dysregulation of the proin�ammatory and anti-in�ammatory signals that

occur within this environment can lead to chronic in�ammatory conditions such as psoriasis

and atopic dermatitis (Albanesi et al. [2007]). Keratinocytes can be in�uenced by proin�am-

matory cytokines such as IFNg, IL-17, IL-22, and TNFa, which can instigate their production

of chemokines to attract immune cells (Albanesi et al. [2018]; Benhadou et al. [2019]). IFNg

induces in keratinocytes the production of chemokines that attract monocytes, T H 1 and TH 17

cells (CCL2, CCL5, CCL10, CXCR3 ligands). CXCL8 in�ltration has been suggested to be

involved in recruiting intraepidermal neutrophils (Nickoloff and Turka [1994]). Additionally,

CCL20 and IL-18 can recruit dendritic cells, cutaneous lymphocyte-associated antigen (CLA)+

cells, and Langerhan cells, in�uencing the development of psoriasis-like illnesses in these

circumstances (Albanesi et al. [2007]; Homey et al. [2000b,a]).

Moreover, the effects of IFN g on keratinocytes can be heightened by TNFa, which

signals via NFkB activation (Albanesi et al. [2018]). TNFa can initiate expression of ICAM-1

on keratinocytes which in turn, enables the adherence of circulating leukocytes. Moreover,

TNFa stimulates keratinocyte production of proin�ammatory cytokines, IL-6 and IL-1, which

can help to maintain T H 17 cells (Albanesi et al. [2007, 2018]; Chiricozzi et al. [2018]). In pso-

rasis, TNFa can induce IL-36g production, which can increase the expression of antimicrobial

peptides and chemokines that can recruit neutrophils and T H 17 cells. Additionally, IL36 g

presence can impact terminal differentiation and the corni�cation (keratinocyte differentia-

tion) of the psoriatic epidermis (Bassoy et al. [2018]). The presence of IL-17 in keratinocytes

can also initiate the upregulation of chemokines (CXCL1, CXCL3, CXCL5, CXCL8, CCL20),

as well as ICAM1 (Albanesi et al. [2018]). IL-17 can also induce IL-19, which has mitogenic
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effects on keratinocytes (Witte et al. [2014]).

Another role for keratinocytes in immune modulation is their ability to act as antigen-

presenting cells to initiate the function of immune cells through expression of HLA antigens

(Benhadou et al. [2019]; Sugita et al. [2007]). It has been suggested that keratinocytes can

express MHC class I and II HLA molecules after stimulation (Gottlieb et al. [1986]; Hoos et al.

[1996]). Although, the mechanism behind this function and its role in the pathogenesis of skin

in�ammatory conditions such as psoriasis remains elusive.

Intrinsic effects in epidermal keratinocytes may also have a role in regulating immune

and in�ammatory pathways. This was evidenced through a study involving a transgenic

mouse model carrying an epidermal keratinocyte-deletion of the IKK b protein. Mice with

this defect developed a severe in�ammatory skin disease shortly post-birth (Pasparakis et al.

[2002a]). These �ndings suggests that IKKb-NFkB activity in epidermal keratinocytes has a

critical role in regulating mechanisms involved in maintaining homeostasis in the skin.

1.3.4.2 Fibroblast-like synoviocytes

Synovial tissue is a non-immune organ that lines joint cavities, which can aid local immune

responses. It has a direct and indirect role during joint destruction resulting from chronic

in�ammatory diseases such as rheumatoid arthritis (Yoshitomi [2019]). The dominant non-

immune cell population in synovial tissues are called �broblast-like synoviocytes (FLS), and

can contribute to joint homeostasis via multiple mechanisms. FLS can be in�uenced by en-

dogenous ligands of PRRs and can also respond to in�ammatory cytokines. Additionally, FLS

can support the activation of immune responses through its interaction with immune cells

such as T cells.

Similar to stromal cells in other tissues such as the skin and lymph nodes, FLS cells

can have the ability to adopt functions similar to innate immune cells. For example, they

can recognize foreign pathogens via PRRs such as toll-like receptors (TLRs). In rheumatoid

arthritis patients, FLS expressed TLRs 1-6, with TLR-3 and TLR-4 being the most abundantly

expressed (Ospelt et al. [2008]). Necrotic cells present in diseased joints may be a source

of endogenous ligands for these receptors (Brentano et al. [2005]). This interaction between



32 Introduction

ligand and receptor can then trigger in�ammatory signalling pathways to facilitate disease

development.

The interaction between T cells and FLS cells is suggested to aid in T cell recruitment

and activation of FLSs (Hu et al. [2019]; Tang et al. [2017]). Studies have shown that TNF-

like protein 1A (TL1A) and IL-34 can aid FLS cells to increase expression of IL-6, which can

lead to an expansion of TH 17 cells (Tong et al. [2018]). An interaction between TH 17 and FLS

cells can activate FLSs to express proin�ammatory mediators of joint destruction such as IL-6,

IL-8, and CCL20 (Gao et al. [2017]). The function of TH 17 cells in the activation of FLSs are

mainly facilitated by the effects of IL-17A (Hu et al. [2019]; Benedetti and Miossec [2014]).

Although, the impact of this effect may differ between in�ammatory diseases. For example,

recent clinical trials that utilised anti-IL-17 antibodies demonstrated that T H 17 cells play more

of a role in the pathogenesis of psoriatic arthritis, and less so in rheumatoid arthritis (Genovese

et al. [2013]; Papp et al. [2013]).

Additionally, FLS can aid in differentiation of T cells through cytokine production.

TGFb has been shown to be signi�cantly more expressed in FLS of patients with juvenile

idiopathic arthritis (JIA) and RA compared to healthy controls (Bira et al. [2005]; Brennan et al.

[1990]; Brescia et al. [2014]). TGFb is known to be involved in the differentiation of numerous

T cell subsets including TH 17, inducible Tregs (iTregs) and PD-1hiCXCR5- peripheral helper

T (Tph) cells (Yoshitomi [2019]). Chemokines produced by FLS cells can also aid in T cell

recruitment. For instance, FLS production of CXCL9/10/11, CCL20, and CCL2 can recruit

TH 1, TH 17, and Tph cells (Yoshitomi [2019]).

Similar to keratinocytes, NF kB signalling has been found to be associated with reg-

ulatory mechanisms in the synovium. Miagkov et al. [1998] identi�ed that in vitro , NFkB

facilitated expression of numerous in�ammatory proteins in synoviocytes including IL-1 b

and TNFa. Moreover, speci�c inhibition of NF kB enhanced TNFa and FasL-mediated apop-

tosis. The study concluded that activation of NF kB protected cells in the synovium against

apoptosis, and hence provided a possible link between in�ammation and hyperplasia.
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1.3.5 NFkB in autoimmunity and in�ammation

The NFkB pathway has been associated with the pathogenesis of numerous autoimmune and

in�ammatory conditions (Pai and Thomas [2008]). Generally, in these conditions NF kB is

continuously activated in the affected tissues. A well-known pathological role of NF kB in

autoimmunity is the generation of proin�ammatory cytokines and chemokines that facilitate

recruitment of immune cells and therefore enable the manifestation of in�ammation (Sun et al.

[2013]). Furthermore, it is interesting to note that whilst numerous NF kB defects have been

associated with the development of immune de�ciency diseases, autoimmune and in�amma-

tory conditions can still occur in patients with these defects. This may be due to the impact

of NFkB in maintaining immunological tolerance through its role in thymic selection, in par-

ticular during negative selection of autoreactive T cells and Treg selection and maintenance

(Miraghazadeh and Cook [2018]).

Some autoimmune occurrences have been linked to defects in speci�c members of

the NFkB family. Those of which that are linked to the canonical pathway will be expanded

on. Whilst NFKB1 mutations are a common cause for CVID, patients with LoF variants in

this gene have been documented to develop autoimmune related manifestations including

arthritis, lung in�ammation, and gut in�ammation (Miraghazadeh and Cook [2018]). This

is corroborated in mouse studies, where aged mice that lacked Nfkb1 developed lympho-

proliferative and multiorgan autoimmune disease. This occurrence was found to be related

to dysregulated activity of Nfkb1-/- follicular B cells that produced increased amounts of the

proin�ammatory cytokine IL-6 (de Valle et al. [2016]).

RelA haploinsuffciency in patients is found to be associated with the development

of oral in�ammation and autoimmune lymphoproliferative syndrome (ALPS) (Comrie et al.

[2018]). Mice with heterozygous Relavariants develop cutaneous ulceration due to TNF expo-

sure, and severe colitis which is treated by TNF inhibition (Badran et al. [2017]).

Regulators of the NFkB pathway have also been connected to the development of

autoimmune conditions. In particular, genetic variants in genes that are part of the CBM

complex have been linked to PIDs with in�ammatory manifestations. LoF CARD11 vari-

ants have been identi�ed in patients that have developed atopic dermatitis (Ma et al. [2017]).
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Similarly, mice carrying a homozygous point mutation in Card11have been observed to de-

velop skin abnormalities including itchy ears that progressed to dermatitis, and hyperkerato-

sis (Jun et al. [2003]). In addition, Kurgyis et al. [2021] identi�ed that constitutive activation of

BCL10/MALT1, which is part of the CBM complex, was suf�cient to drive psoriasiform skin

in�ammation.

