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Abstract

Common variable immunedeficiency (CVID) is the mostmon symptomatic primary
immunodeficiency. The cardinal manifestations aggpdgammaglobulinaemia and
recurrent infections. In fact, CVID is a heterogem cluster of disorders associated
with not only infection but also autoimmune diseasarcoidosis-like granulomatous
inflammation, and neoplasia. In a minority of cage¥ID follows simple Mendelian
inheritance, and in other cases, there is fantliadtering, with CVID or autoimmunity,
and in other cases, CVID is sporadic. The aim «f groject was to investigate the

genetic and cellular pathogenesis of cases of CVID.

We established a large national cohort of patignts primary antibody deficiencies.
First, we discovered a novel heterozygous mutat@254R inTNFAIP3 (A20), from
two patients with CVID and their family membersoBiemical analysis revealed that
the S254R substitution in A20 impairs deubiquitioat Nevertheless, only one patient
with the heterozygous (S254R) mutationTMFAIP3 exhibited an activated NF-kB and
apoptotic phenotype. This patient was also founchtoy a mutation encoding an L3071
substitution in TAX1BP1, an interacting partner #20. We investigated this

1" enhances binding

interaction and discovered biochemical evidencé THaX1BP
with A20°%*R Thus, the A20 phenotype is modified by a TAX1BRtiant, consistent

with non-allelic noncomplementation.

Second, we describe three individuals with compRteell deficiency within single
kindred. We identified a novel heterozygous mutatio NFKB2 (encoding a D865G
substitution) in each affected individual. MutantOp is poorly processed, after
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activation of the non-canonical NF-kB pathway wi®40L stimulation, both in vitro
and in cells isolated from the proband. We discegtethat the mutation inhibits p100
phosphorylation. Remarkably, unprocessable p100bishlkB like activity, which
serves to sequester p65 in the cytoplasm. In etbeds, the immune deficiency appears

to arise from disruption of both canonical and wamonical NF-kB pathways.

In summary we have described two novel forms of [Vbne arising from an
autosomal dominant mutation in NFKB2, and the otkeulting from a low penetrance
mutation in TNFAIP3, where the phenotype appeardejeend on epistatic interaction

with TAX1BP1.

XXi



Novel NF-kB mutations in common variable immunodeficiency (CVID)

1 Introduction

1.1 NF-kB pathway

NF-kB was discovered by Sen and Baltimore in 198@&rainteracter with the enhancer
of kappa light chain. Initially, it was reportedathNF-kB was expressed only in the
cells that expressed kappa light chains (Sen atiihi®ee 1986) and it was therefore
named nuclear factor kappa light chain enhancectivaded B cells (NF-kB). NF-kB
has since been identified in most cells in the imengystem and plays a pivotal role in
many aspects of immunity. NF-kB is in fact a traig®on factor complex. In resting
cells, NF-kB complexes are sequestered in cytoplasimactive forms by inhibitory
proteins of NF-kB. Upon stimulation, NF-kB complexare liberated from these
inhibitory proteins and translocate to the nucledeere they induce gene expression.
NF-kB was initially thought to be responsible faruée inflammation but subsequent
work has identified many other functions of NF-kB the immune system. NF-kB
regulates expression of many genes including aatohial peptides, cytokines,
chemokines, stress response proteins and antidwogtateins. Analysis of mice
deficient in different NF-kB family members as waB mice lacking different NF-kB
inhibitors or IKK subunits demonstrated that pmidtion, differentiation, survival and
apoptosis of cells in immune responses as welraptoid organogenesis require NF-
kB. Close regulation of NF-kB appears to be crudt@duced NF-kB activation leads to
immune deficiency whereas prolonged NF-kB activatieads to inflammation or
malignancy associated with tissue damage or unaitedrcell proliferation (Karin and

Greten 2005).
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The mammalian NF-kB family consists of 5 membergELR (p65), c-REL, RELB,

NF-kB1 (p50/p105), and NF-kB (p52/p100). Each proteontains conserved Rel-
homology domains (RHD) of approximately 300 amirala length, and dimerization,
nuclear-localization and DNA-binding domains (Figut.1). Each NF-kB protein can
form heterodimers, and all except RELB can alsmfaomodimers. RELA, c-REL and
RELB contain a transcription activation domain (T)ADhecessary for regulating
transcription of target genes after binding to NB=tkinding sites in DNA (Ghosh and

Karin 2002; Li and Verma 2002; Ruland 2011).

Expression of some NF-kB subunits is confined totipalar types of cells. For

example, c-REL was reported to be restricted torfaepoietic cells and lymphocytes
and RELB is specifically expressed in the thymysmpgh nodes and peyer’s patches.
p52 has been reported to be found exclusively icels. However, p50 and p65 are

expressed widely in various cell types (Li and Var2902).

In order to regulate gene expression, p52 and pb8t mssociate with a TAD-
containing NF-kB family member or another proteapable of coactivator recruitment
(Hayden and Ghosh 2008). Due to the lack of TADnbdimers of p50 or p52 were

suggested to be the suppressor of transcriptioar{tdiVerma 2002).

In resting cells, homo or heterodimer NF-kB compkeare associated with inhibitors of
NF-kBs (IkBs) and sequestered in cytoplasm. Theyeh& or 7 ankyrin repeats each
containing a 33 amino acid motif, which mediatediiig to NF-kB dimers (Figure 1.1).

IkBs include 1kBx, IkBB, IkBE and BCL-3. p105 and p100, precursors of p50 arzd p5
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Figure 1.1 Mammalian NF-kB and kB family members Schematic diagram for different NF-kB
members and IkB members are shown. Rel homologyadoRHD), transcription activation domain
(TAD), leucine zipper motif (LZ), glycine-rich regm (GRR), ankyrin repeats (ANK), nuclear
locationzation (N) and phosphorylation site (P) sttewn.

respectively, also carry ankyrin repeats, therefthey are also considered as kB
proteins (Li and Verma 2002). IkB maintains NF-kBogeins in the cytoplasm by
masking nuclear localization sequences (NLSs). NirS NF-kB subunits induces
nuclear translocation (Ghosh and Karin 2002). ONt& are unmasked, dimers can
shuttle continuously between the nucleus and theptasm. NF-kB dimers, with
exposed NLS, are liberated to enter the nucleus kdnd to kB sites to regulate
transcription through the recruitment of coactivatand corepressors (Hayden and
Ghosh 2008). A strong nuclear export signal (NESpcated at the amino terminus of

IkBa. NF-kB complexes containing NES truncated K& e found in the nucleus.

After stimulation, IKBx is degraded and therefore the NES no longer eXsta result,

when bound to IkB, NF-kB-IkBa complexes are expelled from the nusleand
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therefore NF-kB—IkB. complexes are detected mainly in the cytoplasme (bed
Hannink 2002). Various stimuli result in degradatiof IkBs under the action of IkB

kinase (Speliotes, Willer et al.) complex activatio

There are two distinct NF-kB signalling pathwaysidaated canonical (or classical)

and non-canonical (or alternate) pathways.

1.1.1 Canonical NF-kB pathway

Canonical NF-kB pathway regulates both innate ataptive immune responses and is
activated rapidly in response to a wide rangeiofudt such as pathogens, stress signals
and pro-inflammatory cytokines. Receptors respdesfbr activating the canonical
pathway include Tumour Necrosis Factor Receptoe tygTNFR1), IL-1 receptors (IL-
1R), Pattern Repeat Recognition (PRR) such aslikellreceptors (TLR), NOD like
receptor (NLRs) and lymphocyte receptor such alIT receptors (TCR) and B cell

receptors (BCR).

The kB kinase (Speliotes, Willer et al.) complegulates the canonical pathway. IKK
consists of two catalytically active subunits, lKkand IKKB, and a regulatory subunit
IKKy (also known as regulatory subunit NF-kB essemtiabulator (NEMO)). While
IKK o and IKKB phosphorylate inhibitors of NF-kB such as ékBkBp and IKEE, IKKy
regulates IKK complex activation through proteimyein interaction mediated by helix-

loop-helix and leucine-zipper motifs (Vallabhapuramd Karin 2009).
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Analysis ofIkbkb” mice showed that IKK is a crucial regulator of the canonical NF-
kB pathway.lkbkb deficient mice die prenatally due to TNF dependimer apoptosis
(Li, Chu et al. 1999). Surprisingly, NEMO deficignis also embryonic lethal. Neither
IKB o degradation nor NF-kB activation occurred in NEME&Jicient murine embryonic
fibroblasts (Romberg, Chamberlain et al.) even gmoNEMO does not have catalytic
activity (Makris, Godfrey et al. 2000; Rudolph, Yethal. 2000). By contrast, after TNF

or IL-1 stimulation, IKBx degradation and NF-kB activation was similar irkKik” and

wildtype MEF.
TNF gm TLR pgm BCR/TCR
Cytoplasm
IKKy

D,

IkBa degradation 58‘*5’

Nucleus \

Transcription

Figure 1.2 Canonical NF-kB pathway.Activation of IKK complex triggers IkB phosphorylation.
Subsequent degradation results in rapid and tmainsieclear translocation of the prototypical NF-kB
heterodimer such as RelA/p50
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These findings indicate that IkKis dispensable for canonical NK-kB activation,
although IKKa can compensate IKB kinase activity in the absexid&K  (Hu, Baud

et al. 1999; Li, Chu et al. 1999).

Upon stimulation, the IKK complex becomes activatadd the IKK complex
phosphorylates 1kBs at phosphorylation sites (fwstance, IKB on serine 32 and
serine 36). Then the Skpl, Cdc53/Cullinl, and F poatein (SCF) containing
transducin repeat containing proteip+ rCP) E3 ubiquitin ligase complex attaches
lysine 48-linked polyubiquitin chains to 1kBat the DSGXXS consensus sequence for
ubiquitination. Ubiquitinated IkBs is then degraded 26S proteosomes (Klionsky,
Abdalla et al.). This liberates NF-kB subunits, @fienter the nucleus to initiate

transcription of NF-kB target genes (Figure 1.2).

After activation by canonical NF-kB stimuli, IkBis replenished by de novo synthesis
of IKBa, which is positively regulated by canonical NF-gi§nalling. This represents a

negative feedback loop, which prevents prolongeekRctivation.

1.1.1.1A20

Negative regulation of NF-kB regulator by A20 piatencoded by th&NFAIP3 gene

provides another negative feedback loop. A20 waginally identified as a cytokine-
induced gene, since robust induction of A20 wasnsie human umbilical vein
endothelial cells after stimulation with the prdlammatory cytokine TNF (hence
TNFa induced protein 3TNFAIP3) (Opipari, Boguski et al. 1990). A20 was origiyall

thought to protect cells from TNF-induced cytotatyid Opipari, Hu et al. 1992). More
6
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recently, evidence has emerged that A20 is indmceanly by TNF, but also by other
stimuli including IL-1, CD40, pattern recognitioeaeptors (PRRs), T cell receptors and

B cell receptors (Boone 2004; Catrysse, Vereeckd @014).

Evidence fromTnfaip3-deficient mice suggests that the principal functd A20 is to
terminate exaggerated NF-kB activity. A20 deficiamte died shortly after birth due to
multi-organ inflammation and cachexia (Lee, Boone a. 2000). Embryonic
development appeared to be normal. Lee showed Tihiaip3” mouse embryonic
fibroblasts (Romberg, Chamberlain et al.) failedawominate prolonged NF-kB activity

and were hypersensitive to sublethal doses of TiNFL&S.
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Figure 1.3 Ubiquitination by stepwise ubiquitin enymesUbiquitin activating enzymes (E1s) activate
ubiquitin in an ATP-Mg2+ dependent manner and fohioester linked complex between the catalytic
cystein of the E1 and the C terminus of ubiquité Activated ubiquitin is then passed from the B1 t
ubiquitin conjugating enzymes (E2s) by forming setthioester complex with E2 cysteine. E2s interact
with ubiquitin ligases (E3s). E2s and E3s recrulisirates and modify substrates by addition of nmno
poly ubiquitin chains.

A20 regulates NF-kB activation by editing ubiquétiion. Ubiquitination describes a
post translational protein modification in whichiguntin is covalently attached to a
substrate. Ubiquitin is a 76 amino acid peptideés (8Da), which contains 7 lysine
residues (K6, K11, K27, K29, K33, K48 and K63). Maalian ubiquitin is encoded by

4 genesUBA52, RPS27A, UBB andUBC.
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Ubiquitination proceeds in three steps. E1 enzypiwates ubiquitin by adding ATP,
E2 transfers ubiquitin to the substrate proteird &3 ligase attaches ubiquitin to the
substrate (Pickart 2001). Generally, the last anaicid of ubiquitin (glycine 76) binds
to a lysine on the substrate protein. Lysine-633Klhked ubiquitination leads to a
protein-protein interaction and consequently regslasignalling whereas K48 linked
ubiquitination flags proteins for proteosomal degt#on. This process can be reversed

by deubiquitination (DUB).

1 370 790

oTU ZnF1 ZnF2 ZnF3 ZnF4 ZnF5 ZnF6 InF7

Figure 1.4 Schematic structure of A20A20 consists of ovarian tumour domain (OTU) anct4inger
domain (ZnF). OTU domain is for deubiquitylatingB) activity and catalytic cysteine at position 103
and catalytic histidine at position 256 were knawrbe critical for DUB activity. A20 contains. Wail
ZnF domain is responsible for E3 ubiquitin ligasé\aty. Catalytically active ZnF4 introduce K4&ked
ubiquitin chains to substrates. NF-kB activity tigh linear ubiquitin chain can be inhibited through
ZnF7.

A20 protein is encoded by tHENFAIP3 gene located at 6923 in the human genome.
A20 comprises 790 amino acids and weighs approeim&1KDa. A20 is an atypical
ubiquitin enzyme (Wertz, O'Rourke et al. 2004)cdintains two opposite functions:
DUB and E3 ligase at the N- and C-termini, respetyi (Shembade, Harhaj et al.
2007). A20 can be located in either cytosol or $gsne membrane (Li, Hailey et al.
2008). It contains an N-terminal ovarian tumourquitin (OTU) domain (1-370aa) and
seven zinc finger (ZnF) domains (371-790aa) (Hyntowind Wertz 2010). The OTU
domain has deubiquitylating (DUB) protease actjvityhich removes K63 linked

ubiquitin chains from substrates. The A20 ZnF dontsas E3 ligase function, which

8
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catalyzes K48 linkage of ubiquitin chains to sudsts, leading to proteasome-
dependent degradation (Shembade, Harhaj et al.)2D@B and E3 domains of A20
downregulate NF-kB signalling in a two-step procéssst K63- linked ubiquitin chains
are removed from RIP1 by DUB and then E3 ligasachtts K48- linked ubiquitins to

the same substrate (Wertz, O'Rourke et al. 2004).

7 AY proteasome

o®o e~ 20

.’y
g i
deubiqutylation E3 ligase degradation d @

substrate substrate

Figure 1.5 Dual functions of A20 modified from Hymavitx and Wertz (2010)Upon TNFa stimulation
RIP1 becomes rapidly polyuniquitinated via K63 kigle. A20 then deubiquitinates substrates via OTU
domain. RIP1 is then polyubiqutinated via K48 ligkeby ZnF domain of A20. K48 linked ubiquitinated
RIP1 is subjected to be degradated by proteosor8e 26

The OTU domain contains two active sites, C103 &i2b6, and amino acid
substitutions at either site impairs deubiquitioat{Komander and Barford 2008). Even
though K63 linked deubiquitinase has been demaestran vivo, the isolated OTU
domain preferentially deubinquitinates protein&d48 in vitro (Komander and Barford

2008). This suggests that there are additionabfadghvolved in K63 DUB activity.

The seven cysys zinc finger domain located in the A20 C-termirlads E3 ligase
activity. Genetic modification showed that ZnF4cistical for K48 linked ubiquitin
ligase catalytic activity (Wertz, O'Rourke et ab02). Recently, it was shown that this

ZnF4 was also able to recognise K63 linked polyuibig chains (Bosanac, Wertz et al.
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2010). In addition, recent evidence suggests th&f7zhas ligase activity (Skaug, Chen
et al. 2011). A20 ZnF7 was shown to inhibit TNFuodd NF-kB activation through
linear ubiquitin chain assembly complex (LUBAC)n& LUBAC is essential for IKK
activation, this mechanism of negative regulatignA20 provides another important
feedback loop for NF-kB activation (Tokunaga, Nimshsu et al. 2012; Verhelst,

Carpentier et al. 2012).

Recently, A28™ and A26"™ mutant mice, carrying one or two point mutations a
active sites, were generated (Lu, Onizawa et all3P0These mouse models
demonstrated that either DUB or E3 activity aloaarmt account for all the functions
of A20, since mice remained grossly normal untikast four months of age. Fibroblast
from these mice showed decreased NF-kB signalfingsponse to TNF as compared to
A20 deficient cells. Nevertheless, these mouse tsodemonstrated that OTU and
ZnF4 are important motifs that regulate immune hostesis in vivo, as mutant strains
gradually developed splenomegaly and accumulatedestly increased numbers of

myeloid cells and lymphocytes (Lu, Onizawa et 8. 2).

1.1.1.2A20 plays as a negative controller of NF-kB

Canonical NF-kB signalling can be divided into #nistinctive pathways according to
their activating receptors: TNF, Toll/IL-1R (Speks, Willer et al.) and lymphocyte
receptor. A20 inhibits NF-kB activation by cleavii$3 linked ubiquitin chains or
adding K48 to substrates to block down regulatibsignalling. Alternatively, A20 can

interrupt NF-kB signalling via non catalytic meclans. A20 can interact with E2
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enzymes to interrupt E2-E3 interactions which amryvimportant for the down

regulation of NF-kB signalling (Shembade, Ma e28l10).

1.1.1.2.1 A20 targets canonical NF-kB pathway by TNFa

TNF receptors 1 and 2 are expressed on a wide rahgells. TNFR1 engages with
TNF-o and induces receptor trimerization and recruitmehtthe adapter protein,
TNFR1-associated death domain protein (TRADD) h ¢ytoplasmic tail of the TNF
receptor. TRAF2/5 and receptor interacting pro{&iP1) are then recruited and RIP1
is K63 ubiquitinated by TRAF2 (Ea, Deng et al. 200Binding of IKKy to K63-
ubiquitinated RIP1 stabilizes IKK interactions withe receptor complex and triggers
IKK activation. TRAF2-dependent polyubiquitinatiasf RIP1 recruits transforming
growth factor activated kinase 1 (TAK1) and its ulegory subunits TAK1-binding
protein (TAB) 1, 2, and 3 to TNFR signalling compl&his results in TAK1 activation,
which may phosphorylate the activation loops of ki€ catalytic subunits (Kanayama,
Seth et al. 2004; Chen 2005). Mitogen-activatedigimo(MAP/extracellular signal-
regulated kinase (ERK) kinase kinase 3 (MEKK3)Ql® recruited to the IKK complex
via RIP1, and may be responsible for phophorylatibiKK oo and IKKS (Blonska, You
et al. 2004). However, these two kinases are netjuivocally essential for IKK
activation in immune cells. It remains possiblettiidK activation is induced by
autophosphoylation of the IKK complex through confational change after the
interaction between IKiKand ubiquitinated RIP1 (Yang, Masters et al. 2@lbnska,

You et al. 2004; Vallabhapurapu and Karin 2009) .
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K63-ubiquitylation is a pivotal step for IKK rectmient and consequently NF-kB
activation. A20 cleaves the K63-linked ubiquitiraai of RIP1 to inhibit signalling and
subsequently catalyses the K48-linked ubiquitinitha RIPK1 to induce proteosomal
degradation, which inhibits NF-kB activation (Wer2'Rourke et al. 2004). RIP1 is
thought to be polyubiquitinated by TRAF2/5 and clAP. After TNFR ligation, A20

interferes with the interaction between E2 ubiquitonjugating enzyme, Ubcl13, and
both E3 ligases TRAF2/5 and clAP1/2. A20 then gatd K48 linked ubiquitin chain

to Ubc13 and induces the E2 enzyme degradatiom{Baee, Ma et al. 2010).

Activation of the canonical NF-kB pathway is alsmntrolled by linear ubiquitin chain
assembly complex (LUBAC). LUBAC is composed of SHAR, HOIL-1 and HOIP

and conjugates the C-terminal Gly76 of a distafjultin moiety to thex-amino group

of the N-terminal Metl of a proximal ubiquitin moje NEMO and RIP1 are linearly
ubiquitinated by LUBAC upon TNF stimulation. A20gars to contribute to LUBAC-
mediated termination of NF-kB activation. A20 ZnBinds to LUBAC and dissociates
LUBAC and NEMO to block downregulation of signalingx noncatalytic mechanism
(Skaug, Chen et al. 2011; Tokunaga, Nishimasu.&l2; Verhelst, Carpentier et al.

2012).
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Figure 1.6 NF-kB inhibition by A20 in TNFe induced NF-kB activity Ligation of TNFR1 results in
TRAF2/TRF5 and RIP1 recruitment in TRADD dependeainner. TRAF2 ubiquitinates RIP1 and IKK
complex is recruited and activated. Activated IKKopphorylate IKB and E3 ligase ubiquitilate IKBa
via K48 linkage. Proteosome mediated degradatidkBd releases the NF-kB heterodimers and regulate
gene expression. A20 deubiqutinates RIP1 and Ik @biquitinate RIP1 for proteosomal degradation.
A20 also target E2 enzymes by introducing K48 lohkéiquitin chains.

1.1.1.2.2 A20 inhibits TLR and IL-1b induced NF-kB

The cytoplasmic regions of the TLR/IL-1R family mieers share a common motif
called the Toll/IL-1 receptor (Speliotes, Willer &t) domain. TIR domain containing
receptors lack intrinsic catalytic activity, theved, signalling depends on recruitment of
adaptor proteins, ubiquitin ligases, and proteinakes. Upon ligand binding, the
conformation of TIR domain is altered, and thiswat the TIR containing adaptors to
interact with the TIR domain (Martin and Wesche 200Two major TIR domain

containing adaptors are myeloid differentiatiomary response 88 (MyD88) and TIR

13
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domain containing adaptor-inducing IFN{TRIF). TIR containing adaptor proteins,
MyD88 and TRIF, bind to the receptors either diseair via adaptors. Toll/IL-1
receptor adaptor protein (TIRAP, also known as MAdrd TRIF-related adaptor
molecule (TRAM) are adaptors for MyD88 and TRIPspectively. These intermediary
adapters are thought to be required for their giaysinteraction due to electrostatic
surfaces. For example, the highly electropositidk Tdomain of TLR4 requires
electronegative TIRAP to bind highly electroposatiVIR of MyD88. Mice deficient in
any of these adaptors reveal that they are vitaldoruitment of other adaptor proteins,

and ubiquitination (Kawai and Akira 2007).

Unlike other TLRs, TLR4 binds to two adaptors (My®&nd TRIF) and their
intermediary adaptors, TIRAP and TRAM, respectivelly the MyD88-dependent
pathway, IRAK1, IRAK4 and TRAF6 are recruited, aM¢D88 interacts with IRAKs
via a death domain. Once IRAK1 and IRAK4 are phosglated, they dissociate from
MyD88. Phosphorylated IRAK1 and IRAK4 then interadth TRAF6. TRAF6 is an
E3 ubiquitin ligase, which polyubiquitinates itsetith K63 ubiquitin chains. K63-
polyubiquitinated TRAF6, IRAK1, and IRAK4 recruitAK1 and TAB1, TAB2, and
TAB3. TAK1 plus TAB1, 2, and 3 are thought to bepensible for activating the IKK
complex. In the TRIF dependent pathway, TRIF resriRAF6 by direct interaction,
and TRAF6 interacts with Ubcl3 and UbcH5c leading the K63-linked
polyubiquitination of TRAF6, and downstream TAK1daiKK activation. RIP1 is also
recruited by TRIF, and might cooperate with TRAKG facilitate TAKL1 activation

(Kawai and Akira 2007).
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A20 inhibits NF-kB activation via TRIF pathway byegventing interactions between
Ubc13 /UbcH5c and TRAF6. A20 DUB activity remove83Xlinked ubiquitin chains

from TRAF6 to inhibit NF-kB signaling. In additiod20 E3 ligase activity catalyses
K48 linked ubiquitin chain to Ubs13/ UbcH5c, whidkads to their proteosomal

degradation (Shembade, Ma et al. 2010).

TLR4

Cytoplasm Cytoplasm

Nucleus m Transcription Nucleus No transcription

Figure 1.7 NF-kB inhibition by A20 in TLR induced NF-kB activity In TLR4 signallingNF-kB is
activatedactivation via both TRIF and MyD88 dependent pathwath adaptor protein TRAM and
TIRAP, respectively. These adoptor proteins reclRAF6. Either direct or indirectly with IRAK
members, TRAF6 activates TAK1 and TAKL1 directly phorylates IKK3 to activate the IKK complex.
A20 deubiquitinates TRAF6 to inhibit its downsiging. E2 enzymes are targeted by A20 for
proteosomal degration.

Besides A20, other inhibitory molecules block TLR¥diated NF-kB acvtivation.
After LPS stimulation, de novo short MyD88 isofor(ilyD88s) is generated by

alternative splicing (Burns, Janssens et al. 2088ssens, Burns et al. 2003).
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MyD88s serves as a decoy that inhibits interactlmetsveen MyD88 and TRAF6, since
MyD88s lacks the intermediate domain essentialtli@r interaction of MyD88 with
IRAK4. Dissociation of this complex shuts down LR®luced NF-kB activations.
Similarly, IRAK-M is the inactive form of IRAK andnterferes with the interaction

between IRAK and TRAF6 (Kobayashi, Hernandez e2@(2)

1.1.1.2.3 A20 inhibits TCR induced NF-kB

TCR TCR
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Figure 1.8 NF-kB inhibition by A20 in TCR induce NFkB activity Src and Fyn and Zap70 are
recruited upon TCR stimulation. ZAP70 then pohsplates LAT and SLP-76. PLCgl then becomes
activated and leads to PKCc stimulation by genematif IP2, Ca2+ and DAG. PI3K becomes activated
through TCR and CD28 signal and facilitates reamaitt of PKCc to the immunological synapse. PI3K
also phosphorylated phosphoinositides and leadsnémbrane recruitment of PDK1. Then PKCc
becomes activated and recruit IKK and CARD11 it signaling complex. Phosphorylation of CAR11
then recruits BCL10 and MALT1 and form a stable CB®mplex. This complex then activates IKK
complex and lead to activation of NF-kB. A20 tasggRAF6 and MALT1 via DUB activity, however,
active MALT1 can cleave A20 to terminate its inkdoy function in NF-kB activity.
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The protein kinase C (PKC) isofortnin T cells and3 isoform in B cells link TCR and
BCR signalling with NF-kB activation. Upon TCR stiation, Src family kinase Lck,
Fyn, and Syk family kinase ZAP70 are recruited actlvated. Lck activates PI3K,
which in turn activates phosphoinositol and subeatly PDK1. ZAP70
phosphorylation also results in phosphorylatioradépter proteins LAT and SLP-76,
which leads to assembly of a multimolecular comptextaining phospholipase C
gamma (PL®) and nucleotide exchange factor, Vavl. RL€then activated resulting
in production of inositol triphosphate (IP3), inased intracellular calcium
concentration, and formation of diacylglycerol (DA®AG activates and translocates
PKCH to the immunological synapse. PK@ecruitment to the membrane is enhanced

by PDK1 after TCR and co-stimulation by CD28 ligati

PKCH and PK@ result in activation of canonical NF-kB signalliwi;s the CARD11,
BCL10, MALT1 (CBM) complex. Activation of CARD11 c@es a conformational
change that allows association with BCL10 and MAL($thulze-Luehrmann and
Ghosh 2006). The CBM complex then activates NF-kBte IKK complex, although
the precise mechanism of IKK activation in thishvedy remains poorly defined. It has
been suggested that TRAF6, an E3 ubiquitin ligeesjlts in K63 ubiquitylation of
MALT1, resulting in activation of the IKK compleXhe CBM complex is also thought
to ubiquitinate IKK via TRAF6 and subsequently activate IKKSun, Deng et al.
2004). A20 interacts with both MALT1 and TRAF6 tdhibit NF-kB activity by

deubiquitylation of K63 from TRAF6 and IKK(Duwel, Welteke et al. 2009).
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A20 expression is maintained at very low levelsiost resting cells. A20 expression is
induced when cells are activated by canonical NFsBnuli. By contrast, A20
expression is constitutively high in lymphocytes is® NF-kB inhibitory function
controls NF-kB activation (Duwel, Welteke et al.08). In order to activate NF-kB
signalling in lymphocytes, A20 must be degradednactivated. In 2008, the Beyaert
group discovered that after TCR activation, MALT4sha specific proteolytic activity
and mediates cleavage and inactivation of A20,nuping IKK activation (Coornaert,