Interestingly, CARD14, another protein within the CARD family has been linked to

skin-related in�ammatory conditions. Patients with GoF variants in CARD14develop pustular

psoriasis (Jordan et al. [2012]). GoFCard14mutations in mice have supported this notion as

they have been observed to develop various in�ammatory skin manifestations in the form of

psoriasis-like in�ammation that includes hyperkeratosis, keratinocyte hyperproliferation, and

epidermal thickening (Mellett et al. [2018]; Wang et al. [2018]). These studies also overlap with

the notion that these in�ammatory phenotypes are driven by IL-17 production. Furthermore,

CARD14 is expressed at high levels in differentiated keratinocytes present within the skin

epidermis (Manils et al. [2020]). Therefore, it is unsurprising that variants in this protein can

lead to such consistent defects involving the skin.

A20-speci�c deletion in different cell types have been implicated in numerous au-

toimmune conditions. Mice with B cells that lack A20 result in the development of hyper-

responsiveness of B cells and an autoimmune phenotype that resembles SLE (Graham et al.

[2008]). Comparably, the deletion of A20 in dendritic or myeloid cells also results in SLE and

RA, speci�cally in a Japanese population (Shimane et al. [2010]). Mice lacking this protein

in epithelial intestinal cells develop DSS-induced colitis, as well as chronic liver in�amma-

tion in mice with A20-de�cient liver parenchymal cells (Vereecke et al. [2010]). Moreover,

A20-de�ciency in astrocytes have been linked to elevated disease severity of EAE in mice

(multiple sclerosis mouse model), which corresponded to increased NF kB signalling activity

(Wang et al. [2013]).

Human studies have also associated A20 variants with the development of autoimmune-

related diseases.TNFAIP3 (gene encoding A20) variants have been identi�ed in genome-wide

association studies (GWAS) of SLE cohorts (Genet [2008]). Recently, a patient with SLE was

identi�ed to carry a heterozygous LoF mutation in TNFAIP3 (Aeschlimann et al. [2018]). Be-

hcet disease-like phenotype have also been identi�ed in patients with TNFAIP3 mutations that
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cause the haploinsuf�ciency of A20 (Kadowaki et al. [2018]).

Increased IKKb activity has also been implicated in certain in�ammatory conditions.

A recent study identi�ed that perturbed IKK b-NFkB signalling in human dermal �broblasts

led to the upregulation of CCL11. This consequence was suggested to result in the devel-

opment of atopic dermatitis, which was characterised by eosinophil in�ltration and a T H 2

response. Monoclonal antibody treatment against CCL11 was found to be successful in reduc-

ing eosinophilia and T H 2 in�ammation in mice (Ko et al. [2022]). Increased IKK b signalling in

basal keratinocytes have been reported to result in the development of interface dermatitis. In

mice, this defect caused chronic in�ammation alongside macrophage in�litration in the skin.

This evidently resulted in epidermal basal cell injury and degradation of hair follicles (Page

et al. [2010]). Additionally, another cell type called chondrocytes which are present in articu-

lar joints have been found to result in joint-related in�ammation such as osteoarthritis due to

increased IKKb activity in mice (Catheline et al. [2021]). Overall, these studies exemplify the

devastating in�ammatory effects that can occur due to heightened IKK b signalling.

1.4 Aims and thesis outline

As described above, current reports of IKBKB human variants that have led to disease have

been hypomorphic mutations. The research described in this thesis aimed to elucidate the

effects of a hypermorphic mutation in IKK b and therefore investigate the role of overactive

NFkB signalling in human disease. The effects of an overactive NFkB state would provide

knowledge and insight into the �ne balance required in NF kB signalling and the possible

consequences that may occur in patients with mutations that result in NF kB overactivity. The

speci�c aims were to:

1) Characterise a novel IKBKB allele identi�ed in a large cohort of patients with

immunode�ciency.

2) Determine the mechanism of the in�ammatory consequences arising from the

presence of this variant in a mouse model.

Initial investigation began with a novel heterozygous missense mutation in the IK-
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BKB gene, and was identi�ed in a young, female patient. We generated a CRISPR-Cas9 mouse

model carrying the orthologous mutation and aimed to characterise the biochemical and cel-

lular consequences of the mutation in both human and mouse to prove causation (Chapter 3).

Next, we described the pathology observed in the mouse model that appeared to have devel-

oped a skin and bone/joint in�ammatory disease that we identi�ed to be psoriatic arthritis

(Chapter 4). Then we characterised the cellular phenotype and con�rmed the presence of

mutant Tregs as IL-17-producing cells in our model for psoriatic arthritis (Chapter 5). Follow-

ing from this, we focused on evaluating the impact of a Ikbkbgain-of-function mutation on

the transcriptome of mutant Tregs and Tconvs through the use of single-cell RNA sequencing

methods (Chapter 6). This thesis concludes with a �nal chapter discussing our overall �ndings

and their broader signi�cance.



Chapter 2

Materials and experimental methods
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2.1 Materials

2.1.1 Mice

All mice were on the C57BL/6 background. Unless speci�ed, mice used were between 6

weeks and 12 months of age at the time of analysis. When possible, mice were age- and

sex-matched within experiments, often littermates. All animals used in this study were cared

for and used in agreement with the protocols approved by the Australian National University

(ANU) Animal Experimentation Ethics Committee. This research operated under ANU Ethics

Protocols A2018/06, A2020/21, and A2021/22. Genetically modi�ed mice were housed in

speci�c pathogen-free conditions at the Australian Phenomics Facility (APF). Adult mice were

kept in individual cages with a maximum of 5 adult mice per cage. The most common

breeding strategy used was to pair heterozygous male and female mice to generate wild-type,

heterozygous, and homozygous mice within the same litter.

To determine genotypes, routine genotyping processes were conducted by the APF

Genotyping service. Ear punches from mice were used to extract genomic DNA and se-

quenced by Sanger sequencing conducted by the Biomolecular Resource Facility (BRF) or

Ampli�uor assay conducted by the APF Genotyping staff. The mouse strains used in this

study are summarised in Table 2.1.

Table 2.1: Mouse strains

Strain Description

ASD552:Cahill:3:Ikbkb:V203I CRISPR/cas9-engineered mouse with G-to-A transversion in
codon 203 of mouse

Adidas:Cahill:Ikbkb-V203I:GFP-Fox C57BL/6J mice carrying Ikbkbvariant with FOXP3-GFP



2.1 Materials 39

Table 2.2: Antibodies used for mouse FACS experiments

Antigen Clone Conjugate Dilution Supplier Cat #

7AAD - - 1:1000 Thermo Fisher A1310
Zombie aqua - Brilliant

Violet 510
1:400 Biolegend 423102

CD3 17A2 Brilliant
Violet 510

1:100 Biolegend 100234

CD3 17A2 PE 1:400 Biolegend
B220 RA3-6B2 APC-Cy7 1:100 Tonbo Biosciences 25-0452-u025
CD19 6D5 Alexa

Fluor 700
1:200 Biolegend 115528

CD45.1 A20 Brilliant
Violet 605

1:100 Biolegend 110737

CD45.2 104 Brilliant
Violet 510

1:100 Biolegend 109838

CD45 30-F11 APC-Cy7 1:200 Biolegend 103116
CD4 RM4-4 FITC 1:800 Biolegend 100510
CD4 RM4-4 PE 1:400 Thermo Fisher 12-0042-83
CD8a 53-6.7 Alexa

Fluor 700
1:400 Biolegend 100729

CD25 PC61 Brilliant
Violet 605

1:100 Biolegend 102035

CD44 IM7 PE-Cy7 1:500 Biolegend 103029
CD62L MEL-14 APC/Fire

750
1:800 Biolegend 104449

CD103 2E7 APC 1:100 Thermo Fisher 17-1031-82
FOXP3 MF-14 Alexa

Fluor 647
1:100 Biolegend 126407

Helios 2276 PE/Dazzle
594

1:100 Biolegend 137231

IFNg XMG1.2 APC 1:800 BD Biosciences 554413
IL-17A TC11-18H10.1 FITC 1:200 Biolegend 506908
Ly6G 1A8 Brilliant

Violet 510
1:50 Biolegend 127633

Ly6C HK1.4 Paci�c
Blue

1:200 Biolegend 128014

CD11b M1/70 APC 1:1000 Biolegend 101212
CD11c N418 PE-Cy7 1:1000 Biolegend 117318
TCRgd eBioGL3 eFluor 450 1:50 Invitrogen
Ki67 B56 Brilliant

Violet 421
1:100 BD Biosciences
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Table 2.3: Antibodies used for human FACS experiments

Antigen Clone Conjugate Dilution Supplier Cat #

IL-17 SCPL1362 PE 1:6 BD Biosciences 560436
IFNg 25723.11 APC 1:50 BD Biosciences 341117
CD4 SK3 PerCP 1:20 (stim)

1:40
(unstim)

BD Biosciences 347324

Table 2.4: Hashtag antibodies used for single-cell RNA sequencing experiments

Antigen Clone Barcode
Sequence

Dilution Supplier Cat #

Anti-mouse Hashtag
1

M1/42; 30-F11 ACC-
CACCAGTAA-

GAC

1:100 Biolegend 155861

Anti-mouse Hashtag
2

M1/42; 30-F11 GGTCGA-
GAG-

CATTCA

1:100 Biolegend 155863

Anti-mouse Hashtag
3

M1/42; 30-F11 CTTGC-
CGCAT-
GTCAT

1:100 Biolegend 155865
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Table 2.5: Primary antibodies used for western blot experiments

Ab (clone) MW
(kDa)

Clonality Species Diluent Incubation Storage Vendor, Cat # Dilu-
tion

Phospho-IkBa
(Ser32)