Baens et al. 2008; Rebeaud, Hailfinger et al. 2008)

1.1.1.3A20 inhibits apoptosis

Apoptosis, or programmed cell death, is classiféed either intrinsic and extrinsic.
Intrinsic apoptosis is initiated by trapoptosome via mitochondrial signals, and leads
ultimately to activation of caspase-9. Extrinsiopjwsis is initiated after extracellular
signals lead to receptor-specific activation ofnaitjing pathways involving tumour
necrosis factor (TNF) superfamily members. Proaptiptligands include FasL and
TRAIL, which ligate Fas and DR4/ DR5, respectiv@lyagner, Punnoose et al. 2007).
Fas recruits Fas-associated death domain (FADugtr homophilic interaction of
death domains in the receptor and adaptor. FADD tleeruits caspase 8 through a
death effector domain (DED) and consequently foanaeath inducing signal complex
(DISC). DISC then leads to activation of caspas@nd autocatalytic processing.
Cleaved caspase 8 is liberated and moves to tlesayto target executioner caspases

such as caspase 3 and caspase? to induce apdh&oslsanfi, Festjens et al. 2007).
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In 2009, Jin and colleagues reported that DR4 ariR5 Dsimulation induces
polyubiqutination of caspase 8 by cullin E3 ubiguienzyme. The ubiquitinated
caspase 8 binds to the ubiquitin binding prote®,mand leads to its aggregation and
activation (Jin 2009). Polyubiqutination of caspa8e can be reversed by
deubiquitination. Intriguingly, A20 contributes tBISC formation, and physical
interaction with DISC has been shown by co-immunojmitation (Jin 2009; Bellail,
Olson et al. 2012). Apoptosis is inhibited by deuitination of caspase 8 and over
expression of A20 inhibited apoptosis (Daniel, Aovet al. 2004), which is explained
by the deubiquitin activity of A20, which can reserpolyubiquitination of caspase 8
(Jin 2009). Further to this, A20 has been repottednhhibit apoptosis via c-Jun N-
terminal kinase (JNK) pathways. Thhduced NF-kB activates JNK pathway through
activation of apoptosis signal regulating kinasA$K1) and persistent JNK activation
contributes to TNF induced cell death. Interestingl20 binds to AKS1 and promotes
K48 linked polyubiquitination of ASK1. Proteasom@dégradation of ASK1 leads to
suppression of JNK activation and eventually blgekaf apoptosis (Won, Park et al.

2010).

A20 not only regulates apoptosis directly by acti@mm apoptotic pathways, but also
indirectly, by regulating expression of antiapojtogenes as a result of NF-kB
inhibition. The antiapoptotic actions of A20 are dome extent cell type-specific. In
pancreaticf cells, antiapoptotic A20 has been reported (Greywelo et al. 1999;
Liuwantara, Elliot et al. 2006), but in other cibes, proapoptotic functions have been
reported for A20, which arise as a consequenceoafndegulation of antiapoptotic

genes through NF-kB inhibition (Tavares, Turerle2810; Kool, van Loo et al. 2011).
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Figure 1.9 Schematic extrinsic apoptotic pathwayTRAIL-induced ligation of its cognate death
receptors result in recruiting FADD and proactiesgase8 and consequently forming a death inducing
signal complex (DISC). The DISC activates capase8l¢ave procaspase3 to become active capase3.
Apoptosis is induced by active caspase 3. Pcap8;gspase8; Acap8, active caspase8

1.1.1.4A20 as a disease susceptibility gene

Genome-wide association studies (GWAS) have idedtsingle nucleotide variants in
or near A20 that segregate with inflammatory autoime diseases including
rheumatoid arthritis (RA), juvenile idiopathic anitis, systemic lupus erythematosus
(SLE), inflammatory bowel disease (IBD), coeliasedise, psoriasis, type 1 diabetes,

Sjogren’s syndrome, systemic sclerosis, and Crobissase (Plenge, Cotsapas et al.
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2007; Graham, Cotsapas et al. 2008; Han, Zheng 80@9; Vereecke, Beyaert et al.
2009; Matmati, Jacques et al. 2011, Ma and Malyndl22 Two exonic
nonsynonymous SNPs, encoding A125V and F127C, Hmeen shown to confer
reduced DUB activity of A20. An SNP at a putativeeBhancer was suggested to alter
A20 expression. Taken together, these findings estgthat reduced expression or
activation of A20 confers an increased risk ofanfimatory and autoimmune diseases.
Consistent with this proposition, mice with defeicts\20 expression developed SLE or

IBD-like phenotypes (Chu, Vahl et al. 2011; HamnTarer et al. 2011).

In addition to germline genetic variants, many stengariants inTNFAIP3 have been
discovered in lymphomas. Biallelic somatic mutasiom the coding sequence of
TNFAIP3 that result in stop codons, frame shifts, aminal athanges or splicing
alterations have been found in multiple B cell lyromas, including MALT lymphoma,
Hodgkin's lymphoma, diffuse large B cell lymphom®LBCL) and follicular
lymphoma. A20 acts as a tumour suppressor as réemios of A20 in tumour cells

showed cell cycle arrest or apoptosis (Compagn®;2Q8to, Ishii et al. 2009).

A20 is considered to be a tumour-promoting fachat tsupports tumour survival and
growth (Vendrell, Ghayad et al. 2007; Hjelmeland) ¥t al. 2010). In addition, normal
A20 may be a tumour suppressor (proapoptotic) arotr enhancer (antiapoptotic)
depending on cell type and tumour stage. In sumntasg or reduced A20 function or
expression is directly linked to the pathogene$ibuwman lymphoma or susceptibility
to inflammatory diseases such as SLE. A20 is reghed a disease susceptibility gene

and A20 can be a target for therapeutic approaehbirmad human diseases.
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1.1.1.5A20 interacting proteins

1.1.1.51 TAX1BP1

A20 requires essential contributions from othertgirs to exert its functions as a
negative regulator of NF-kB. TAX1BP1 was discoveasdan A20 interactor in a yeast
two-hybrid screen (De Valck, Jin et al. 1999). ifeeence of TAX1BP1 expression by
antisense RNAs attenuated termination of NF-kBvégtand promoted apoptosis (De

Valck, Jin et al. 1999).

1 112 117 150 600 686 712713 739 747

SKICH cc cc cC UBZ1 uUBZ2

™
14-3-3-bindingsite

Figure 1.10 Schematic structure of TAX1BP1It contains SKICH, coiled coil (CC) structures and
ubiquitin binding zone (UBZ) domains. SKICH domainntains14-3-3 binding site (RGASTP). The
central part contains two helix loop helix (HLH)grens which are responsible for homodimerisation.
Two UBZ domains both contain binding motif (PPXYr WW domain containing proteins. P; proline;
X, any amino acid; Y, tyrosine

TAX1BP1 is located at locus 7p15 in the human genome (Mggand Kandpal, 2004).
TAX1BP1 localizes in intranuclear speckles, at tBelgi complex, on cytoplasmic
vesicles distributed throughout the cytoplasm aedrnfocal adhesion sites in the
plasma membrane (Morrison, Reiley et al. 2005; ddlriSeeber et al. 2007). Two
isoforms of human TAX1BP1 have been reported, a4@ and 783 amino acids are

expressed to 86KDa and 90KDa proteins respecti@dyValck, Jin et al. 1999).
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TAX1BP1 consists of a novel membrane binding domthie SKIP carboxyl homology
(SKICH) domain, three central coiled-coil regiomsdawo zinc finger domains at the
N-terminus. SKICH domains contain 14-3-3 bindingesi(RGASTP) but the function
of this region is not clear, although SKICH domdiase been implicated in membrane
localisation (Gurung, Tan et al. 2003). The centmiled-coil domain contains two
helix-loop helix regions, and is thought to be mspble for homodimerization and

other protein-protein interactions (Chun, Zhoule2800; Ling and Goeddel 2000).

The TAX1BP1 C-terminus contains two zinc finger dons that also bind ubiquitin
(UBZ). Both UBZs contain highly conserved motifs X3P (prolin-prolin-any amino

acid-tyrosine), which is thought to bind to WW dama&ontaining proteins (Sudol,
Chen et al. 1995). Ubiquitinated substrates sudRiB4 and TRAF6 are thought to bind
to TAX1BP1 via the UBZ2. A20 also binds to TAX1BRia the same region,

suggesting the possibility of TAX1BP1 dimerisatidna, Peloponese et al. 2008).

TAX1BP1 inhibits NF-kB induction. Upon TNFstimulation, TAX1BP1 binds to K63
ubiquitinated RIP1 to block the downstream signglliPreviously, TAX1BP1 was also
called T6BP because it was independently discovae@ TRAF6 binding partner.
Subsequent studies reveal that TAX1BP1 binds to H&Rafter IL-1 or LPS stimulation
and inhibits NF-kB activity (Shembade, Harhaj et26107). TAX1BP1 lacks ubiquitin
editing functions therefore it has been suggedtetl TAX1BP1 is a scaffold protein
that recruits A20 to ubiquitinated substrates tanteate NF-KB signaling (Verstrepen,

Verhelst et al. 2011).
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Figure 1.11 Functions of TAX1BP1. (A)TAX1BP1 recognises RIP1 or TRAF6 then recruits AG0
them. A20 then removes K63 linked ubiquitine chgbise arrow) and attach K48 linked ubiquitin chain
(red arrow) for proteosomal degradation. ITCH afdFR1 also exhibit the uniquitin editing proced) (
TAX1BP1 binds to E3 emzyme to hinder the interactioth E2 enzyme. TAX1BP1 binds to E2 enzyme
directly and recruit A20 to introduce K48 linkedigiitin chains for proteosomal degradation.

TAX1BP1 also disrupts the interaction between E#& &3 enzymes. IMAX1BP1

deficient cells, E2 ligases persist after TNF otllistimulation while they are degraded
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in wildtype cells. Thus, TAX1BP1 may also serve asscaffold that supports
interactions between A20 to the E2 enzymes (UBQi8 @WBCH5C), either to permit
normal E3 ligase activity or to facilitate K48-uhitnation of E2s (Verstrepen,

Verhelst et al. 2011).

TAX1BP1 controls NF-kB activation by TAX1, a humanlymphotropic virus type |
(HTLV-I) oncogenic protein. Overexpression of TAXRB was shown to inhibit NF-kB
activation induced by Tax1, while deficiency of TABP1 enhanced Tax1 induced NF-
kB activation. The underlying mechanism of thisilition is yet to be elucidated, but
recently it was demonstrated that Tax1 binds to TBR1-A20 complexes and blocks

its inhibitory function.

Overexpression or antisense TAX1BP1 experimentsodstrate that TAX1BP1 has
anti-apoptotic properties (De Valck, Jin et al. 99t was suggested that TAX1BP1
recruits A20 to a K63 ubiquitylated protein thatimvolved in apoptotic signalling.
Upon TNF related apoptosis inducing ligand (TRAlkjimulation, Caspase 8
ubiquitylation is an essential for activating ‘enéioners’ Caspase 9 or Caspase 3,
which lead to apoptosis. As mentioned previous®0 As also recruited to this complex
and inhibits TRAIL induced apoptosis by deubiqguiting Caspase 8 (De Valck, Jin et

al. 1999; Jin 2009).

Tax1bpl deficiency in mice revealed its essential roleeigulation of NF-kB mediated
proinflammatory signalling.Taxlbpl” mice die prematurely from age-dependent
hypertrophic cardiac valvulitis (Iha, Peloponeseaét 2008). They also exhibited
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hypersensitivity to sublethal doses of TNF and JLalphenotype also observed in
Tnfaip3” mice. After TNFe, IL-1 and LPSTax1bpl-deficient MEFs show elevated and
persistent NF-kB and JNK activation (Shembade, Bjaghal. 2007). Interestingly, the
phenotype offnfaip3” mice was more abnormal than thatTaé1bpl’ mice. It was

suggested that A20 might be also contribute to gaortic development independently

of TAX1BP1.

1.1.1.5.2 A20 ubiquitin editing complex

A20 and TAX1BP1 also interact with ITCH and RNF1thn a complex that inhibits
NF-kB signalling after TNE, IL-1 or TLR4 stimulation. ITCH was found to
coimmunoprecipitate with TAX1BP1 (Shembade, Ha#dtal. 2008; Venuprasad, Zeng
et al. 2015). ITCH is a cytoplasmic E3 ubiquitigdse. Unlike the majority of E3
ubiquitin ligases, which contain really interestmgw gene (RING) motifs, ITCH is one
of 28 E3 ligases that contairhamology to the E6 associated protein carboxyl terminus
(HECT) motif. ITCH contains four N-terminal WW doima, which consist of two
conserved tryptophans separated by 20-22 aming.atice HECT domain binds to E2
and transfers ubiquitins to a substrate, and the ddmain binds PPXY maotifs to

mediate protein-protein interactions (Sudol, Chieal €1995).

Itch-/- mice exhibit spontaneous inflammation of lungdastomach, hyperplasia of
lymphoid and hematopoietic cell, altered coat cpl@and constant scratching (Perry,
Hustad et al. 1998; Fang, Elly et al. 2002). Immagal analysis revealed a severe

bias to Th2 differentiation, and the majority oéithT cells adopt an effector memory T
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cell phenotype (CD44CD62°) (Fang, Elly et al. 2002)tch” cells showed constitutive

activation of NF-kB.

RNF11 is RING type E3 ligase of 154 amino acidg #iao contains an H2 finger
domain in its C-terminus, which may facilitate miotprotein interactions (Li and Seth
2004; Shembade, Parvatiyar et al. 2009). RNFllagmta WW binding domain
(PPXY) maotif, is predicted to interact with ITCHrdugh this motif, and form a A20
ubiquitin editing complexRnf11” cells showed persistent NF-kB activation upon TNF,
IL-1 or LPS stimulation, similar to the signallimigfect seen ifinfaip3” cells. RNF11
may facilitate termination of NF-kB signalling byiguiting substrates, however, the
exact function of RNF11 in the complex is yet todbacidated (Shembade, Parvatiyar

et al. 2009).

In summary, A20 interacts with RNF11, ITCH and TA#1, which form an A20
ubiquiting editing complex after cell activation2@ and substrates bind to TAX1BP1,
which together with ITCH, are thought to bind to RIN via their WW domains
(Hymowitz and Wertz 2010). The details of the phgbinteraction between TAX1BP1
and ITCH are yet to be determined. TAX1BP1 has beeposed as the scaffold
protein of the complex. Scaffolds are normally baieally inactive but facilitate
interactions crucial for efficient signalling. Retly, evidence emerged, however, that
the complex depends on TAX1BP1 phosphorylationeAfiNFo or IL-1 stimulation,
IKK a phosphorylates TAX1BP1 at Serine 593 and Sering ffomoting interaction
among TAX1BP1, A20, ITCH and RNF11 (Shembade, Pgaal. 2011). It is likely

that phosphorylation triggers a conformational geim TAX1BP1, and that the zinc
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fingers and PPXY motifs are rendered accessibledoruitment of ITCH, RNF, and

A20 and their respective substrates.

11151 ABIN1

A20 binding inhibitor of NF-kB 1 (ABIN1) was disceved as an A20 binding partner
in a yeast two hybrid screen of mouse fibrobla&®&0(as bait) (Heyninck, De Valck et
al. 1999). Humam\BINL1 is located on chromosome 5932. ABIN1 comprises £&IN
homology domain§AHDs), a UBAN domain, a leucine zipper (LZ) sttuie and a
NEMO binding domain (NBD) at its C-terminus confamthe YPPM (tyrosine-prolin-
prolin-methionine) Src kinase phosphorylation moABIN1 contains four putative
nuclear export signals and a nuclear localizatonl constitutively shuttles between the

cytosol and the nucleus in a Crm1 dependent waptEG Dtt et al. 2000).

Overexpression of ABIN1 inhibits NF-kB activatiordkétrepen, Carpentier et al.
2009), while antisensdnfaip3 RNA was shown to perturb inhibition of NF-kB
activation, leading to the conclusion that the hitiory function of ABIN1 is mediated
by A20. Abinl deficient mice exhibit a more severe phenotypen tﬁafajpB"'mice,
suggesting that ABIN1 might regulate NF-kB throuwagiditional pathways. ABIN1 is
an essential regulator in embryonic developmenichvis dependent on TNF-induced
NF-kB activity. ABIN1 specifically interacts with BMO via its NBD domain, and
facilitates recruitment of A20 to NEMO to exert iteubigitination activity to the
substrate. In addition, ABIN1 inhibits apoptosis tipdering caspase 8 recruitment to

FADD.
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1.1.1.5.2 CCDC50

CCDC50 (Coiled-Coil Domain Containing 50; YMER) @nother A20 interactor,
identified by yeast two-hybrid screen (Bohgaki, Kigama et al. 2008). Like other A20
interactors, overexpression of CCDC50 results mmiteation of NF-kB signalling,
whereas reduced expression enhances NF-kB act@®BDC50 binds directly to its
substrate without ubiquitin chains therefore issidered to regulate signalling as an
adaptor protein, in a manner similar to NEMO (Bdhgdlsukiyama et al. 2008;

Tsukiyama, Matsuda-Tsukiyama et al. 2012).

1.1.2 Non-canonical pathway

The non-canonical NF-kB pathway predominantly mediahe activation of RelB/p52.
Activation of the canonical pathway is rapid andcws independently of protein
synthesis. By contrast, activation of the non-cacednNF-kB pathway is slow and
depends on protein synthesis. Even though NF-kB: HBaen intensively investigated
for the past 30 years, the non-canonical pathwggtiso be understood completely, but
gene deficient mice indicated that the non-candrpedhway is essential for B cell
maturation, lymphoid organogenesis and osteoclestxgjs (Dejardin 2006;

Gerondakis and Siebenlist 2010; Zhu and Fu 2019ablo2011).

Non-canonical signalling proceeds via processingpd®0 (NFKB2) to p52. Unlike
constitutive processing of p105 in the canonicalkBFpathway, p100 processing is
tightly regulated by signal induction and is iniéd by relatively few stimuli, most

notably ligation of CD40, LR and BAFF-R.
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1.1.2.INFKB2

NFKB2 or p100 is a protein of 900 amino acids. Kalother NF-kB subunits or IkBs,
p100 contains both REL homology domain (RHD) anklyan repeat domains (ARD).
ARDs are thought to inhibit nuclear translocatidntranscription factors by covering
nuclear localization sequences (NLS), which istedan RHD. ARD has been reported
to interact with RHD in p100 and its tight threenginsional structure may prevent p100

processing in unstimulated cells.
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Figure 1.12 Non canonical NF-kB pathwayJpon noncanonical stimulation, NIK become stabdizad
activated. NIK then activates IKKa and IKKa phospitates p100 at the phosphorylation sites. TrCP in
SCF E3 liages binds to ubiquitin binding site amdquitinates p100 via K48 linkage. C terminal pairt
pl100 is degraded and p52 containing heterodimees amo the nucleus for gene expression.
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The processing inhibitory domain (PID) and NIK respive domains (NRD are
downstream of ARD. The core region of the PID @eath domain (DD), demonstrated
to be responsible for inhibition of constitutive Qfl processing (Xiao, Harhaj et al.
2001). DD and/or ARD were shown to be negative ledgus of p100 processing, as a
p100 truncated mutant lacking whole PID or pai&D underwent constitutive p100
processing (Liao and Sun 2003). The nuclear loattim sequence is critical for
constitutive p100 processing and location; trurdapd00 is translocated into the
nucleus. Interestingly, truncated p100 with addi#lomutations in NLS locate in the
cytoplasm and constitutive p100 processing is il indicating that constitutive
p100 processing is dependent on nuclear transtocafine possible explanation for this
observation is that the E3 ligases responsibl@i®0 processing are more abundant in

the nucleus (Liao and Sun 2003).

i RHD BN IR oo o

Processing ANK PID

Figure 1.13 Schematic structure of p100p100 contains Rel homology domain (RHD), ankyripeat
domain (ARD) processing inhibitory domain (PIDhdaNIK responsive domain (NRD). PID contains
the core inhibitory domain, death domain (DD). NRDesponsible for p100 inducible processing and it
contains phorphoylation sites. These sites aregitarglated by IKkt and bound by TrCP of SCF E3
ligase upon stimulation.

The NRS is located at the C terminus and is piviaap100 processing under normal
conditions. Deletion of NRS abolished phosphorglatiof p100 and consequently

inhibits p100 processing (Xiao, Harhaj et al. 200Lhe NRS is phosphorylated by
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IKKa in a NIK-dependent manner, tagging the proteinbioding by ubiquitin ligase

which is necessary for partial degradation in tteegmsome.
1.1.2.2Phosphorylation of p100

Xiao and colleagues discovered that NF-kB induckigase (NIK) regulates the
processing of NFKB2 (Xiao, Harhaj et al. 2001). NBKa MAP kinase kinase kinase
(MEK3K) and can be activated by both canonical arah-canonical pathways.
Originally, NIK was identified as a mediator of TNIE1 induced canonical NF-kB
signalling, howeveraly mice (carrying spontaneous loss of function muretimm Nik)
andNik” mice showed that NIK was dispensable in the cardpiathway but essential

for p100 processing (Shinkura, Kitada et al. 1999).

NIK was initially thought to bind directly to p10@r p100 phosphorylation as a NIK
complex isolated from mammalian cells was able Hosphorylate p100. Subsequent
studies revealed that IkKdirectly phosphorylates p100, and neither [KKor IKKy

are required for p100 processing (Senftleben, €ab 2001; Liang, Zhang et al. 2006).

IKK o can be activated by both canonical and non-caabsionulation, although in the
absence of NIK activation, phosphorylation of liKKia the canonical pathway fails to
phosphorylate p100. This demonstrates that p100epsing depends on NIK through
phosphorylation of IKK. In the absence of NIK, p100 fails to associatthikKKa,

which implies that NIK may contribute to this irdetion as an adapter protein.
Nevertheless, NIK may not simply act as a bridgeahse only low levels of NIK are
required to form relatively high amounts of plOUK complexes. It has been

postulated that the three-dimensional conformatistracture of p100, formed by both
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the DD and the N-terminus, is modified by interat with recycling NIK, leading to
exposure of docking sites for Ikkon p100 (Senftleben, Cao et al. 2001; Xiao, Fdng e
al. 2004). Finally, IKKx phosphorylates both NIK and p100, which appeamdgide a

negative feedback loop.

IKKo and NIK result in p100 phosphorylation at seriré6 8&nd serine 870, and
phosphorylation at both sites is necessary for glf@@essing in vivo, although they
appear to be dispensable for p100 phosphorylatypmelsombinant IKK in vitro.

Serine 872 was also discovered to be a criticabphorylation site as substitution of

this site abolished p100 phosphorylation in vitt@fg, Zhang et al. 2006).

1.1.2.3Inhibitory molecules, TRAF2/TRAF3/clAP1/2 complex

Although NIK mRNA is relatively redundant and unglees protein synthesis, NIK
expression is undetectable in resting cells (Li&tang et al. 2004). This appears to be
because of proteasome mediated degradation of Nd#iated by the TRAF2, TFAR3
and clAP1/2 complex (Zarnegar, Wang et al. 2008gheof these proteins contains one
to three zinc-binding baculovirus IAP repeat (Bi®main, which has anti- apoptotic
activity, and a carboxy-terminal RING domain withiquitin ligase activitiy (Salvesen
and Duckett 2002; Liston, Fong et al. 2003; Vauxi &ilke 2005). BIR domains
interact with the N-terminal of TRAF2 (Rothe, Parak 1995). The first twa-helices

of the first BIR in the c-IAP1/2 complex are crudiar this interaction (Samuel, Welsh

et al. 2006; Varfolomeev, Wayson et al. 2006).
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TRAF molecules regulate both canonical and non-c@ab pathways. TRAFs were
originally identified as adaptor proteins but moeeent studies reveal that they have
enzymatic function as well. TRAF3/NIK interactiortarget NIK for continuous
degradation by the proteasome. TRAF3 is recruittdr adifferent non-canonical
stimuli, and is predicted to regulate NIK (Liao,a&ftg et al. 2004). Indeed, TRAF3 has
been shown to physically interact with NIK. Thisaraction and subsequent processing
of NIK depends on a sequence motif ISIIAQA locabedween amino acids 78 and 84

of NIK (Liao, Zhang et al. 2004).

1 121 318 390 660 947

Figure 1.14 Schematic structure NIKIt contains negative regulatory domain (NRD), kea®main,
and non-catalytic region (NCR). TRAF3 bins to Nmérus of NIK via TRAF3 bindind motif (ISIHIAQA)
at 78-84 and IKlk and p100 bind to NIK via NCR

Purified TRAF3, however, does not ubiquinate NIKggesting that there may be other
regulators in the NIK degradation process. (Vaniwev, Blankenship et al. 2007;
Vince, Wong et al. 2007; Vallabhapurapu and Kai@®%9). Subsequent evidence has

emerged that TRAF2 and the clAP1/2 complex alsaletg NIK abundance.

TRAF2 was originally discovered to be a componegnTHFR complexes after TNF
stimulation. Two TNFRs, TNFR1 and TNFR2, are présem most cell types and
TRAF2 interacts with TNFR1 directly or with TNFR&robugh the adaptor protein,
TRADD. TRAF2 is itself an adaptor protein in NIKg@ation that supports TRAF3

and 1AP1/2, yielding the TRAF3-TRAF2-IAP1/2 complédRAF2 consists of a highly
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conserved TRAF-C domain and a coiled-coil TRAF-Nndin. While the C-domain is
required for TRAF2 recruitment to the receptor, NMelomain interacts with clAP1/2
through a baculovirus IAP repeat (BIR) domain (¥BHapurapu, Matsuzawa et al.
2008). It has been reported that TRAF2 has anagruptotic function and is required to

recruit IAPs (Gardam, Turner et al. 2011).

Knock down of TRAF2, TRAF3 or clAP2 in murine embnyc fibroblasts (Romberg,
Chamberlain et al.) resulted in similar phenotypesth NIK accumulation and
abundant p52 production (Grech, Amesbury et al42Q@o, Zhang et al. 2004; He,
Zarnegar et al. 2006; Xie, Stunz et al. 2007; Gmgh@otsapas et al. 2008; Gardam,

Turner et al. 2011). Thus, it appears that TRAFRAF3 and clAP2 are all necessary

Cytoplasm W

Figure 1.15TRAF2/TRAF3/ clAP1/2 complex in a restig cell In resting condition, NIK maintains at
very low level. NIK is bound by TRAF3 and the clARIubiquitin ligases are recruited to via TRAF3
dimerisation with TRAF2. clAPs then ubiquitinateKNVia k48 linkage and consequently NIK.becomes
degradation by proteosome.
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for normal suppression of p100 processing by Nikrddation. While TRAF3 and
TRAF2 contribute as adaptor proteins, the clAPIdthplex functions mediates K48
ubiquitination of NIK, which leads to its proteasmmdegradation (Varfolomeev,

Blankenship et al. 2007; Zarnegar, Yamazaki e2@08).

1.1.2.4Degradation of inhibitory molecules upon activation

CD4oL
CD40
Cytoplasm

Figure 1.16 NIK activation and stabilization upon $imulation Upon stimulation, TRAF2/ TRAF3
clAP complex is recruited to the receptor and TRAd#€#vate clAPs to target TRAF2 and TRAF3 for
K48 linked ubiquitination. Deradation of TRAF3 alleWNIK to be accumulated and stabilized. NIK then
phosphorylates IKK and IKKa phosphorylates p100 leading to p100 processing

Receptor ligation activates TRAF2, which acts a€8rubiquitin ligase to attach K63
to c-IAP1/2. Activated clAP1/2 complexes are E3quitin ligases that attach K48

linked ubiquitin chains to TRAF3 molecules, flaggiit for proteasomal degradation.
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After TRAF3 degradation, activated NIK accumulatésdetailed understanding of the

relative preference of IAP1/2 for either TRAF3 dikNhas yet to be elucidated.

1.1.2.5Ubiquitination of p100

Phosphorylation of the two serine residues at @ytaus of p100 leads to recruitment of
the SCF complex E3 ligase. Phosphorylation creatsading site fop-TrCP, a subunit
of the SCF complex3-TrCP binding site motif was reported as DSGxxx®atif that

is also found in other proteins including IkBs, p1@-cat and Vpu (Figure 1.17B-
TrCP of SCF physically interacts with p100 follogiphosphorylation of serines 866

and 870 in a NIK-dependent manner and stimulategiitimation.