40 Mono Rabbit 5% BSA 4� C
overnight

-20� C CST, 2859 1:1000

Human/Mouse
IkBa

42 Poly Sheep 5% BSA 4� C
overnight

-20� C R and D
Systems,
AF4299

1:1000

b-actin 42 Mono Rabbit 5% BSA 4� C
overnight

-20� C CST, 4970 1:4000

Table 2.6: Secondary antibodies used for western blot experiments

Ab (clone) Conju-
gate

Clonality Species Diluent Incubation Storage Vendor, Cat
#

Dilu-
tion

Anti-Rab IgG HRP Poly Sheep 5% BSA RT 1 hour 4� C Abcam,
ab6795

1:8000

Anti-Sh IgG HRP Poly Rabbit 5% BSA RT 1 hour 4� C Santa Cruz,
sc-2924 1:10000
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Table 2.7: Buffers and solutions

Solution Components Storage

Complete RPMI
culture media

Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) sup-
plemented with: 2% HEPES (Sigma-Aldrich), 1% penicillin and strep-
tomycin (10,000U penicillin/10mg strep) (Sigma-Aldrich), 10% Fetal
bovine serum (FBS) (Gibco)

4� C

Complete IMDM
culture media

Iscove's Modi�ed Dulbecco's Medium (IMDM) (Gibco) supple-
mented with: 1% penicillin and streptomycin, 10% FBS, 0.1% b-
Mercaptoethanol

4� C

Complete DMEM
culture media

Dulbecco's Modi�ed Eagle Medium (DMEM) (Gibco) supplemented
with: 1% penicillin and streptomycin, 10% FBS

4� C

PBS Phosphate buffered saline (PBS) (Gibco) 4� C
Skin digestion
media

RPMI supplemented with: 1mg/mL of Collagenase P (Roche) and
5ug/mL DNase (Roche), 2% FBS

4� C

Trypan blue 4% trypan blue dye diluted 1:2 in dH 2O RT
Transfer buffer dH 2O supplemented with: 10% methanol, 5% NuPage Transfer Buffer

[20X] (ThermoFisher)
4� C

TBST dH2O supplemented with: 0.1% Tween 20, 10% Tris-buffered saline
[10X]

RT

SDS-PAGE
running buffer

dH 2O supplemented with: 5% Bolt SDS running buffer [20X] (Ther-
moFisher)

RT

5% BSA TBST supplemented with: 5% Bovine serum albumin (BSA) (Sigma-
Aldrich)

4� C

5% skim milk TBST supplemented with: 5% skim milk powder 4 � C
Cell lysis buffer
for western blot

Radioimmunoprecipitation assay (RIPA) buffer supplemented with:
0.5% protease inhibitor (Pierce Net), 1% Halt Phosphatase inhibitor
cocktail (Thermo #78426)

4� C

Red blood cell
lysis buffer

dH 2O supplemented with: 10% RBC lysis buffer [10X] 4 � C

FACS wash PBS supplemented with 2% FBS (Gibco) 4� C
CTV PBS supplemented with: 0.1% Cell-trace violet (CTV) (Thermo Fisher) 4� C
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2.2 Experimental methods

2.2.1 Organ collection

Mice were ethically euthanised by either CO 2 inhalation or cervical dislocation. Bodies were

saturated with ethanol and for lymph node observation, pinning of bodies onto a surgical mat

was performed to enable visibility of ventral surface. An incision along the midline was made,

and skin pulled back sideways. Organs were collected into either complete RPMI, IMDM or

DMEM culture media or �uorescence-activated cell sorting (FACS) wash buffer (see Table 2.7).

2.2.2 Histology

Tissues were collected and �xed in 10% neutral buffered formalin solution for a minimum

of 24 hours. After �xation, samples were submitted to either Pathology department at The

Canberra Hospital or Australian Phenomics Network (APN) Histology and Organ Pathology

at the University of Melbourne, where they were embedded in paraf�n, sectioned onto micro-

scope slides and stained with hematoxylin and eosin (H&E). Stained slides were examined by

microscopy.

2.2.3 Histopathology scoring for colon sections

Colon sections were imaged using an Axio Scan.Z1 microscope (Zeiss). Automatic focusing

and scanning was conducted by the microscope, with entire images saved of the slide at

40X magni�cation. Blinded scoring of samples was conducted. Colon sections were scored

according to the rubric in Table 2.8. The rubric was modi�ed from references Ostanin et al.

[2006, 2009]; Pavlick et al. [2006]. Total histopathological score was calculated by adding the

total scores of the seven parameters for a maximum score of 17.
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Table 2.8: Histopathology scoring criteria for colitis

Score Description of pathology

0-3 degree of in�ammation in lamina propria
0–2 goblet cell loss
0-3 abnormal crypts
0-1 presence of crypt abscesses
0-1 mucosal erosion and ulceration
0-3 submucosal spread to transmural involvement
0-4 number of neutrophils counted at ×40 magni�cation

2.2.4 Lymphocyte extraction

2.2.4.1 Skin

Skin from mouse tails were harvested and collected in FACS wash buffer (refer to Table 2.7).

Skin tissue were cut up into small, 1-3 millimetre pieces. Skin fragments were then resus-

pended in digestion media as described in Table 2.7. Samples were incubated on rotator for

45 minutes at 37°C. Skin fragments were mashed through 70mm strainer with the end of a

syringe plunger, and passed through cell strainer multiple times to eliminate risk of clump-

ing. Single cell suspension were transferred into a 50mL falcon tube containing 1mL of FBS.

Samples were centrifuged for at 4°C for 5 minutes at 400g. Cell suspensions were then used

for downstream applications.

2.2.4.2 Spleen, thymus, lymph nodes

Spleen, thymus and lymph node organs were mashed through a 70 mm strainer with the end

of a syringe plunger and passed through cell strainer multiple times to eliminate risk of

clumping. Cells were washed with FACS wash and kept on ice until required. Cell counting

was conducted using a Vi-CELL XR cell counter (Beckman Coulter) or via manual trypan blue

counting on a haemocytometer using an Olympus CKX41 light microscope. Cell suspensions

were then used for downstream applications.
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2.2.4.3 Bone marrow

The tibia and femur were cleaned and cut at both ends to allow for bone marrow to be

�ushed out. These bones were collected into empty 200mL microcentrifuge tubes. These

microcentrifuge tubes had a small hole at the bottom tip which was created by pushing a 16

gauge needle through. These 200mL tubes were then placed into 1.5mL microcentrifuge tubes

with lid removed. Tubes were centrifuged at high speed for 10 seconds which enabled bone

marrow to be �ushed out to the bottom of the 1.5mL tubes. Cell pellets were then resuspended

in culture media and passed through a 70 mm cell strainer to prevent cell clumping.

2.2.4.4 Blood

APF animal technicians extracted 200mL blood from mouse via a retro-orbital bleed technique

using heparinised capillary tubes for transfer into cluster tubes containing 20 mL of Ethylene-

diaminetetraacetic acid (EDTA). Blood was then incubated with 1X Pharmlyse lysing buffer

(BD) diluted with dH 2O for 5 minutes at room temperature. Blood samples were then spun

down at 400g for 5 minutes at room temperature. Supernatant was removed and lysis step re-

peated twice more. Cells were then resuspended in FACS wash and kept on ice until required

for downstream applications.

2.2.5 Flow cytometry- antibody staining

Processed single cell suspensions were transferred to 96-well round-bottom plates. Cells were

centrifuged at 400g for 5 minutes at 4°C, and supernatant �icked off. A volume of 50 mL of

antibody cocktail mixtures were added to each sample pellet. Cells were surface stained for

20 minutes at 4°C. If required, cells were �xed and permeabilised using the Fixation/Perme-

abilisation kit (eBiosciences; cat#: 00-5523-00), as described by the manufacturer. Cells then

underwent intracellular staining with appropriate antibody cocktail for 30 minutes on ice.

Samples were acquired on an LSR II or LSR Fortessa �ow cytometer (BD). Automatic �uo-

rochrome compensation was used and manually improved after acquisition. Flowjo software

V10 (Treestar) was used for analysis. Antibodies used are referenced in Table 2.2 for mouse
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experiments, and Table 2.3 for human experiments.

2.2.6 FACS-cell sorting

Cells were processed as described in section 2.2.4. Cells were brie�y pre-treated with 1X

red blood cell lysis buffer (Table 2.7) for 15-30 seconds at room temperature and centrifuged

with PBS at 400g for 5 minutes at 4� C. Supernatant was removed and cell pellet was then

surface stained with antibody cocktail and processed as described in section 2.2.5. Cells were

resuspended in FACS wash buffer prior to cell sorting on a FACS Aria II or FACS Fusion

(BD) and was performed by Michael Devoy and Harpreet Vohra of the JCSMR Imaging and

Cytometry facility, under sterile conditions.

2.2.7 MACS-cell sorting

MACS microbeads were used to isolate Tregs and Tconvs for appropriate downstream appli-

cations. Cells were isolated from spleen tissue using the mouse CD4+CD25+ Regulatory T Cell

Isolation Kit (Miltenyi Biotec; cat#: 130-091-041). Cells were isolated according to manufac-

turer's instructions. Fresh splenocytes were incubated with a biotinylated antibody cocktail

against CD8a, CD11b, CD45R, CD49b, and Ter-119. An anti-biotin antibody conjugated to

magnetic microbeads was used to separate out labelled cells using a magnetic column. Flow-

through suspension of cells were regarded as the unlabelled total CD4 + T cell population.

This population was incubated with monoclonal anti-mouse CD25 antibody conjugated to R-

Phycoerythrin (PE) and then subsequently incubated with magnetic microbeads conjugated

to monoclonal anti-PE antibodies. The magnetically labelled CD4 +CD25+ cells are eluted as

the Treg population after removing the column from magnetic �eld, whilst the �ow-through

which consisted of the unlabelled CD4 +CD25- T cell population was used as the Tconv popula-

tion. Both populations were counted using the haemocytometer and prepared for downstream

applications.
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2.2.8 Ex vivo stimulation with PMA/Ionomycin for cytokine production

Cells were plated onto a 96-well round-bottom plate and centrifuged at 400g for 5 minutes at

4� C, and supernatant �icked off. Cells were then stained with primary antibody cocktail as

described in section 2.2.5. After primary stain, cells were centrifuged to the same conditions

and supernatant �icked off. Cells were then stimulated for 6 hours in complete IMDM with

50ng/mL PMA, 100ng/mL Ionomycin with GolgiStop (BD Biosciences) added after 2 hours

of stimulation. During stimulation, cells were incubated at 37°C. Stimulation was halted

by adding cold 1X PBS to samples, then centrifuged and �icked. Cells were stained with

live/dead stain for 30 minutes on ice. After centrifugation and �icking, cells were �xed and

permeabilised using the �xation kit described in section 2.2.5. Intracellular staining with

cytokine mix was then performed. Cells were incubated with cytokine mix for 30 minutes on

ice.

2.2.9 CTV labelling

Cells were washed with PBS. Cells were stained with prepared CTV reagent (as described in

Table 2.7) at a volume of 1mL per 1-15x106 cells. Cells were incubated at room temperature

for 20 minutes in the dark, and then washed with cold PBS before use.

2.2.10 In Vitro Treg suppression assay

2.0x104 naive T cells (CD4+CD62LhiCD44lo CD25-) are sorted (2.2.6) via FACS from donor

mice and used as 'responders'. These cells are CTV labelled as described in section 2.2.9.

Responders are co-cultured with FACS-sorted Tregs (CD4+CD25+Foxp3-GFP+) at ratios of 0:1,

1:1, 3:1 (Tregs:responders), along with 4.0x104 APCs (CD3-CD4-CD8-). Cells were stimulated

in the presence of 3mg/mL plate-bound anti-CD3 e (BD Biosciences) for 3 days at 37°C. On

day 3, cells were stained with appropriate antibodies and acquired via FACS as described in

section 2.2.5.
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2.2.11 Proliferation assay

CTV-stained cells (as described in section 2.2.9) were cultured in complete IMDM media with

3mg/mL plate-bound anti-CD3 e (BD Biosciences) and 2mg/mL anti-CD28 (BD Biosciences)

for 3 days at 37°C. On day 3, cells were stained with appropriate antibodies and acquired via

FACS as described in section 2.2.5.

2.2.12 T cell polarization

2.2.12.1 TH 17 polarization

Naive T cells (CD4+CD62LhiCD44lo) were FACS-sorted, as decribed in section 2.2.6, from the

spleens and lymph nodes of mice. For TH 17 polarization, 4x105 cells were cultured in 48-

well �at bottom plates with complete IMDM with 3 mg/mL plate-bound anti-CD3 e (BD Bio-

sciences), 2mg/mL anti-CD28 (BD Biosciences), 2.5mg/mL anti-IL4 (clone 11B11), 2.5mg/mL

anti-IFN g (clone XMG1.2), 0.5ng/mL TGF b (Miltenyi), and 30ng/mL IL-6 (Miltenyi). After

72 hours of incubation at 37°C, cells were split and incubated in fresh media and cultured for

a further 24 hours. On day 4, cells were harvested and stained for surface markers for 20 min-

utes according to section 2.2.5. Cells were then stimulated for 6 hours in complete IMDM with

50ng/mL PMA, 100ng/mL Ionomycin with GolgiStop (BD Biosciences) added after 2 hours

of stimulation. During stimulation, cells were incubated at 37°C. Fixation, permeabilisation

and intracellular staining was then performed as described in section 2.2.5.

2.2.12.2 TH 1 polarization

1-2x105 naive T cells were cultured in 96-well round bottom plates with complete IMDM with

3mg/mL plate-bound anti-CD3 e, 2mg/mL anti-CD28, 2.5 mg/mL anti-IL4, 0.5 mg/mL mIL-2

(Miltenyi), and 0.4 mg/mL IL-12 (Miltenyi). After 72 hours of incubation at 37°C, cells were

harvested, surface stained and re-stimulated with PMA/Ionomycin and GolgiStop for 6 hours

in the same condition as described in section 2.2.12.1. Fixation, permeabilisation and intracel-

lular staining was then performed as described in section 2.2.5.



2.2 Experimental methods 49

2.2.13 Enumeration of lymphocyte count via ADVIA

Blood samples were obtained from mice via retro-orbital bleed by APF technicians using

heparinised capillary tubes for transfer into cluster tubes containing 20 mL of EDTA. 200mL

of whole blood samples were loaded onto the Advia 2120 Haematology Analyser (Siemens),

with results exported into a Microsoft excel document.

2.2.14 Adoptive transfer

Naive T cells (CD4+CD62LhiCD44lo), Tregs (CD4+CD25+Foxp3-GFP+) were FACS-sorted, as

described in section 2.2.6, from the spleens and lymph nodes of mice. 4.0x105 naive T cells

and 2.0x105 Treg cells were suspending in 200mL of PBS and injected intravenously into the

tails of recipient mice. Recipients were monitored for survivability, with weights of mice being

monitored for 6 weeks and organs were collected for histology analysis as described in section

2.2.2. Mice were sacri�ced when weight loss had approached 15-20% of initial weight.

2.2.15 TNFa stimulation of splenocytes

Single cell suspensions of splenocytes were prepared as described in section 2.2.4.2. Cells

were plated into 6-well plates and stimulated with 25ng/mL TNF a (Miltenyi Biotec) for the

appropriate time in 37 � C incubator. Stimulation was stopped by pipetting 2mL of cold PBS

into each sample well and cells extracted from wells by pipetting and transferred into 15mL

falcon tubes. Cells were centrifuged at 400g for 5 minutes at 4� C. Cell pellets were used for

western blot analysis.

2.2.16 Cell lysis

Cell pellets that were processed as described in section 2.2.15 were lysed by adding cell lysis

buffer (Table 2.7). Cells were lysed for 30 minutes on ice and then centrifuged at 16000g for

30 minutes at 4� C. Supernatant was extracted and transferred to a new 1.5mL microcentrifuge

tube and protein concentration was measured. A Bradford protein assay was conducted to

generate a standard curve of absorbance in order to determine the protein concentration.
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2.2.17 Western blotting

2.2.17.1 SDS-PAGE

After cell lysis step was performed, samples were used for western blotting. 50 mg of protein

was used per sample. The volume of protein lysate was combined into a mixture with 10 mL

of Bolt LDS Sample Buffer (Thermo Fisher), 4mL of Bolt Sample Reducing Agent (Thermo

Fisher), and topped with a volume of dH 2O to a total volume of 40 mL. This lysate mixture

was boiled at 100� C for 7 minutes, followed by centrifugation at 400g for 5 minutes at room

temperature. After boiling and centrifugation, sample mixtures were loaded into pre-cast gels

(Bolt 10% Bis-Tris Plus- Thermo Fisher), alongside 10mL of SeeBlue Plus2 Protein Standard

(Invitrogen) which was used as a molecular weight ladder. Gels were run at 120V for 45

minutes.

2.2.17.2 PVDF membrane transfer

To prepare for membrane transfer, �lter papers and sponges were soaked in transfer buffer

(Table 2.7). Polyvinylidene di�uoride (PVDF) membranes were prepared and hydrated in

100% methanol for 30 seconds, then by dH2O for 2 minutes, and �nally soaked into trans-

fer buffer for 5 minutes. Upon completion of electrophoresis run of SDS-PAGE gels, they

were removed from their cassettes, and incorporated into a transfer "sandwich". A transfer

sandwich was assembled between the anode core and cathode core of the Mini Blot Module

(Thermo Fisher, cat#: NW2000) and set up inside the Mini Gel Tank. Gel tanks were topped

with transfer buffer and membrane transfer occurred in a 4 � C room at 30V for 90 minutes.

2.2.17.3 Antibody incubation and imaging

Membranes were blocked with either 5% skim milk in TBST or 5% BSA in TBST for 1 hour

at room temperature on a rocker. Appropriate proteins were probed with primary antibody

at optimal dilution (Table 2.5). Primary antibodies were incubated overnight at 4 � C. The fol-

lowing day, membranes were washed in TBST for 15 minutes at room temperature, with wash

buffer changed 3 times. Membranes were then incubated with the appropriate horseradish
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peroxidase (HRP)-conjugated secondary antibody for 1 hour at 4 � C (Table 2.6). Membranes

were then washed with TBST again for 15 minutes at room temperature. Next, HRP chemilu-

minescence was initiated by incubation of membrane with Amersham ECL (GE Lifesciences)

or Supersignal West Femto (Thermo Fisher) detection kits according to manufacturer's in-

structions. Chemiluminescence was detected on a FujiFilm LAS-4000 luminescent image anal-

yser. The software used was the LAS-4000 Image Reader software (V2) and this was used to

develop images using standard resolution and automatic exposure time settings. Membrane

images were then analysed using ImageJ software (V1.52a).

2.2.18 Mixed bone marrow chimeras

RAG-1-de�cient recipient mice were sublethally irradiated with single dose of 5 Grays. Each

recipient mouse was injected with a 1x106 bone marrow cells harvested from femurs and tibias

of CD45.1 B6 donor mice, combined with 1x106 bone marrow cells harvested from femurs and

tibias of IkbkbV203I wild type, heterozygous, or homozygous donor mice (total of 2x10 6 cells

I.V. injected). Cells were resuspended in 1X PBS for injection. Recipient mice were kept on

antibiotics for 6 weeks, and sacri�ced for analysis of splenocytes at 12 weeks post-irradiation.