IkBo DDRHDSGLDSMK
IKBp DEWCDSGLGSLG
IkBe ESTCDSGVETSF
plo5 DSVCDSGVETSF
B-cat QSYLDSGIHSGA
Vpu ERAEDSGNESEG
pl0o0 EVKEDSAYGSQS

Figure 1.17 Binding sequences @-TrCP in human proteins

Physical interaction of-TrCP with pl00 is pivotal for the ubiquitinationng
processing of p100 (Fong and Sun 2002). The ulimgadceptor site of p100 (K856) is
located upstream of the phosphorylation site (Amifaecker et al. 2004).

Polyubiquitinated p100 is then subjected to padéjradation by the S26 proteosome.
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856 KLPSTEVKEDSAYGSQS

Figure 1.18 SCF E3 ligase complex and binding sit#f p100Phosphorylation at serine 866 and serine
870 is a prerequisite for ubiquiting binding. PHomylation was thought to create binding dockirtg si
for B-TrCP and exhibit E3 ligase activity at K856 (Suii2)

1.1.2.6Degradation of p100 by proteasome S9

The S26 proteasome complex is composed of two suplexes: 20S catalytic particle
and 19S regulatory particle. S20 forms a cylindrigeoteolytic chamber with four
stacked heptameric rings. S19 particles are locateloth sides and are thought to
facilitate 20S by recognizing and recruiting ubtmated p100s, unfolding the substrate

so that it can enter the proteolytic chamber of208 catalytic particle.

The 19S particle is also composed of two subcongslea base and a lid. While the
base complex is composed of six AAA families of ABBs and three other proteins, the
lid complex is composed of eight non-ATPase prate®0 is located in the lid of the
19S subunit and interacts with p100 (Fong, Zharg.e2002). The death domain (DD)
of p100 appears to be critical for 9S binding, aketion of the DD of p100 abolished
the interaction between DD and S9 (Fong, Zhang let2802). NIK-induced
ubiquitination of p100 is a prerequisite for théenmaction, however, S9/DD interactions
can also be induced in the absence of NIK wherségriences located downstream of

the DD of p100 are deleted (Fong and Sun 2002yds$ therefore proposed that
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ubiquitination induced conformational changes o®d(@Aand rendered DD accessible to

S9.

As mentioned above, DD is thought to be a negatigellator of p100 processing as a
p100 truncated mutant lacking DD (pXIDD) underwent constitutive plQfrocessing
(Xiao, Harhaj et al. 2001). Partial degradationp@dO is required for its constitutive
activation, however, it has also been demonstraibed constitutive processing of
plODD is regulated by different mechanism independerdf NIK induced

ubiquitination (Fong and Sun 2002).

Ubiquitinated p100 binds to S9 and enters the pigtie chamber of the 20S catalytic
particle. P100 is cleaved at residue D415, yielgibg by partial degradation (Qing, Qu

et al. 2007).

1.1.2.71IKB like function

p100 processing liberates not only p52 but also REML00 /RELB complexes are
commonly found in the cytoplasm, and p100 is thaughnhibit RELB translocation to

the nucleus, therefore acting as an IkB. The Ikicfion of p100 is consistent with its
structure, which includes an ankyrin repeat domeamymonly seen in other IKBs. The
IkB action of p100 was discovered after it was obse that IkBy did not completely

abolish retention of p65 in the cytoplasm (Sun, ¢kamet al. 1993; Sun, Ganchi et al.
1994). Subsequent work revealed that p100 bound@becomplex. (Novack, Yin et al.
2003; Basak, Kim et al. 2007; Tucker, O'Donnelbkt2007). As a result of this IkB

action, p100 processing modulates transcriptioniated by both RELB and p52.
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More recently, Basak and his colleagues found g@0 interacts with RelA as well as
RelB in wildtype MEF, thereby controlling the cateal pathway even in the absence
of canonical NF-kB stimuli (Basak, Kim et al. 200® 2007, Tucker and colleagues
revealed that an ENU straibyml, harbours a point mutation Mfkb2 that results in a
p100 truncation mutant (Y868>X) proximal to the @ed serine phosphorylation site.
In this strain, p100 processing is impaired, arertiice exhibit a more severe clinical
phenotype tharNfkb2 knockout mice. They also showed that unprocessiil@0
interfered not only with p52 and RelB translocatidiut also canonical NF-kB
transcription factor RelA translocation by interagtwith RelA (Tucker, O'Donnell et
al. 2007). In summary, p100 processing has beemdstmated to control canonical and

non-canonical NF-kB pathways.

1.1.3 Crosstalk between canonical and noncanonincal NF-kBathways

In addition to regulation of canonical NF-kB by (@ Oother pathways of cross-talk
between canonical and non-canonical pathways éXiktwas originally discovered as
a mediator in the TNk induced canonical NF-kB pathway, however, it isvneell
known that NIK is an important element in non-caonah NF-kB pathway and
accumulation of NIK predominately activates the noanonical pathway. NIK
contributes to the activation of canonical pathwdnen NIK is present in excess. Thus,
NIK accumulation seen in TRAF3 deficient cells mlymphomas resulted in activation
of both canonical and non canonical pathways (ZgneYamazaki et al. 2008;

Demchenko, Glebov et al. 2010; Pham, Fu et al. 2011

40



Novel NF-kB mutations in common variable immunodeficiency (CVID)

RIP1 may be involved in inhibition of non-canonigathway. RIP1 is an important
adaptor protein in TNFR-induced canonical NF-kB hpaty. As mentioned above
TNFR1 activates the canonical NF-KB pathway. Ssipgly, TNFR1 has an intrinsic
activity to activate the non-canonical pathway. leer, the non-canonical NF-kB
activation is not induced by TNFR1 under normalditian because RIP1 inhibits the
non-canonical NF-kB activation by stabilizing TRABRd clAP2 in a manner that the
kinase activity of RIP1 is not required. Upon TN#mwlation RIP1 deficient cells

induced p100 processing due to degradation of TRé#F2nd cAIP1 (Gentle, Wong et
al. 2011; Kim, Morgan et al. 2011). RIP1 may b®odhvolved in inhibition of TRAF2

recruitment to TNFR1.

1.2 Functions of NF-kB signalling in immune system

NF-kB was discovered as a key regulator of indecigpéne expression (specifically
kappa light chains) in the immune system. Subsequwenmk has identified many
functions of NF-kB in the immune system. The anialyg mice deficient for different
NF-kB family members as well as mice lacking diffier NF-kB inhibitors or IKK
subunits demonstrated that they play a major raoledifferentiation, proliferation,

apoptosis and lymphoid organogenesis in inmunesy$table 1.1).

NF-kB signalling is involved in primary lymphoid gan development (bone
development and thymus architecture) and secorgarghoid organogenesis (splenic
architecture, B cell follicles, marginal zones, [yfm nodes, Peyer's patches and
germinal centres) (Gerondakis and Siebenlist 26f3,den and Ghosh 2011). Several

NF-kB knockout mouse models have shown that thecamonical NF-kB pathway is
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crucial for lymphoid organogenesis. These modettude mice deficient in RelB or
NIK or with compound deficiency in NFKB2 and Bcl& harbouring inactivating
mutations of IKKa or NIK (Matsushima, Kaisho et 2001; Senftleben, Cao et al. 2001;
Weih, Yilmaz et al. 2001; Paxian, Merkle et al. 20¥ilmaz, Weih et al. 2003; Zhang,
Wang et al. 2007)NF-kB regulates lymphoid tissues by inducing meatit of
lymphoid organogenesis such as CXCL12, CXCL13, CLLCCL21, MadCAM,
TNFa and LTa1p2 (Ruddle and Akirav 2009; van de Pavert and MeB®0). FDCs
produce CXCL13 to attract B cells to form B celllifdes, and abnormal non-canonical
NF-kB pathway activation via LTbR inhibits normabrination of B cell follicles

(Mebius and Kraal 2005).

NF-kB signalling is also known to be pivotal in Ipimocyte development. Pre-B cells or
double negative stage IV T cells showed high lewélsuclear NF-kB activity and
inhibition of NF-kB by IkB a super-repressor alleésults in apoptosis of these cells
due to the failure of induction of anti-apoptotiofin Al. In both cases, NF-kB is
thought to confer cell survival due to signals tthepend on the pre-lymphocyte
receptor (Feng, Cheng et al. 2004; Jimi, Phillipale2005). In later stages of T cell
development, double positive T cells (CD4+ CD8+jlengo positive and negative
selection to become single positive T cells (CD4-8<br CD8+ CD4-). In this
compartment, NF-kB activity appears to be propodido lymphocyte antigen receptor
binding affinity(Kishimoto, Surh et al. 1998; Hetmn, DiDonato et al. 1999), which in
turn contributes to proapoptotic or antiapoptogisponses. During positive selection,
NF-kB activity confers survival factors, althouglr¥B appears to sensitize

thymocytes to apoptosis in negative selection (iisiio, Surh et al. 1998; Hettmann,
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DiDonato et al. 1999). Genetically modified mousedels reveal that RelA is
predominantly expressed in the thymus cortex wRétéb and cRel were highly
expressed in the medulla. Furthermore, RelB-/- it@ved severely impaired negative

selection(Gerondakis, Grumont et al. 2006).

During B cell development, negative selection eliatés B cells which bind to antigen
with strong affinity. NF-kB contributes to this pnse, although by contrast with
negative selection in the T cell compartment, NFad8vity is reduced in during B cell
negative selection (Wu, Lee et al. 1996). In matBreells constitutive low grade
nuclear expression of both canonical and non-caabiNF-kB was reported in resting
cells and it was thought to be required for B &elivival (Gerondakis and Strasser,
2003; Claudio et al., 2006). Pro- pre B cell maiorarequire RelA while late B cell
maturation from T1to T2 stage of B cells requireAHBR mediated non-canonical

pathway (Klionsky, Abdalla et al.).

NF-KB is also required in lymphocyte differentiatiafter stimulation by antigen. In the
case of CD4+ T cells, {D cells differentiate into J1, Th2, T49, Tyl7, Th22 and
inducible Treg, and this differentiation is regeldtby transcription factors T-bet,
GATA3, PU.1 RORt and FOXP3, respectively. NF-kB was shown to bhslwved in
induction of this transcription factors (Corn, Hentet al. 2005). NF-kB allows
lymphocytes to survive from antigen inducing cedlath (AICD) by inducing anti
apoptotic genes including A1 and BCL-Xc-Rel deficient cells were rescued from

apoptosis by transgene expression of antiapopgjetie BCL2 (Grumont et al., 1998).
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Furthermore, NF-kB plays an important role in myeldifferentiation.c-Rel andRela
were reported to be vital components in erythrocgitierentiation in vivo and
monocyte differentiation in vitro (Grossmann, Mditcat al. 1999; Gerondakis,
Grumont et al. 2006). IKKb also negatively contr@utrophils proliferationlkbkb™

myleloid cells resulted in massive neutrophilia@re Arkan et al. 2007).
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Table 1.1 Phenotype of knockout mice for NF-kB sigalling components

Type Mutated gene Phenotype of Knockout mouse
RelA (p65) Died at E15.5-E16.5; TNF dependent liver apoptodéfect in
lymphocyte activation, sensitivity to TNF
NFKB1 Survival to adult; defect in lymphocyte activation
o NEKB2 Survival to adult; disruption of splenic and lymphode
o)) architecture; defective T cell response
c
n Died postnatally from multi organ imflammation: Tellc
RelB infiltration of organs, skin inflammation; requitdor dendritic
cell development
C-Rel No developmental defects; defects in lymphocyte &nd
macrophage functions; impaired T cell and B cedivation
RelA and Died at E13.-E14.5, defects in b LYMPHOPOIES
NFKB1
m . _ . - . .
~ RelA and c-Rel cI?led at E13-E13.5 early liver apoptosis; skin epidées
U evelopment
< % NFKB1 and c- | Decreased humoral immunity, lack of germinal centre
§ Rel
NFkB1 and Died postnatally; lack mature B cells and ostedblaseduced
NFkB2 growth, craniofacial abnormalities
NFkB1 and Died postnatally owing to immune deficiency , B lc¢l
RelB developmental defects
Splenomegaly; enlarged lymph nodes; infiltratiofidyang and
NFKB1 AC liver; susceptibilit to pathogens Die postnatalyirg to immune
= .5 deficiency
€5 - . . . ] .
C(LG < NEKB2 AC (Iij)led postnatally owing to immune deficiency; mukiporgan
S efects
C-RelAC Lymphoid cell hyperplasia
Defects in keratinocyte differentiation, bone andmbl
IKK1 development and mammary epithelial proliferation,mature B
cells, impaired RANKL induced NF-kB activation ardIK
induces p100 processing
X
Y IKK2 Died at E13.5-E14.5 owing to TNF dependent liveo@psis,
- impaired NF-kB activaton by IL-1, TNF and LPS
NEMO Died at E11.-E12.5 owing to TNF dependent live apoptosis
induced NF-kB activation in MEFs
Early neonatal lethal inflammatory dermatitis amdrgilocytosis;
IkBa constitutive NF-kB activity increased in lymphocyte
@]
-E kBe NO defect in NF-kB activation; lack severe immunefedts;
c reduction in number of CD44-CD25+ T cells
c
"5 Bcl-3 Disrupted splenic architecture; defects in B andell responses
2 to antigens
1
LZL A20 Died postnatally with multiorgan inflammationcachacasia
TAX1BP1 Died postnatally with cardiac valvulitis

AC, carboxy terminal deletion; E, embryonic day
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1.3 Mutations in Human NF-kB

In the past few years, several variants in NF-k@nailing have been identified in
humans with various forms of pathology (Geha, Nartgelo et al. 2007). Many of these

have been identified by whole exome sequencing.