2.2.19 Single-cell RNA sequencing

2.2.19.1 Sample preparation

Treg (CD4+CD4+CD8-FOXP4-GFP+) and Tconv (CD4+CD4+CD8-FOXP4-GFP-) cell popula-

tions were isolated from spleen tissue and bone marrow using FACS-sort protocol described in

section 2.2.6. Sorted cells were then counted using haemocytometer. Cells were then washed

with FACS wash and centrifuged at 400g for 5 minutes at 4 � C. Next, cells were stained with

appropriate hashtag antibodies (Table 2.4) to allow for separation of biological replicates dur-

ing analysis. Cells were incubated with antibodies on ice for 30 minutes. After incubation,

cells were washed with FACS wash and centrifuged at 400g for 5 minutes at 4 � C. Washing

and centrifugation steps were repeated twice more. After wash steps, samples of the same cell

type and genotype were pooled, and each pooled sample was counted using the Countess®
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Automated Cell Counter (Thermo Fisher) to determine concentration.

A droplet-based scRNA-seq technique was conducted by staff from the BRF using a

Chromium system (10X Genomics). Cell counts were used to enable capture of approximately

10000 cells. The protocol for the Chromium NextGen Single Cell 5' Reagent kit (Dual index)

was followed according to manufacturer's instructions. Samples were then run on Illumina

NovaSeq 6000 according to manufacturer's instructions. Sequencing data was aligned and

quanti�ed using the CellRanger (v6) software package.

2.2.19.2 Analysis

CellRanger processed data were analysed using Seurat (v4) in RStudio. As detailed by the

Satjia lab (Hao et al. [2021]; SatjiaLab [2021]), a standard unsupervised clustering work�ow

including QC and data �ltration, calculation of highly variance genes, dimensional reduction,

clustering and the identi�cation of cluster markers was performed for each of the samples.

An integrated dataset for the Treg sample was generated by integrating Treg samples from

bone marrow and spleen, with a total of 4 samples (2x mutants, 2x wild type). A separate

integrated dataset for the Tconv samples was generated by integrating Tconv samples from

bone marrow and spleen, with a total of 4 samples (2x mutants, 2x wild type). Integration for

each population (Treg or Tconv) was conducted to enable a single integrated analysis for all

cells within Treg or Tconv.

To generate an overview of the datasets showing the relationships between cell pop-

ulation clusters, Principal Component Analysis (PCA) (dims= 20) was performed, and visu-

alised in UMAP. The integrated data (Treg or Tconv) was normalised using the SCTransform

function. PCA and UMAP were calculated using the RunPCA and RunUMAP functions,

respectively.

To �nd the clusters in the data, we used FindNeighbours then FindClusters function

from Seurat, with the same number of principal components (dims= 20) used for clustering

and visualised in UMAP. Cluster annotation was done by inspecting markers detected by the

FindConservedMarkers function. Trbv family genes were removed to eliminate cluster domi-

nation dictated by differences in expression of genes in family of T cell beta variable. Global
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clustering of the integrated data (Treg or Tconv) was done with the resolution parameter set

to 0.3 with Louvain algorithm performed. After clustering the integrated dataset (Treg or

Tconv), we excluded artifactual subpopulations. A B cell population characterised by high

expression of B cell-related genes (e.g.Cd19, Cd79a) was removed. An additional population

that lacked expression of T cell-related genes (e.g. Cd3e, Cd4) was also excluded. Lastly, to

generate expression heatmaps, the AverageExpression function was used to calculate average

expression of the genes within each cluster.

2.3 Statistical analyses

Unpaired or paired Student t tests (as appropriate) were used to compare two groups of data.

When more than two groups were being compared, one-way ANOVA analysis was conducted.

Sscaly tail, ear dermatitis, and limb in�ammation incidence data were compared by Log-Rank

(Mantel Cox) test. Statistical analysis was performed using either Rstudio or GraphPad Prism

(8.0.1).

2.4 Additional experiments

Additional experiments that were not performed by the candidate and therefore not reported

within the experimental methods section of this thesis can be found in the methods section

of Cardinez et al. [2018]. This publication contains detailed methods for CRISPR/Cas9 mouse

construction, genotyping and sanger sequencing, whole exome capture sequencing, luciferase

assay, in vitro immunoglobulin production assays, as well as other FACS antibodies used for

�ow cytometry experiments not tabulated in the materials section of this thesis.
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Chapter 3

Gain-of-function IKBKB mutation

causes human combined immune

de�ciency

The results and description included in the following chapter was published in The Journal of

Experimental Medicineand can be accessed through the following DOI:

https://doi.org/10.1084/jem.20180639.

The �gures and text have been modi�ed to �t the thesis layout and may differ from orig-

inal manuscript submitted to journal. Some experiments and analyses were performed by

collaborators and will be credited and referenced in �gure legends where appropriate. It

should also be noted that some initial results and preliminary �ndings that led to the �nal

results in this chapter were obtained during candidate's Honours year in 2017.
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3.1 Summary

To date, IKBKB mutations identi�ed in patients with PID have been hypomorphic. Whole

exome sequencing in two geographically distant cohorts identi�ed a novel heterozygous de

novo IKBKB missense mutation (c.607G>A) in both kindreds. Probands presented with im-

mune dysregulation, combined T and B cell de�ciency, in�ammation, and epithelial defects.

IKK bV203I led to enhanced NFkB signalling, as well as functional abnormalities in T and B

cells. IKKbV203I is a highly conserved residue. To prove causation, we generated an accurate

mouse model that carried the precise orthologous codon change in Ikbkbusing CRISPR/Cas9.

Mice and humans carrying this missense mutation exhibited incredibly similar cellular and

biochemical phenotypes.

3.2 Identi�cation of novel IKBKB mutation

We analysed a proband recruited to a large cohort of patients with noncongenital immune

de�ciency (Australia and New Zealand Antibody De�ciency Allele (ANZADA) Study). The

proband (A.II.2; Figure 3.1a) from this cohort presented with recurrent respiratory tract infec-

tions, severe eczema, dental abnormalities of ectodermal dysplasia, hidradenitis suppurativa

and subcutaenous abscesses, mucocutaneous candidiasis, and premature cataracts. Both par-

ents of the patient were not observed to have developed any evidence of immune de�ciency

or dysregulation. The proband's two children (aged 2 and 5 years) presented with recurrent

otitis media and sinusitis, however did not show signs of in�ammation or ectodermal dys-

plasia. Initial immunophenotyping of PBMCs from the proband and both children revealed

lymphopenias. Samples from the proband and one child showed T cell de�ciency, whilst

the other child presented with reduced total lymphocytes for age (Table 3.1). Additionally,

the proband had mild hypogammagloublinemia and defective speci�c antibody responses to

pneumococcal vaccination.

Whole exome sequencing of A.II.2 revealed a novel heterozygous missense mutation

in IKBKB (c.607G>A), resulting in a valine to isoleucine (V203>I) amino acid substitution (Fig-

ure 3.1a, b). An identical codon variant was also identi�ed in a geographically distant kindred
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Table 3.1: IKBKB patient immunological characteristics

Parameter A.II.2 A.III.1 B.II.2 Range Units

Lymphocytes 0.58 3.31 0.86 1.2-4.0 x109/L
CD4+ T cells 0.21 0.63 0.21 0.6-1.4 x109/L
CD8+ T cells 0.13 0.34 0.36 0.26-0.9 x109/L
CD19+ B cells 0.8 0.51 0.10 0.12-0.54 x109/L
CD27+ B cells 1.42 0.15 22.6-40.2 % PBL
Switched memory 0 0.03 9.2-18.9 % PBL
CD21lo B cells 8.6 % B cells

IgG 5.9 1.8 7.0-12 g/L
IgA 2.4 <0.1 0.76-3.89 g/L
IgM 1.6 2.83 0.3-2.3 g/L
IgE 3 <1 <100 kIU/L

(Figure 3.1a, b). In this kindred, the proband was a 33-year-old male who had a history of

recurrent respiratory tract infections, otitis media, and tonsilitis since childhood. At 18 years

old, he presented with hypogammaglobulinemia and developed subcutaneous abscesses at 28

years old. He was noted to have bronchiectasis (Figure 3.1c) and hepatosplenomegaly.

Valine 203 in IKK b is highly conserved to at least Drosophila melanogaster(Figure

3.1d), and is present within the active site of IKK b, on the second lobe of the kinase domain

(Figure 3.1e, f). The kinase domain is important for phosphorylating the N-terminal region of

IkBa, which results in the activation of the NF kB canonical pathway (Liu et al. [2013]; Karin

[1999]). The mutant protein is hypothesised to take on an unstable conformation, whilst pre-

serving kinase activity. In silico analysis predicted the effect of the mutation to be damaging

(SIFT, 1.0; Polyphen2, 0.99; Mutation Taster, >0.99). According to multiple genome databases

(gnomAD, ExAC, dbSNP), this germline mutation had not been reported before, however

there have been reports of the same mutation arising as a somatic variant in brain tumours

(Fukumura et al. [2016]), which was found to confer gain-of-function.
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Figure 3.1: Novel IKBKB mutation . a) Pedigree for both probands. Affected = �lled. Unaf-
fected = not �lled. Gray symbols = not genotyped. b) Sanger sequencing of family members
as indicated by pedigree. Translated amino acids are depicted by single letter code (T =
Thymine, V = Valine, I = Isoleucine, D = Aspartate). c) Chest computerized tomography of
middle and lower lobes of proband B.II.2. d) Phylogeny of mutated residue (valine 203 =
red). e) Schematic of domain sequence of IKKb, indicating location of p.V203>I mutation.
ULD = Ubiquitin-like domain, LZ = Leucine zipper, HLH = Helix-loop-helix, NBD = NEMO-
binding domain. f) Ribbon diagram of IKK b (PDB code: 4KIK) with substituted amino acid
(red) shown within the activating pocket in the kinase domain. Performed by Z. Kato and H.
Ohnishi

.
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We performed �ow cytometric analysis of patient and healthy control lymphocytes.