As described above (refer to 1.1.1.2.3), caspaseitment domain (CARD) 11 gene
encodes a protein that acts as a scaffold for NsigBalling downstream of TCR and
BCR. Upon TCR activation, PK&€ phosphorylates CARD11 and BCL10 plus MALT1
are recruited to form the CBM complex. Activatiohtibke CBM complex induces IKK
activation and consequently NF-kB activation. Fgenetic variants (one deletion and
four single nucleotide polymorphisms (SNPs)) hagerbreported in humabARD11.
Deletion of exon 21 (1377 bp) of this gene anduadation mutation (Q945X) resulted
in complete protein deficiency, while the othersravenissense mutations in which
protein levels were normal. G123D conferred los$dottion (Greil, Rausch et al.
2013; Stepensky, Keller et al. 2013) mutation white others (E127G, G116S)
conferred gain-of-function (GOF). CARD11 deficienoy LOF mutations result in
reduced or no IKK activation due to failure to eittiorm or properly activate the CBM
complex. The phenotype of these mutations is raetloc@bsent T cell proliferation and
differentiation. On the other hand, the GOF motadi lead to constitutive NF-kB
activation, and the phenotype is accumulation whieally differentiated B cell (Snow,

Xiao et al. 2012; Turvey, Durandy et al. 2014; Br&tinson et al. 2015).
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One loss of function germline mutation in BCL10 l&en described, in a patient with
a combined immunodeficiency. A homozygous splicee snutation affecting the
invariant first nucleotide of intron 1 causes coet@lBCL10 deficiency and confers
defects of both hematopoietic and non hematopoietiounity (Lee, Shin et al. 1999;
Willis, Jadayel et al. 1999; Torres, Martinez-Bearte et al. 2014). Two missense
MALT1 mutations have been reported. Deficiency oAIM1 results in combined
immune deficiency with abnormal IkB a degradatiard dL-2 production (Jabara,

Ohsumi et al. 2013; McKinnon, Rozmus et al. 2014).

A nonsense mutation (Q422X) iIlKBKA has been reported, which causes IKK1
deficiency and results in autosomal lethal Cocoke-lsyndrome characterised by
multiple fetal malformations. Two genetic variamiere described in humdKBKB, a
nucleotide addition at ¢.1292 and a nonsense mouatdfR272X), which both confer
complete IKK2 deficiency. Patients with IKK2 deficicy exhibited severe combined
immune deficiency due to impaired responses toouarstimuli (Pannicke et al., 2013;
Nielsen et al., 2014). Numerous mutations have bdescribed in humahkKBKG
(NEMO). In females, hemizygou&BKG mutations cause incontimentia pigmenti. In
males, different mutations result in immunodeficigrnwith or without ectodermal

dysplasia (Lahtela, Nousiainen et al. 2010).

LUBAC is a ubiquitin ligase complex comprising HGI1L. HOIP and SHARPIN
proteins (Gerlach, Cordier et al. 2011, Ikeda, bBeret al. 2011; Tokunaga, Nishimasu
et al. 2012). As described above, LUBAC is impartam IKK activation and NEMO

recruitment. Several mutations have been descrihedenes encoding the human
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LUBAC complex. Eight genetic variants were discagerin HOIL-1 (Boisson,
Laplantine et al. 2012; Boisson, Laplantine et24115). 6 mutations were found in
patients with glycogen storage myopathy without imadeficiency and 2 mutations
(Q185X, 2 nucleotides deletion in exon 3) were fbuin patients with
immunodeficiency. Loss or reduced function of HQllresulted in defects in NF-kB
activation. One mutation (L72P) has been reportedHOIP. Although functional
analysis has not been reported, the mutation wedigted to cause loss of function
(Nilsson, Schoser et al. 2013). ITCH is E3 ubiguiigase and a homozygous single
nucleotide insertion at 394 inTCH was identified in Amish patients from
consanguineous families. This homozygous mutatesults in ITCH deficiency and
confers multisystem autoimmune disease with monaiol and developmental
abnormalities. Physical growth, craniofacial morplgy, muscle development and
immune function were destructively affected in themtients (Lohr, Molleston et al.

2010).

48



Novel NF-kB mutations in common variable immunodeficiency (CVID)

Table 1.2 Phenotype of gene knockout compson between humans and mice

gene

Phenotype of knockout mice

Phenotype of lasseduced function in
humans

CARD11

Healthy and fertile defective T celPneumonia due to Pneumocystis jirove

B cell activation failed to produc
specific antibody, IgM high B cell
impairment of NF-kB Jnk activatio

einfection, increased numbers of transitiong
cells and decreased regulatory T ce
ndefective NF-kB signaling in lymphocyte
upon activation

MALT1

Defective in antigen receptq

induced NF-kB activation, cytokinelkBa, decreased IL2, poor antibody respo

production, and proliferation

rimpaired degradation of the NF-KB inhibit
and decreased T cell proliferative respon
absent proliferation and blast formation

CD3+ cells, decreased phophorylation
p65,

BCL10

Embryonic lethality, sever
immunodeficiency  defective i
antigen receptor induced NF-K
activation reduction in follicula
marginal zone B1 B cells

eHypogammaglobulinemia and a profou
ndeficiency of memory B cells and memory
Beells with predominantly circulating nai
r cells, impaired NF-kB signaling via TLR4
fibroblasts, impaired development in B ce
and impaired proliferation in T cells

IKBKA

Defects in keratinocyte
differentiation, bone and Ilim
development and mammal
epithelial proliferation, no mature
cells, impaired RANKL inducec
NF-kB activation and NIK induce

p100 processing

Abnormal cyst in the cranial region, a lan
bdefect in the craniofacial area,
nomphalocele and immotile and hypoplas
Blimbs -Cocoon syndrome, the fetuses w

S

to mitogens; impaired B cell differentiatiop,

1 terminated at14 and 13 weeks of gestation|.

cii
I b
Ils,

bS

DI
nse

SES

n
of

nd

=]

Is,

ge

—

C
ere

IKBKB

Die at E13.5-E14.5 owing to TN
dependent liver apoptosis, impair
NF-kB activaton by IL-1, TNF an
LPS

FHypo/agammaglobulinemia  with relative
edormal number s of circulating B and T ce
J Impaired phosphorylation of IkBa with TNF
stimulation and flagellin via TLR5. B and
cells were of the naive type and showed p
differentiation o mitogenic responses un
certain conditions, impaired phosphorylati
of p65 and proliferation of T cells

y
Is.

a
T
oor
der

IKBKG

Die at E11.5-E12.5 owing to TN
dependent live
induced NF-kB activation in MEFs

apoptosis, nanduced NF-kB activation in preB and

FEcdermal dysplasia, reduced TNFa and L

lymphocytes

PS

Itch

Inflammation of the Ilung an
stomach, hyperplasia of lympho
and hematopoietic cells an

dMultisystem autoimmune disease with fag
ddysmorphism
d

ial

constant itching
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Human mutations presented are often similar butiaertical to phenotypes of mice
with engineered deficiencies of the same genesl|€Tal?). There are also some
significant differences. For examplikbkb deficiency is embryonic lethal, whereas in
humans)KBKB deficiency, caused by a homozygous duplicatiot?@2dupG) in exon

13, showed more restricted functions (Pannickenian et al. 2013). Thus, analysis

of rare human variant alleles provides unique imsignto human immunity.

1.4 Common variable immune deficiency

Common variable immune deficiency (CVID) is the mosommon primary
immunodeficiency with an incidence estimated aDQaD to 1:50000 (Salzer, Warnatz
et al. 2012). CVID was firstly reported in 1953 bgneway and his colleagues, when
they described a 39 year old patient who had aotyisvf recurrent sinopulmonary
infections, bronchiectasis andaemophilus influenzae meningitis. The diagnosis of
CVID depends on three features: hypogammaglobutiaeof two or more
immunoglobulin isotypes (low IgG, IgA, or IgM), necent sinopulmonary infections,
and impaired functional antibody responses (Pagt.e2008). The number of B cells in
peripheral blood can be normal or reduced, and pituportion of class switched
memory B cells is often reduced (Cunningham-Rund!@89; Cunningham-Rundles
and Bodian 1999). Reduction of class-switched mgrBocells was shown to correlate
with granulomatous disease, splenomegaly and aotaime cytopenias (Wehr, Kivioja

et al. 2008).

50



Novel NF-kB mutations in common variable immunodeficiency (CVID)

Functional abnormalities are often found in T @aimpartments, particularly during in
vitro analysis, and this is the reason for theusidn of thecombined in the name of the
syndrome. In older literature, various abnormaditieere reported, including abnormal
cytokine production, and decreased T helper ceittion (Baumert, Wolff-Vorbeck et
al. 1992; Holm, Sivertsen et al. 2004). More relsergbnormalities of T cell function
have been characterised more precisely in Mendegesion of CVID (Bateman, Ayers
et al. 2012). Patients do not usually suffer wippartunistic infections typically seen in

patients with T cell deficiency.

The main goal of therapeutic management is to dser¢he morbidity and mortality
associated with recurrent infections. The low plenee together with heterogeneous
clinical presentations, and recurrent infection hwjtathogens also encountered in
immune competent individuals means that the diagnaisCVID is often delayed. In
1999, Cunningham-Rundles revealed that the aveaggef diagnosis was 29 years for
males and 33 years for females, while the the geeemje of onset of CVID was 23

years and 28 years, respectively (Cunningham-Raratid Bodian 1999).

In addition to recurrent infection, CVID is alsosasiated with an increased risk of
autoimmune disease, and sarcoidosis-likev granutmmsanflammation, and neoplasia.
Occasionally these complications were diagnosedr gad CVID. Approximately 25-

30% of patients with CVID have autoimmune disea$bs. most common autoimmune
manifestations are thrombocytopenia (ITP), autoimenuhaemolytic anaemia
(AIHA)(Hermaszewski and Webster 1993; CunninghamnmdRes and Bodian 1999;

Cunningham-Rundles 2002).
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Granulomas are less frequent, although their poesenharder to ascertain. The risk of
non-Hodgkins lymphoma has been estimated to bdid®@3 greater in CVID pateints

than in the general population (Cunningham-Run®@esgal et al. 1987).

Intravenous immunoglobulin replacement therapy @YIs effective and is currently
the mainstay of therapy for CVID (Park, Lerou et dD08). IVIG reduces the
incidences of pneumonia and serious recurrent baciefections and prevents chronic
lung disease and enteroviral menigoencephalitisvéder it is not a curative treatment
and majority of patients with CVID require a lifelp treatment with Igeplacement.
CVID patients with IVIG treatment experience sidéeets ranging from minor adverse
reactions including headache, nausea, malaise,gmagalarthralgias, chills, anxiety,
flushing, abdominal cramps, rash, low grade feaed leukopenia to rare but serious
reactions, which are anaphylaxis, acute renalrailstroke, myocardial infarction deep

venous thrombosis or pulmonary embolus and asepigngitis.

Decades long usage of IVIG treatment may causdeatidas effects and furthermore it
is a financial burden for patients. The identifioat of genetic factors will facilitate
appropriate diagnosis and potentially lead to oweattherapeutic development

(Schaffer, Salzer et al. 2007)
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Table 1.3 Genetic defects in patients with CVID

Protein Gene OMIM Reference
symbol Designat
ion
Inducible ICOS CVID1 (Grimbacher, Hutloff et al. 2003; Salzef,
costimulator (ICOS) Maul-Pavicic et al. 2004)
Transmembrane TNFRSF13B | CVID2 |[(Salzer, Chapel et al. 2005; Castigli, Wil
. et al. 2007; Garibyan, Lobito et al. 200
_aCtlvator and CAML Lee, Rauter et al. 2009)
interactor (TACI)
CD19 CD19 CVID3 (van Zelm, Reisli et al. 2006)
BAFF receptor TNFRSF13C | CVID4 (Warnatz, Salzer et al. 2009)
(BAFFR)
CD20 MSAAL CVID5 (Kuijpers, Bende et al. 2010)
CDS81 CD8s1 CVID6 (van Zelm, Smet et al. 201
CD21 CR2 CVID7 [(Wu, Boackle et al. 2007; Thiel, Kimmig
al. 2012)
LRBA LRBA CVIDS8 (Alangari, Alsultan et al. 2012; Lopez-
Herrera, Tampella et &012; Charbonnie|
Janssen et al. 2015)
PRKCD PRKCD CVID9 |[(Belot, Kasher et al. 2013; Kuehn, Niem
et al. 2013; Salzer, Santos-Valente et
2013)

Al

Nine patients with CVID from four unrelated famdieshowed COS deficiency. The

patients had few peripheral B cells and very feworclass-switched memory B cells

and produced very little IL-10 which is importaot terminal differentiation of B cells.

ICOS mutations appear to be rare (Grimbacher, udb al. 2003; Salzer, Maul-

Pavicic et al. 2004).

TNFRS-13B (TACI) was originally identified in approximately 10% oWV patients.

Several homozygous, heterozygous or compound gemgtiects were identified,

including mutations encoding Cys104Arg, Alal81Gand 204 insAla. Subsequent

studies have demonstrated these variants withinh#dadthy population, and also in
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healthy relatives of patients with CVID, indicatitizat TNFRSF13B defects are likely
to operate only in epistasis with other varianteaofer the CVID phenotype (Salzer,
Chapel et al. 2005; Castigli, Wilson et al. 2007&riByan, Lobito et al. 2007; Lee,

Rauter et al. 2009) ( Patrick et al., 2011).

BAFFR deficiency was described in one individuatva related individuals with

CVID. A 24 base pair deletion was found from thegignt. Reduction of both class
switched and non class switched (or marginal zddegells, an increase in the
transitional B cells and a decrease in plasmablasts reported (Warnatz, Salzer et al.

2009).

CD19 deficiency was discovered in four patientshw@VID from two unrelated
families. Homozygous mutations in CD19 introduceqmtemature stop codon. CD20+ B
cell numbers were normal in the patients but CD4@ession was low or undetectable.

CD27+ memory B cells were found to be low.

The CD19 complex is formed by three other protei@d®21 CD81 and CD225. A
single nucleotide insertion at a splicing siteOD81 was discovered from one patient
with CVID resulting in a complete lack of CD81 egpsion. The patient also showed an
absence of CD19 expression on B cells and reducethary B cell numbers.
Mutations in CR2 also showed normal B cells numbers with an absafc€D21
expression and decreased memory B cell numbersZ@tam, Reisli et al. 2006; Wu and

Zhang 2007; van Zelm, Smet et al. 2010; Thiel, Kiget al. 2012).
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MSAAL genetic defect was found in a Turkish girl, bofrconsanguineous parents. 11-
bp insertion and 2-bp deletion homozygous mutatiointron 5 of theM$4A1 gene
resulted in loss of CD20 surface expression onlB.d® cell numbers were normal but

peripheral memory B cells were reduced ( KuijpBesnde et al. 2010).

Six different homozygous mutations in th&BA have been discovered from seven
patients from six unrelated consanguineous familigls CVID. Decreased numbers of

switched memory B cells and a failure to differatgiinto plasma cells were observed.
An increased susceptibility to apoptosis was disced (Alangari, Alsultan et al. 2012;

Lopez-Herrera, Tampella et al. 2012; Charbonngmssen et al. 2015).