Results showed similar IKK b protein expression (Figure 3.2a). Biochemical analysis of TNFa-

stimulated HEK293 cells that were transfected with cloned mutant and WT alleles revealed

an increase and prolonged phosphorylation of I kBa (Figure 3.2b). This �nding was corrob-

orated in patient PBMCs, where we observed heightened I kBa phosphorylation at baseline

and after TNFa stimulation (Figure 3.2c, d). Enhanced NFkB signalling was further supported

by measuring abundance of phosphorylated p65 in patient �broblasts after PMA/Ionomycin

stimulation. Similar to the �ndings related to the proximal event (phospho-I kBa), an increase

in phospho-p65 was observed, particuarly in the T cell compartment of patient A.II.2 (Figure

3.2e). The same trend was observed in patient B.II.2, where increased levels of phospho-p65

after PMA and ionomycin stimulation occurred in CD3 + T cells (Figure 3.2f).

We assessed the transcriptional effects of increased NFkB activation. To do this, we

induced dendritic cells from precursor monocytes in vitro . NFkB2 is known to be regulated

by the canonical NFkB pathway and therefore we performed western blot analysis to look at

p100 protein expression at baseline and after stimulation with TNF. Whilst we observed simi-

lar protein expression between control and patient at baseline, after stimulation we observed

increased p100 expression in the patient (Figure 3.3a, b). To further assess transcriptional

regulation, we transfected �broblasts obtained from the patient and a healthy control with

a construct containing NF kB-dependent luciferase. At baseline, we discovered a modest in-

crease in NFkB activity in the patient relative to the healthy control. Whilst a more signi�cant

increase was observed in the patient relative to healthy control after activation (Figure 3.3c).

We conducted a similar analysis after transient transfection of HEK293T cells with either WT,

V203I, R272X (a known hypomorphic allele), and K171E (a known gain-of-function allele;

Kataoka et al. [2015]). A similar result was observed even in the absence of stimulation, IK-

BKBV203I had conferred increased NFkB luciferase activity compared to WT. This response was

heightened after TNF stimulation (Figure 3.3d).
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Figure 3.2: Biochemical analysis of IKBKB V203I . a) Intracellular IKK b expression in healthy
control and patient B.II.2. Grey = unstimulated, blue = healthy control, red = patient. b)
Immunoblot of total I kBa, phospho IkBa (pIkBa), total IKK b, and b-actin loading control on
TNFa-stimulated lysates from HEK293 cells transfected with WT or mutant (Mut) constructs,
or empty vector (EV). Molecular weights are shown (kDa). Representative of three exper-
iments. c) Immunoblot of total and phospho-I kBa in lysates of patient B.II.2 and healthy
control PBMCs. Gapdh was used as a loading control. d) Summary of of band densitometry
of the ratio of phospho-I kBa (at Serine32) to total IkBa after stimulation with TNF (50 ng/ml)
for the indicated times (min). a)-d) performed by B. Miraghazadeh, K. Tanita, A. Hoshino,
and E. da Silva. e) Phospho-p65 expression in T cells in from patient A.II.2 (blue) and three
unrelated healthy controls (red). Cells were stimulated with PMA/Ionomycin. Representative
of three experiments. f) Flow cytometric analysis of intracellular phosphorylated NF kB p65
in CD3+ T cells after PMA and ionomycin stimulation. Patient (B.II.2), stimulated, solid line;
unstimulated, dotted line. Performed by K. Tanita and A. Hoshino.
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Figure 3.3: Transcriptional effects of increased NF kB activation . a) p100 induction after
stimulation with TNF (100 ng/ml). Representative of three experiments. Relative expression
levels quanti�ed and shown. b) Density relative to loading control of immunoblot in a). c)
Summary of NF kB luciferase activity in �broblasts from patient A.II.2 and healthy controls
in the presence of or absence of TNF activation. Representative of three experiments. d)
NFkB reporter activity in HEK293T cells transfected with IKBKB constructs (as indicated),
unstimulated or stimulated (+) with TNF. * denotes statistical signi�cance of p<0.05. a)-d)
performed by B. Miraghazadeh, K. Tanita, A. Hoshino, and E. da Silva.
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3.3 Immunophenotyping of peripheral blood mononuclear cells

We performed immunophenotyping on PBMC's isolated from both probands. Naive T cells

in CD4 and CD8 compartments express high levels of CD45RA and CCR7. Both probands

showed de�ciencies in naive CD4 + and CD8+ T cells compared to healthy controls (Figure

3.4a, b). This de�ciency was observed in both ab and gd cells (data not shown). Neither

mother (M) nor father (F) of proband A.II.2 exhibited a cellular phenotype.

We also observed a signi�cant increase in circulating follicular helper T cells (CXCR5 +

CD45RA- Tfh) in the probands (Figure 3.4c, d). Consistent with an effector memory T cell

(TEM)/T EM CD45RA+ cell (TEMRA ) phenotype, CD8+ T cells from the patient revealed in-

creased expression of CD107a, a degranulation marker, even in the absence or presence of

staphylococcal enterotoxin B (SEB) or anti-CD3/CD28 (Figure 3.4e). We observed an increase

in circulating Tregs in A.II.2 but not in B.II.2, de�ned as CD25 +CD127-FOXP3+, and effector

Tregs, de�ned as CD25+CD127-FOXP3+CD45RA- (Figure 3.4f, g).

Interestingly, whilst we observed an increase in FOXP3 expression level in each cell

within our probands Treg population (CD25 +CD127-), conventional T cells (CD4+CD25-CD127+)

also had increased FOXP3 expression (Figure 3.4h, i). This may indicate activated T cells as

FOXP3 can be regarded as a marker for T cell activation (Allan et al. [2007]; Kmieciak et al.

[2009]). Alternatively, this may allude to an induced Treg population in the probands.

B cell phenotyping of probands revealed signi�cant de�ciency of memory B cells,

de�ned as either CD19 +IgD -CD27+ (Figure 3.5a, b). Furthermore, transitional B cells appeared

normal (Figure 3.5c, d). Analysis of B cells, identi�ed as IgD +CD19+, showed relatively low

IgM expression (Figure 3.5e). This phenotype often occurs due to reduced threshold of B cell

receptor activation.
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Figure 3.4: Immunophenotyping of probands T cell subsets. a) Analysis of T cell com-
partments, naive (CCR7+CD45RA+), central memory (CCR7+CD45RA-), CD45RA+ effector
memory (TEMRA; CCR7 -CD45RA+), and conventional effector memory (CCR7 -CD45RA-).
Representative pro�le is shown for proband, mother, father, and healthy control. Represen-
tative of two experiments. b) Summary graphs of naive T cell gated on CD4+ and CD8+.
c) Analysis of circulating Tfh (CXCR5 +CD45RA-) gated on CD4+ T cells. Representative of
two experiments. d) Summary of Tfh analysis. e) Percentage of CD8+ T cells expressing
CD107a in the presence or absence of indicated stimulus in patient (red) or healthy control
(blue). f) Treg cells (FOXP3 vs. CD45RA), gated on CD4+ T cells. g) Summary data of
activated (CD45RA-FOXP3hi ) and total Treg cells (FOXP3+) for patient (red), parents (blue),
and healthy controls (open symbols). h) Histograms of FOXP3 expression in cells within the
CD127 CD25 gate. Representative of three experiments. Proband, red histogram; parents,
black histograms; control, gray histograms. i) Summary data of FOXP3, with summary data
of expression level of Treg (CD25+CD127-) and conventional T cells (CD25-CD127+) in patient
(red), parents (blue), and healthy controls (open symbols). C, healthy control; F, father; M,
mother; P, proband. Experiments performed by E. da Silva and R. Chand.
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Figure 3.5: Immunophenotyping of probands B cell subsets .a) Analysis of B cell subsets
gated on CD19+ cells. Non-switched memory (CD27 +IgD+), switched memory (CD27 +IgD -),
and naive (CD27-IgD+). Representative of four experiments. b) Summary of percentage of
CD19+ cells analyzed for memory B cells in patients (red, orange), parents (blue), and healthy
controls (open symbols). c) and d) B cell phenotyping (gated on CD19+) for transitional B cells
(gated on red box in c) which were further analyzed for CD10 and CD21 expression in patient
(P) and healthy control (C). e) IgM expression by IgD+ CD19+ B cells. Proband, red; controls,
gray. Experiments performed by E. da Silva and R. Chand.
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3.4 Proband reveals increased T cell activation and proliferation

Next, we investigated the effects of the V203I mutation on activation of lymphocyte popula-

tions. To evaluate the responses of T cells to activationin vitro , we puri�ed naive (CD4 +CD45RO-)

and memory (CD4 +CD45RO+) T cells from proband and healthy controls. Cells were labelled

with CTV dye and stimulated for 6 days with CD2/3/28. We observed similar prolifera-

tion responses of memory T cells taken from both proband and healthy control (Figure 3.6a).

By contrast, we observed enhanced proliferation of naive CD4 + T cells from the proband

compared with those from healthy controls (Figure 3.6a). Activation of naive T cells were

accompanied by greater expression of activation markers, CD25 and CD69 (Figure 3.6a, b).