Three homozygous mutations iIRRKCD were discovered in five patients with

decreased functional PRKCD protein in patient céligperproliferation in response to

stimulus was shown in the patient B cells. It dest@ated that PRKCD is a crucial

factor in B cell tolerance (Belot, Kasher et al120Kuehn, Niemela et al. 2013; Salzer,

Santos-Valente et al. 2013).

In total, nine genetic defects have been identitedaccount for CVID (Table 1.3).
Collectively, these account for 10-15 % of CVID esslIn other words, 85-90% of
patients with CVID have no known genetic causexmianation. The discovery of new
genetic defects associated with CVID is requiredmer to classify the disease and to

facilitate diagnosis and prognosis.
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2 Methods and Materials

2.1 Materials

2.1.1 Biological materials
2.1.1.1 Patients and participants

The patients, relatives and healthy controls ard pha larger cohort of primary
antibody deficiency kindreds enrolled and recruitecbugh the Australian and New
Zealand antibody deficiency allele (ANZADA) studyonsents were obtained from all
participants. This study has been approved by huesearch ethics committees at each
institution. Blood and saliva were collected acoogdo standard operating procedures

(SOP).

The cord blood was obtained through Human Reseltiolts committee (Klionsky,
Abdalla et al.) approved donations given in théhioig suite of the Centenary Hospital,
ACT Health services. Spleen and lymph nodes wematda at time of diagnostic
biopsies and therapeutic removal of organ tissueassof patient treatment plans, and

after informed consent was obtained.

2.1.1.2  Other biological materials

HEK293 cell line was purchased from ATECHEK293T, Raji, Daudi and Ramos cell
lines were kindly provided by Dr. Vinues& coli strains, JM103and DH5were

purchased from Invitrogen.
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2.1.2 Antibodies

The following antibodies were used for flow cytonyeinalysis; CD3(HIT3A, BD),
CD4(SK3, BD), CD8(SK1, BD), CD10 (H110a, BD), CD{M¢P9,BD) CD19
(SJ25C1, BD), CD27 (L128, BD), CD21(B-ly4, BD), @® (EBV CS-5, Biolegend),
CD24 (ML5, BD), CD25 (M-A251, BD), CD31(WM59 , BDLD38 (HB7, BD),
CD45RA (H110, BD), CD45RO (UCHL1, Biolegend), CD&INK-1, BD), CD62L
(DREG-56, BD), CD69 (FN50, BD), CD84 (H B15e, BO)D86 (FM95, Miltenyi
Biotec), CD127 (A019D5, eBioscience), CCR6 (11AD), CCR7 (3D12, BD),
CXCR3(IC6/CXCR3, BD), CXCR5 (RF8B2, BD) FoxP3 (2540, BD), ICOS (ISA3,
eBioscience), IFN (25723.11, IL-4 (7A3-3, Miltenyi Biotec ), IL-1QJES3-19F1,
BD), IL-17 (SCPL1362, BD), BD), IgA (G20-359, BDIgD (IgD26, BD), I1gG (G18-
145, BD), PD1 (J104, eBioscience), 7AAD (BD), atdeptavidin (streptavidin, BD)

Anti Fas antibody (CH11, Millipore).

The following antibodies were used for western ;bAR20 (59A426, Santa Cruz Bio),
TNFAIP3/A20 (clone: A-12, sc-166692, Santa Cruzbjduitin (clone: P4D1, sc-8017,
Santa Cruz), TAX1BP1 (Abcam), c-Myc (Milipore), Bl¢Sigma), NFKB2 (C5, Santa
Cruz Bio) NFKB2 pl100/52 antibody (cell signalingRhospho-NFKB2 p100
(ser866/870) antibody (cell signaling), NIK (Saftauz Bio), TBP antibody (1TBP18,
abcam), and goat anti-mouse IgG HRP antibody (S@mnte Bio), GAPDH: (6C5

abcam), Phospho-IK&K/S (16A6, Cell signaling), IK& (Cell signaling), Phospho-
IKB a (Cell signaling), TATA box (ab818, Abcam), sheegyglonal anti-rabbit IgG

(Abcam), goat anti-mouse IgG-HRP (Santa Cruz Bipemd Anti rabbit IgG HRP-

linked antibody (Cell Signaling).
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2.1.3 Plasmids

2.1.3.1 pcDNA™3.1(-)/myc-His A, B, & C mammalian expressingecotr

pcDNA™3.1/
myc-His(-)
A/B,C

* There are two Apa | sites
in version A only.

Comments for pcDNA™3.1/myc-His(-) A: ** There are two Xba | sites
5522 nucleotides in version B only.

It was purchased from Invitrogen.

enhancer region (3" end)
689 CATTGACGTC AATGGGAGTT TGTTTTGGCA CCAAAATCAA CGGGACTTTC CAAAATGTCG
CAAT TATA
749 TAACAACTCC GCCCCATTGA CGCAAATGGG CGGTAGGCGT GTACGGTGGG AGGTCTATAT

3'end of RCMWV -
l putative ranscriptional start

S
809 AAGCAGAGCT CTCTGGCTAA CTAGAGAACC CACTGCTTAC TGGCTTATCG AAATTAATAC

T7 promaoter/ primer binding site ,'\'?flel Prie 1 AfT 11 Hind 111 /J‘.s'lra]'llxl Kpn 1
869 GACTCACTAT AGGGAGACCC AAGCTGGCTA GCGTTTAAAC TTAAGCTTGG TACCGAGCTC

BamH | 3;(5?: I* t’ci)ki EcoR V BaX1*  Norl o 1
929 éGATCCACTA GTCCAGTGTG GTGGAATTCT GCAGATATCC AéCACAdTGG C(J:‘GCCGCTCG

Xhal Drall Apal Pmel pcDNA3.1/BGH reverse priming site

989 AGTCTAGAGG GECCGTTTAA ACCCGCTGAT CAGCCTCGAC TGTGCCTTCT AGTTGCCAGC

1049 CATCTGTTGT TTGCCCCTCC CCCGTGCCTT CCTTGACCCT GGAAGGTGCC ACTCCCACTG
BGH poly (A) site
1109 TCC CCTA ATAAAATGAG GAAATTGCAT
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2.1.3.2 pcDNA™3.1(+)/Flag mammalian expressing vector

Flag

pcDNA3.1 (+)
Flag (5432bp)

It was kindly provided by Dr Keisuke Horikawa (Jol@urtin School of Medical
Research, Australian National University). Flag gemas inserted between Nhel and

BamHlI

2.1.3.3 pDONR223-NIK vector

MAP3K 14

pDONR223-MAP3K14

NIK containing pDONR223vector was purchased frontgehe.
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2.1.3.4 pX330 U6 chimeric DD CBh hSpCas9 plasmid

rigin Xbal (428
548 Kpnl (438

CAG_enhancer

Agel (1239
FLAG
FLAG
FLAG
SV40 NLS
s SV40 NLS
o) NLS
Bglll (1618

Fspl (7390

pX330-UB-Chimeric_BB-CBh-hSpCas:
8506 bp

Apal (2727

EcoRV (3221

Pmll (4157

It was kindly provided by Dr. Vicki Athanasopoul@¥ohn Curtin School of Medical

Research, Australian National University).

2.1.4 Primers

2.1.4.1 Primers for genotyping by Sanger sequencing

Name Sequence (5’-3") Temp* Size

TNFAIP3gDNAF AGCCTTATGCCTTGGCTCCTGG
TNFAIP3gDNAR CTGACAGGCGTTTACTTGCTCCA
TAX1BP1gDNAF TGTTCTGCTCCTGCATGCTT

69°C 566bp

TAX1BP1gDNAR ACATAACTGCAGCCTGCCAA 69°C 312bp
NKFB2gDNAF CTTCTCAGCTGGCTGGCGGG 69°C 430bp
NKFB2gDNAR CTGAGGGGTGGGTGTGGGGT
TNFSF9gDNAF GCGCTGTGTCTTCCCGCAGT 69°C 585bp
TNFSF9gDNAR CTCGTAGCGGGCGCAGGATG

60



Novel NF-kB mutations in common variable immunodeficiency (CVID)

2.1.4.2 cDNA primers for cloning

Name Sequence (5-3) Temp* Size
A20eDNAF Nog | 222CCGGCCGCGCCACCATGGCTGAACAAGTCCTT
cc 50°C | 2397bp
A20cDNAR Kpnl | (iGGTACCCGCCATACATCTGCTTGAACTG
TAXIBPICDNA | 2aaGGATCCGCCACCATGACATCCTTTCAAGAAGTC
BamHi CCA 59°C | 2241b
TAX1BP1CDNAR | (iGCGGCCGCCTAGTCAAAATTTAGAACATTCTGATC P
Notl AA
NIKCDNAF Notl | (calGCGGCCGCGCCACCATGGCAGTGATGGAAATG
NIRCONAR | taciGGATCCTTTAGGGCCTGTTCTCCAGCTG 59°C | 2900bp

TNFAIP3 cDNAF1

TTGAATTCGCCACCATGGCTGAACAAGTCCTTCCTC
AG

TNFAIP3 cDNAR1

AAAACTCGAGTTAGCCATACATCTGCTTGAACTG

TNFAIP3 cDNAF3

TTGGATCCGCTGAACAAGTCCTTCCTCAGG-3

TNFAIP3 DAl AAAACTCGAGTTACTGGGCGTGCCCCTCTCTCCTC
TNFAIP3 H256A | CTCGGCTATGACAGCCATGCCTTTGTACCCTTGGTG
F ACCC
TNFAIP3 H256A | GGGTCACCAAGGGTACAAAGGCATGGCTGTCATAG
R CCGAG

TNFAIP3 S254R
F

TGTTCTCGGCTATGACAGACATCATTTTGTACCCTT
G

TNFAIP3 S254R

R

CAAGGGTACAAAATGATGTCTGTCATAGCCGAGAA
CA

*Temp: optimal annealing temperatuiey case additional nucleotidesed upper caseestriction site
sequencehlue upper cas&ozak sequence

2.1.4.3 Primers for sanger sequencing

Name Sequence (5-3')

A20cDNA F1 ATGGCTGAACAAGTCCTTCC
A20cDNA F2 AACTGGAATGATGAATGGGAC
A20cDNA F3 GCCGCAAAGTTGGATGAAGCT
A20cDNA F4 GGAAGTGCCAAGCCTGCCTC
A20cDNA F5 CCCTTGGAAGCACCATGTTTG
A20cDNA F6 CAGTTCAAGCAGATGTATGGC
TAX1BP1cDNAF1 AAGTTGGGAGAATGGAAAGAGAAC
TAX1BP1cDNAF2 GAGATTGGCAGGCTGCAGTT
TAX1BP1cDNAF3 AAGCCATCACCTTCTGCAGCA
TAX1BP1cDNAF CACAATGACATCCTTTCAAGAAGT
TAX1BP1cDNAR CTCATAATAAAAAGTAACTAGTCAAAATT
T7promoter AAATTAATACGACTCACTATAGG

2.1.4.4 Guide RNA (sgRNA) primers:

Name Sequence (5’-3")
sgA20_F2 caccgTGTCATAGCCGAGAACAA
sgA20_R2 aaacTTGTTCTCGGCTATGACAc

SgTAX1BP_F4

caccgATACCAAGCTTATGTCAG

sgTAX1BP R4

aaacCTGACATAAGCTTGGTATc
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2.1.4.5 ssODN repair template

Name Sequence (5’-3")

CTCACCAGGCCCACTGTCCTTCAGGGTCACCAAGGGTACAAAATG
A20 S254R C-ARev | ATGTCTGTCATAGCCGAGAACAATGGGGTATCTGTAGCATTCCTG
GGCAGGCCAG

CAGAAATAGAAAATACCAAGCTTATGTCAGAGGTCCTAAAAAATAT
TAX1BP L3071 T-A AGATGGGAACAAAGAAAGCGTGATTACTCATTTCAAAGAAGAGATT
GGC

2.1.5 General reagents and commercial kits

Ficoll-Paque plus™ and Amersham ECL ™ western iblpttietection reagents were
purchased from GE Healthcare. PBS solution, DMEMliom@ were purchased from
GIBCO. RPMI medium 1640, pcDNA™3.1(-)/myc-His A, &,C, Lipofectiamin LTX
with plus reagent, Cell Trace CFSE proliferation, KCell Trace Violet cell proliferation
kit and PureLink®HiPure Plasmid Filter Midiprep kiere purchased from Invitrogen.
SOC medium, L-glutamin , tryptone, yeast extraeigillin streptomycin solution, and
NaCh, HEPES buffer solution, Dimethyl sulfoxide, L gamtine, Ampicillin sodium
salt, protein G agarose were purchased from SigldacA. Halt Phosphatase inhibitor
cocktail (Piercent), Leucosep tube (Greiner Bio 4@merpath), Human IL-2
recombinant protein (Thermo Scienctific), Type BGpligonucleotide-human TLR9
ligand (ODN2006) (Invivogen), Phusion Hot StartHigh-Fidelity DNA polymerase
(Finnzymes), Recombinant human TdNFBiolegend) Nuclease free water (Applied
Biosystems), Gel Red nucleic acid gel stain (OBiascience), anti Ig F(ap)YJackson
Laborotory), ORAgene-DNA OG-500 kit (DNAgenoTek)isFGlycin Mini 12% Gel
(Nusep), were purchasep-mercaptoethanol, isopropanol, absolute ethanothanel

were purchased from JCSMR store.
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Heat inactivated fetal bovine serum, Lipofectamin&™X with Plus™ Reagent, Bolt
system kit, Neon transfection system {LOKit were purchased from life Technologies.
Protease inhibitor cocktail set Il EDTA free andGW132 were purchased from
Calbiochem. Human recombinant CD40 Ligand and HuBvARF were obtained from

Peprotech.

Phusion hotstart flex, 100bp DNA Ladder, 1kb DNAddar, 6X gel loading dye ,
Restriction enzyme, Kpnl, Notl, BamHI, Hindlll-Hkgase enzyme T4 were purchased
from New England Biolab$Inc. Human recombinant IL-4, lymphotoxir/B and
human recombinant GM-CSF were purchased from Rnix Buffer 1 and
Cytofix/cytoperm kit were purchased from BD. QIlAprepin miniprep mini Kit,
QlAamp DNA blood mini kit, QIAquick gel extractiokit, RNeasy plus mini Kkit,
Miscript reverse transcription kit SyBr Green P&R were purchased from Qiagen.
T-cell activation and expansion beads, CD14 Micadehuman, CD4 MicroBeads,
human recombinant IL-21 and Human GM-CSF were @aged from Miltenyi Biotech
Inc. StemSep™ human B cell enrichment kit was pased from Stemcell™
technologies. Immune-blot PVDF membrane, Precigius protein™ Dual color

standards and Bio-Rad DC™ protein reagent werehpsed from Bio-rad.
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2.1.5.1 Solutions and media

2.1.5.1.1 FACS wash

2ml of FBS (GIBCO) and 1g of sodium azide (NaN3Yyavdissolved in ~ 97ml of PBS

(1X).