In order to validate the enhanced proliferative response in the proband cells, we

stimulated CD4 + and CD8+ cells with CD3 only (rather than CD2/3/28), which normally

only enables a small number of cell to enter cycle. Cells from proband responded with a

substantially greater proliferation response, a response not present in healthy controls (Figure

3.6c). We noted that despite an increased proliferative response in the proband cells, there

were far fewer cells present in culture at the time of analysis, suggesting substantial cell

death.
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Figure 3.6: T cell activation and proliferation . a) Flow cytometric analysis of activation and
proliferation of conventional T cells (CD45RO +CD4+) (top) and naive T cells (CD45RO-CD4+)
(bottom). Cells stimulated for 6 days with CD2/3/28. Proliferation is indicated by dilution
of CTV and activation by expression of CD69 (left) or CD25 (right). Representative of two
experiments. b) Number of cells expressing CD69 or CD25 expression according to CD45RO+

(top) or CD45RO-CD4+ T cells (bottom) coexpression. c) CD4+ (top) and CD8+ (bottom) T cell
proliferation determined by dilution of CTV after stimulation with CD3 only. Representative
of two experiments. Experiments performed by E. da Silva and R. Chand.



68 Gain-of-function IKBKB mutation causes human combined immune de�ciency

3.5 Ikbkb mutation in mouse model presents with similar �ndings

to human

IKK bV203 is conserved in orthologous sequences across different species as well as paralogous

sequences from different NFkB molecules such as IKKa (Figure 3.7a). To investigate the action

of the novel this germline mutation in vivo, and to con�rm its causal effect in immune dysreg-

ulation, we generated a G-to-A transversion in codon 203 of mouse Ikbkbusing CRISPR/Cas9

(Figure 3.7b) (Gaetan Burgio, Australian National University). We investigated the cellular

and biochemical effects of the mutation in mice that were heterozgyous ( Ikbkbmut/+ ) and ho-

mozygous (Ikbkbmut/mut ) for the mutant allele, and compared against wild type ( Ikbkb+/+ )

siblings.

We performed biochemical analysis to determine whether the mutation affected

IKK b function. IKK b acts in the canonical NFkB pathway is to phosphorylate the I kBa in-

hibitor protein, triggering its degradation, thus enabling nuclear translocation of NF kB pro-

teins. We isolated splenocytes from mice and observed for phospho-I kBa and total I kBa ex-

pression in Ikbkb+/+ , Ikbkbmut/+ and Ikbkbmut/mut mice at baseline through western blot anal-

ysis. At baseline, we observed that phosphorylation was greater in cells from Ikbkbmut/mut

mice compared to Ikbkb+/+ mice. A gene dosage effect was evident asIkbkbmut/+ cells revealed

an intermediate effect (Figure 3.7c). Furthermore, the ratio of phospho-I kBa to total I kBa

was increased in Ikbkbmut/mut cells relative to Ikbkbmut/+ cells (Figure 3.7c). After stimulation

with TNF a, Ikbkbmut/mut splenocytes also showed constitutive phosphorylation of I kBa for at

least 120 minutes (Figure 3.7d, e). These results coincide with results obtained from trans-

fected cells and patient cells as shown in (Figure 3.2). Taken together, we con�rmed that the

p.V203>I mutation conferred a gain of function effect on IKK b.
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Figure 3.7: Biochemical analysis of Ikbkb V203I . a) Conservation of V203 in IKK b orthologs
and paralogs (IKKA, IKKi, and TBK1). The amino acid mutated in the proband is indicated
in the yellow box. b) Sanger sequencing ofIkbkb(p.V203>I) from mouse model engineered by
CRISPR/Cas9. Translated amino acids are indicated by single letter code. c) Immunoblot of
phospho-IkBa (pIkBa), total I kBa and b-actin (loading control) in total splenocytes extracted
from 3x Ikbkb+/+ , 3x Ikbkbmut/+ , and 3x Ikbkbmut/mut mice. Molecular weights as shown in kD.
Summary graph shows ratio of p-I kBa to total I kBa for each genotype cohort. d) Immunoblot
of phospho-I kBa (pIkBa), total I kBa and b-actin (loading control) in total splenocytes stim-
ulated with TNF a. e) Summary graph of d), where results are extended to 120 minutes.
Ikbkb+/+ , blue; Ikbkbmut/+ , red; Ikbkbmut/mut , green. Student t tests were used to calculate sta-
tistical signi�cance for all summary graphs, and results considered signi�cant when p<0.05.
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To investigate the immune cell abnormalities resulting from the Ikbkbmutation, we

analysed cellular subsets by �ow cytometry. Splenocytes were harvested from Ikbkb+/+ , Ik-

bkbmut/+ and Ikbkbmut/mut mice. We identi�ed a reduced proportion of T cells (CD3 +) in lym-

phocytes in Ikbkbmut/+ and Ikbkbmut/mut mice relative Ikbkb+/+ mice (Figure 3.8a, b). We also

observed an absolute reduction of total T cells in spleens of mutant mice (Figure 3.8b).

Both CD4+ and CD8+ subsets showed absolute de�ciencies in mutant mice compared

to Ikbkb+/+ mice (Figure 3.8c, d). Furthermore, we observed a bias towards CD4+ cells (Figure

3.8e). These observations were similar to the human phenotype.
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Figure 3.8: Cellular analysis of B and T cell subsets in Ikbkb V203I mice. a) Representative
�ow cytometry plots of relative proportions of B220 + B cells and CD3+ T cells in spleens
from WT (upper), Het (middle), and Hom (lower) mice. b) CD3+ T cells as a proportion of
splenocytes (upper) and absolute counts (lower). c) Absolute count for CD4 + T cells in spleen
of Ikbkb+/+ , Ikbkbmut/+ , and Ikbkbmut/mut cohorts. d) Absolute count for CD8 + T cells in spleen
of Ikbkb+/+ , Ikbkbmut/+ , and Ikbkbmut/mut cohorts. e) Ratio of CD4+ to CD8+ proportions in
each genotype. Student t tests were used to calculate statistical signi�cance for all summary
graphs, and results considered signi�cant when p<0.05.



72 Gain-of-function IKBKB mutation causes human combined immune de�ciency

In humans, we observed a de�ciency in the naive T cell population. We analysed

whether the same defect could be observed in mutant mice. In Ikbkbmut/mut mice, effector T

cells (CD44hiCD62Llo) in both CD4 and CD8 compartments showed an increase in proportion,

again with evidence of a gene dosage effect (Figure 3.9a, b).

Additionally, results in Figure 3.6 highlighted an increase of T cell activation in

proband cells. We evaluated T cell activation in mutant mice and identi�ed a signi�cant in-

crease in T cell activation by up-regulation CD69 in both CD4 and CD8 subsets in Ikbkbmut/mut

mice. Ikbkbmut/+ mice showed an intermediate phenotype between Ikbkb+/+ and Ikbkbmut/mut

mice (Figure 3.9c, d). Interestingly, this increase in T cell activation was a �xed phenotype

where the same trend was observed in both young and old mice. Activated memory T cells in

older mice aged between 18-30 weeks revealed an increase in this population in the Ikbkbmut/+

and Ikbkbmut/mut cohorts (Figure 3.9e, f). These �ndings corroborated results from proband.

We had observed in the proband an increase in the Treg subset. In spleens of mutant

mice, we identi�ed an increase in the Treg population as a proportion of CD4 + T cells (Figure

3.10a, b). A similar increase in the Treg population was observed within the thymus of mutant

mice, suggesting that the impaired expansion of Tregs occurs during Treg cell development

(Figure 3.10c). Both splenic and thymic Treg defects were shown to be a gene dosage effect

(Figure 3.10b, c).
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Figure 3.9: T cell activation in Ikbkb V203I mice. a) Representative pro�les of CD4 and CD8 T
cell compartments showing expression of CD44 and CD62L. b) Summary of effector memory
T cells (CD44hiCD62Llo). c) Summary of activated memory T cells (CD69 +CD62Llo) ex vivo
in CD4 compartment. d) Summary of activated memory T cells (CD69 +CD62Llo) ex vivo in
CD8 compartment. e) Summary graph of memory T cells (CD44 hiCD62Llo) (ex vivo) in older
mice aged 18-30 weeks old as a proportion of CD4+ T cells. f) Summary graph of memory T
cells (CD44hiCD62Llo) (ex vivo) in older mice aged 18-30 weeks old as a proportion of CD8 +

T cells. Student t tests were used to calculate statistical signi�cance for all summary graphs,
and results considered signi�cant when p<0.05.
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Figure 3.10: Treg proportions in Ikbkb V203I mice. a) Representative plots of Treg
(CD25+FOXP3+) population in spleens of Ikbkb+/+ , Ikbkbmut/+ , Ikbkbmut/mut mice. Gated on
CD4+ T cells b) Summary graph of the proportion of splenic Tregs as a percentage of CD4 +

total T cells. c) Summary graph of the proportion of thymic Tregs as a percentage of CD4 +

total T cells. Student t tests were used to calculate statistical signi�cance for all summary
graphs, and results considered signi�cant when p<0.05.
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In summary, we discovered a novel germline IKBKB mutation in patients with a clin-

ical phenotype of lymphopenia combined with activation of both CD4 + and CD8+ T cells. One

patient developed an in�ammatory condition and a possible ectodermal defect. Due to the

high evolutionary conservation of the affected codon in IKBKB, we were able to create an ac-

curate mouse model of this condition, which was engineered using CRISPR/Cas9 to carry the

same amino acid substitution in IKK b present in our patients. Phenotypic analysis revealed

remarkably similar biochemical and cellular defects between mice and humans carrying the

mutant protein, providing strong evidence that the novel GoF mutation was responsible for a

syndrome of immune de�ciency and dysregulation (Table 3.2).

Table 3.2: Comparison of phenotypes observed in proband and CRISPR/Cas9 Ikbkb mutant
mouse

- Human IKBKB V203I Mouse Ikbkb V203I

CD4+ T cells Reduced Reduced
CD8+ T cells Reduced Reduced
B cells Reduced Reduced
Memory B cells Reduced Reduced
Treg cells Increased Increased
T cell activation Increased (naive) Increased
Phospho-I kBa Constitutive activation Constitutive activation
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3.6 Chapter discussion

3.6.1 Preamble

We described a novel inborn error of immunity (IEI) resulting from a de novo gain-of-function

mutation in IKBKB based on analysis of two probands, and a mouse engineered to carry the

orthologous mutation.

3.6.2 Variant results in GoF effect on IKK b

The novel IKK b variant resulted in enhanced and prolonged phosphorylation of the I kBa

inhibitor protein in both patients and mice, leading to increased NF kB activity. This indicates

a GoF effect on IKKb. Opposite effects have been described in previously identi�ed IKBKB

mutations that have led to PID, where a complete loss of IKK b expression impaired NF kB

signalling (refer to Section 1.3.3).

This appears to be a rare IEI but additional cased have now emerged. In 2021, a

patient with a 27-year-old individual with a complex immunode�ciency syndrome was re-

ported to carry a heterozygous. K171R variant of IKBKB that resulted in enhanced kinase

activity by IKK b (i.e. gain-of-function) (Abbott et al. [2021]). The proband presented with

clinical manifestations including bronchiectasis, splenomegaly, cataracts, dental abnormalities

(hypodontia), recurrent cutaneous abscess, as well as skin thinning, nail dysplasia, anhidro-

sis, and granulomatous uveitis (Abbott et al. [2021]). Similar to our �ndings, this patient

exhibited lymphopenia and reduced T cells, in particular in the CD4 + T cell compartment. Al-

though, differences between our variant included the absence of hypoagammaglobulinemia

in the patient carrying the K171R variant (Abbott et al. [2021]), indicating a difference in effect

on antibody production. Nevertheless, our �ndings highlight that both hypermorphic and

hypomorphic variants in IKBKB can lead to immunode�ciency. Similar conclusions have been

made in other genes (Boisson-Dupuis et al. [2012]; Haapaniemi et al. [2015]; Minegishi et al.

[2007]). Moreover, we have provided evidence to support that balanced signalling through

IKK b is important for maintaining immune homeostasis. Additionally, we have discovered

another example of a heterozygous mutation in an NF kB gene that presents with reduced
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phenotypic severity compared to homozygous defects in the same genes. The fact that our

mutation confers a relatively milder phenotype in the patient accentuates that monogenic

causes should be investigated and not just in patients with extreme and severe phenotypes.

The immunode�ciency phenotype observed in our probands mirror phenotypes ob-

served in patients with defects in other NF kB canonical proteins, such as NEMO and IkBa

(Courtois et al. [2003]; Hanson et al. [2008]; Orange et al. [2004]. Although, defects in these

proteins have led to reduced NF kB activation. In contrast, our results highlight that contin-

uous NFkB activation can also lead to immunode�ciency. The risk of developing immunod-

e�ciency through both enhanced and diminished activation of the canonical NF kB signalling

pathway highlights the functional plasticity of this pathway. This emphasizes the requirement

for caution and selective methods when developing therapeutics that target NF kB.

3.6.3 IKK b GoF results in an elevated Treg population

IKK b has been shown to be involved in the generation of Tregs (Schmidt-Supprian et al.

[2003]). Therefore, it is unsurprising that a GoF IKK b in our study has led to an expansion

in the Treg population. Additionally, IKK b is considered to be a mediator of TCR signalling,

alongside other NFkB-related proteins such as TAK1, BCL10, CARMA1, and PKCq. Reduction

of these mediators have been shown to result in signi�cantly reduced or abnormal numbers of

Treg populations produced in the thymus (Medoff et al. [2009]; Gupta et al. [2008]; Schmidt-

Supprian et al. [2003, 2004]; Wan et al. [2006]). Hence, overactive canonical NFkB signalling

occurring in our model as a result of increased IKK b activity may be facilitating this observed

expansion in the Treg population. Furthermore, Long et al., found that thymic Treg generation

in TAK1-de�cient or CARMA1-de�cient mice have the potential to be rescued by crossing

these mice with transgenic mice that have a constitutively active form of IKK b when under

the in�uence of a proximal Lck promoter (IKKEE-Tg). This highlighted that the impaired

Treg development in these knockout mice were due to defective NF kB activation (Long et al.

[2009]).

In addition to increased Treg numbers, canonical NF kB can be responsible for the

increased FOXP3 expression. c-Rel, has been shown to bind speci�cally to this sequence and
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maintain stable FOXP3 expression (Long et al. [2009]; Zheng et al. [2010]), thus providing a

possible explanation to increased FOXP3 expression in mutant Tregs.

IKK b is also known to target other proteins outside of NF kB such as the p85 SH2

domain of PI3K (Comb et al. [2012]). The p85 subunit is suggested to regulate PI3K activation

through interactions with tyrosine-phosphorylated proteins (Engelman et al. [2005]). IKK-

mediated phosphorylation of the serine 690 (S690) within the p85 SH2 domain leads to dimin-

ished af�nity for tyrosine-phosphorylated proteins and decreased PI3K membrane localiza-

tion (Comb et al. [2012]). Heightened phosphorylation of this subunit by IKK b may result in

inhibition of PI3K activity. Constitutive activation of PI3K/Akt/mTOR signalling is suggested

to antagonize FOXP3 expression (Sauer et al. [2008]). Hence, a GoF effect on IKKb could en-

able increased p85 phosphorylation, resulting in augmented inhibition of PI3K/Akt/mTOR

signalling, to positively affect FOXP3 levels and Treg development in this IKK b GoF model.



Chapter 4

Characterisation of the Ikbkb mice as a

model for psoriatic arthritis
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4.1 Summary

Mice homozygous for IkbkbV203I spontaneously develop dermatitis and arthritis. Characteri-

sation of the histology and distribution of pathology reveal this to be an accurate model of

psoriatic arthritis (PsA).

4.2 Ikbkb mutant mice develop skin, joint, and digit in�ammation

4.2.1 Mice heterozygous and homozygous for Ikbkb V203I develop psoriasis-like

features

We began by characterising the spontaneous phenotype observed in mice either heterozygous

or homozygous for the IkbkbV203I variant. Dermatitis affecting the tails and ears of Ikbkbmut/+

and Ikbkbmut/mut mice were identi�ed and �agged by animal house technicians, who were

blinded to the mouse genotypes. Ikbkbmut/+ and Ikbkbmut/mut mice developed dry, �aky skin

on their tails (hereafter in referred to as 'scaly tail') (Figure 4.1a), with Ikbkbmut/mut mice

developing this phenotype as early as approximately 30 days old (Figure 4.1b). Scaly tail arose

with complete penetrance in the Ikbkbmut/mut cohort with a median onset of 0-50 days (Figure

4.1b). In comparison, the Ikbkbmut/+ cohort had approximately 40% mice that developed scaly

tail, with a median onset of 50-100 days (Figure 4.1b).

Histological analysis was undertaken by a mouse pathologist blinded to mouse geno-

types, who reported evidence of patchy in�ammation of the skin and hair follicles in Ik-

bkbmut/+ mice (Figure 4.1c). Furthermore, there was evidence of defects in tooth enamel and

cataracts. Similar but more severe changes were noted in Ikbkbmut/mut mice. These changes

included an approximate 2-fold increase in average dermal thickness in the Ikbkbmut/mut group

compared to the wild type group (Figure 4.1c, d). This was coupled with increased epidermal

thickness ( acanthosis), which exhibited a gene-dosage effect (Figure 4.1c, e). Tail shortening

was observed in mice homozygous for the mutation, also with a gene dosage (Figure 4.1f, g).

Tail shortening has been previously reported to be associated with severe skin in�ammation

(Yu et al. [2008]).
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Figure 4.1: Scaly tail pathology observed in mutant mice . a) Macroscopic image showing
an example of scaly tail phenotype observed in mutant mice. b) Kaplan-Meier plot of % of
scaly tail-free mice for each genotype. Log-rank (Mantel-Cox) test reveals difference between
all three curves is statistically signi�cant with p<0.0001. Statistical analysis between wild type
and each genotype was also calculated using Log-rank test; Ikbkb+/+ (grey, n = 13) vs Ikbkbmut/+

(blue, n = 19) p=0.03055,Ikbkb+/+ vs Ikbkbmut/mut (red, n = 15) p=5.9e-06.c) Histological exam-
ination of tail skin of mice with H&E staining. Image shown was chosen as a representative
of the phenotype for the indicated genotype; Ikbkb+/+ = grey, Ikbkbmut/+ = blue, Ikbkbmut/mut

= red. Scale bars represent 200mm. d) Summary graph of dermal thickness measurements
obtained using either Zen Blue edition (V3.1) or CaseViewer by 3D Histech Ltd. e) Summary
graph of epidermal thickness measurements obtained using either Zen Blue edition (V3.1)
or CaseViewer by 3D Histech Ltd. f) Summary of tail length measurements in centimetres,
measured from base to tip of tail. g) Image of a representative mouse from each genotype to
show tail length comparison. Student t tests were used to calculate statistical signi�cance for
all summary graphs, and results considered signi�cant when p<0.05.
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