2.1.5.1.2 FACS sorting solution

1ml of FBS was added aseptically in 99ml of stdPS (1X)

2.1.5.1.3 Lysis buffer for co immunoprecipitation

120mM NacCl, 50mM HEPES, 1ImMEDTA, 0.1%NP40, weresdiged in 1L of dskD.

Protease inhibitor and phosphotase inhibitor wdded freshly.

2.1.5.1.4 Amplicillin solution (50mg/ml)

10g of amplicillin was added to a final volume @02nl of dsHO and sterilized using a

0.2um filter.

2.1.5.1.5 LB media

10g of trypton, 5g of yeast extract and 5g of Na@re dissoloved in a total volume of

1L of H,O. the solution was adjusted to pH 7.5 and auteclat 121°C for 15 minutes.

2.1.5.1.6 LB agar plate

10g of trypton, 5g of yeast extract and 5g of Na@re dissoloved in a total volume of
1L of H,O. The solution was adjusted to pH 7.5 and 15ggair avas added and the

solution was autoclaved at 121°C for 15 minuteseWwthe temperature of the solution
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reached about 50°C 2ml of Ampicillin solution (50im¢) was added and the LB

solution was poured into plates and dried overngltbom temperature

2.1.5.1.7 TAE buffer (50X)

TAE buffer was prepared by dissolving 96.8g of Tése, 13.5g of EDTA and 22.8g of
glacial acetic acid in 300 ml of ds H20. The pH veajusted to pH8.0 with glacial

acetic acid, the solution was autoclaved at 12btd 5minutes and stored at 4°C.

2.1.5.1.8 Transfer buffer

100ml of Transfer buffer (20X), 200ml of methanoldal.7Lof ds water were added

and chilled overnight at 4°C.

2.1.5.1.9 TBST (10X)

24.23g of Trizma -HCI, 80.06 g of NaCl were addedlL of water and pH was

adjusted to 7.6.

2.1.5.1.1@Blocking buffer (3-5% skim milk or BSA)

3- 5g of skim milk powder or BSA was added in 10@hITBST (1X) solution. This

solution was freshly made.
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2.1.6 Bioinformatics

Table 2.1Gene information

Gene Website address
gDNA NCBI http://www.ncbi.nlm.nih.gov/nuccore/NG_032761.1
http://asia.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;q=ENS
CDNA ensembl | 500000118503;1=6:138188351-138204449,:=ENST00000237289
A20 uniprot http://www.uniprot.org/uniprot/P21580
http://www.genecards.org/cgi-
gene genecards | bin/carddisp.pl?gene=TNFAIP3&search=951aade0b0275b184c6fb29ch8
a8caof
OMIM http://omim.org/entry/191163?search=a20&highlight=a20
gDNA NCBI http://www.ncbi.nlm.nih.gov/nuccore/NG_029523.1
http://asia.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=E
CDNA ensembl | \5G00000106052.1=7:27778950-27880938,1=ENST00000265393
TAX1BP uniprot http://www.uniprot.org/uniprot/Q86VP1
1 http://www.genecards.org/cgi-
gene genecards bin/carddisp.pl?gene=TAX1BP1&search=951aade0b0275b184c6fb29ch8
a8caof
OMIM http://omim.org/entry/605326?search=tax1bpl&highlight=taxibpl
gDNA NCBI http://www.ncbi.nlm.nih.gov/nuccore/NG 033874.1
http://asia.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENS
CDNA ensembl | 500000077150,r=10:104154220-104162281,=ENST00000189444
NFKB2 uniprot http://www.uniprot.org/uniprot/Q00653
http://www.genecards.org/cgi-
gene genecards bin/carddisp.pl?gene=NFKB2&search=e58d9149c970d62be6cab37032b
d7e53
OMIM http://omim.org/entry/164012?search=nfkb2&highlight=nfkb2
gDNA NCBI http://www.ncbi.nlm.nih.gov/nuccore/555290184
http://asia.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENS
CDNA ensembl | 500000006062;1=17:45263121-45317040
NIK uniprot http://www.uniprot.org/uniprot/Q99558
http://www.genecards.org/cgi-
gene genecards | bin/carddisp.pl?gene=MAP3K14&search=77113177b98eaff56855e81a42
9fc8c7
OMIM http://omim.org/entry/604655?search=nik&highlight=nik

Table 2.2Predicting functional effect

Name

Website

Polyphen 2

http://genetics.bwh.harvard.edu/pph2/

Mutation taster

www.mutationtaster.org

SIFT

http://sift.jcvi.org
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Table 2.3 Analysis tool

Name Website

http://www.ncbi.nlm.nih.gov/tools/primer-
blast/index.cqi?LINK LOC=BlastHome

Primer design

http://www.ebi.ac.uk/Tools/psa/emboss matcher/nucleotide
.html

DNA alignment tool

Annealing temperature http://www.neb.com/nebecomm/tech reference/TmCalc/De
tool fault.asp

Reverse complementary | http://www.bioinformatics.org/sms/rev_comp.html

Restriction enzyme tool | http://www.restrictionmapper.org/

Searching for overlap http://www.pangloss.com/seidel/Protocols/venn.cgi
Interacting gene search http://string-db.org/, http://thebiogrid.org/

Tm Calculator http://tmcalculator.neb.com/#!/

Gene expression http://www.immgen.org/index_content.html

2.2 Methods

2.2.1 Cellular phenotypes
2.2.1.1PBMC isolation from Blood

Whole blood was collected into ACD tubes then tditwith PBS in a 1: 1 ratio then
layered onto Ficoll- Pagque PLUS solution (GE hezlth, 17-1440-03) before
centrifugation at 409 for 30 minutes at room temperature then decelénatthout the
brake. Buffy coats were separated and washed tinitissue culture media . 2 x 40
PBMCs were resuspended with 1ml of freezing mediwiich consisted of RPMI,
10% of FBS and 10% of DMSO, and then stored atG8®ernight and transferred to

liquid nitrogen.

2.2.1.2Cell culture

Frozen PBMC samples were transferred into a 37°@mieath for quick thawing then

cells were immediately washed with tissue cultuedlia, followed by centrifugation at
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1200rpm for 5 minutes. Cell numbers were countetidgmocytometer and desired cell

numbers were maintained in complete RPMI at 37°th ¥ CQ.

2.2.1.3Flow cytometry analysis

2.2.1.3.1 Surface staining

PBMCs were thawed and washed with culture media smuh at 35¢ 4°C for 10
minutes. PBMCs were then washed twice with FACSdrudontaining 2% of FBS, 1%
of NaN; in PBS followed by spinning at 300G for 5 minuts£C. 2X1Ccells per
20Qul were transferred into a well of a 96 well plateharound bottom and centrifuged
again at 30 for 5 minutes at %C. 3Qul of desired antibody cocktail (Appendix 1) was
added and incubated for 30 minutes on ice. Thes wvedire washed twice with FACS

wash then resuspended with 1D6f FACS wash for FACS acquisition.

2.2.1.3.2 Intercellular stain

Intercellular staining was performed after surfataining. Cells were washed with
perm wash 1X (BD) twice, then fixed with cytofixlston (BD) for 20 minute on ice.
Antibody cocktail (Appendix II), which was preparedth perm wash (1X), was added
and incubated for 20 minutes on ice. The cells waashed with perm wash (1X) once
and washed with FACS wash once. The cells werespesuded with 100 of FACS

wash for Flow cytometry acquisition.
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2.2.1.3.3 Foxp3 staining

Cells were stained with CD4 CD127 and CD25 antiesdily surface staining protocols
(Appendix Il) then permeabilized and fixed with @xP3 staining kit. Cells were
stained with Cells were washed with FACS wash tvaod fixed with 100l of 1x
human FoxP3 buffer A. After incubating at RT for dfnutes in the dark, cells were
centrifuged at 30§ for 5 minutes and washed with FACS wash. Theepellas
resuspended with 1Q0 of 1x working solution of Human FoxP3 Buffer C dan
incubated at room temperature for 30 minutes indak. Cells were washed with
FACS wash and incubated with Foxp3 antibody cotkégpendix Il) for 30 minutes
at RT in the dark. Cells were then washed with FAGSh twice and 1Q0 of FACS

wash was added for Flow cytometry acquisition.

2.2.1.4Cell sorting by Flow cytometry, MACS or Stem cell échnology

The cells were washed twice with FACS wash atg380C for 10 minutes. Up to 100 x
10° cells were resuspended with 500f sorting antibody cocktail (Appendix I1). Cells
were incubated about 30 minutes in the dark oraie@ cells were washed with PBS
two times and cells were then flushed through rsénai (2um). Cells were then sorted
using BD FACS Aria | into complete RPMI medium, thegelleted and resuspended in

tissue culture media.

For MACS sorting, cells were incubated with antipadnjugated MACS Microbeads,
then loaded into the MACS column. The column washed three times with washing
buffer (PBS with 1% BSA), then cells were elutedhwivashing buffer. With Stem cell

technology sorting, cells were stained with a stethantibody cocktail and the mixture
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was added into a tube inserted into Stemethagnet. The mixture was incubated for 5
minute at room temperature and unbound cells wemeoved by inverting the tube.

Cells were then washed twice with culture media.

2.2.1.5T cell and B cell activation and apoptosis assays

Cells were incubated with various stimuli for 28, @ 96 hours. Cells were then stained

with the activation antibody cocktail or the apapsoantibody cocktail (Appendix I1).

2.2.1.6T cell / B cell proliferation

Proliferation of cells was analysed using Cell B¥cViolet (CTV) Cell Proliferation
Kit or Cell Tracé™ Carboxyfluorescein succinimidyl ester (CFSE) Gebliferation

Kit (invitrogen) according to the manufacturer’stiructions. Sorted cells or PBMCs
were washed twice with PBS and 1Xtells were resuspended in 1ml of PBS. df
CTV or CFSE was added and cells were incubatealoa temperature for 5 minutes
and then labelling was quenched with cold comgRR&I on ice for 10 minutes. Cells

were centrifuged at 4@dor 5 minutes at 4°C and washed with complete RPMI

2.2.1.7Plasmablast induction

PBMCs were washed twice with complete RPMI and $xcis per 1 ml of complete
RPMI were added to each well of a 48 well plater plasmablast induction B cells
were cultured with various combinations of IL-2100g/ml) and CD40L (1g/ml) or
IL-21 (50ng/ml) and CpG @) or IL-21 (50ng/ml) and CD40L transfectants Lisel
for 4 or 5 day at 37°C with 5% GO
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2.2.1.8Monocyte derived human dendritic cell culture

CD14+ cells were isolated from PBMCs using magn€fixl4 microbeads according to
the manufacturer’s instructions (Miltenyi BiotecBydney). Isolated cells were then
analysed with Flow cytometry for purity check. CB14ells (1x16 cells/ml) were
cultured with GM-CSF (100ng/ml), IL-4 (30ng/ml) a@dmercaptoethanol () in
complete RPMI1640 for 7 days with replenishmenth&f media every 2-3 days. The
morphology was checked by microscope. The monodggved dendritic cells

(MDDC) were cultured with various stimuli for dest studies.

2.2.2 Molecular analysis
2.2.2.1DNA isolation from saliva

Genomic DNA was isolated from saliva using ORAg&MA OG-500 kit
(DNAgenoTek) according to the manufacturer’s instians. Briefly, saliva samples
were mixed in the DNA genotek kit by inversion agghtle shaking for a few seconds.
The sample was then incubated at 50°C for 1 hodr50ful of the sample mix was
transferred into a 1.5ml tube. PT-L2P was then dddal mixed by vortexing for a few
seconds. The sample was incubated on ice for 1@tesnand centrifuged at room
temperature for 15 minutes at 13 000 rpm. The sigtent was then transferred into a
new 1.5ml tube and 6Q@0 of ?% ethanol was added and mixed. The sample was
centrifuged at 13 000 rpm for 5 minutes and theesugtant was removed and 250f

70% ethanol was added and incubated at room tetoperfar 1 minute and centrifuged

at 13000 rpm for 5 minutes. The supernatant was teemoved completely. 100 of
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H,O solution was added and the pellet was dissolyedabotexing and pipetting. The

DNA solution was stored at -20°C.

2.2.2.2Whole Exome capture sequencing

The lllumina paired-end genomic DNA sample preparekit (PE-102-1001, Illumina)
was used for preparing the libraries including esphir, A-tailing and ligation of the
lllumina adaptors. Each sample was prepared withiralex using the Illumina
multiplexing sample preparation oligonucleotide (RE-400-1001, Illlumina) and then
pooled in batches of six in equimolar amounts pieoexome enrichment. The lllumina
TruSeq exome kit (FC-121-1008, Illlumina) was useddpture the human exome for
each sample pool. Each 6-plex exome enriched jilwais sequenced in two lanes of an

lllumina HiSeq 2000 with version 2 chemistry as ip@aired end reads.

Sequence reads were mapped to the GRCh37 or GR&s&8nblies of the reference
human genome using the default parameters of theoBs-Wheeler Aligner (BWA,
bio-bwa.sourceforge.net). Untrimmed reads were aligned allowing a maximurwo
sequence mismatches and reads with multiple mappgmthe reference genome were
discarded along with PCR duplicates. Sequencentarigere identified with SAMtools
(samtools.sourceforge.net)(Li and Durbin 2010) aadnotated using Annovar

(www.openbioinformatics.odg (Wang, Li et al. 2010). A version of PolyPhen2

(genetics.bwh.harvard.edu/pph2) (Adzhubei, Schreiddl. 2010), was utilized for the

calculation of variant effect.
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2.2.2.3Single Nucleotide Variants (SNVs) analysis

SNVs were filtered with sequential parameters fledting candidate SNVs. Rare or
Novel SNVs were the first line of the filtering. &@hrare or novel alleles were filtered
according to the sum of scores for mouse mutanbgpe in the homologous mouse
gene, Mendelian disease associations (OMIM), pathavalysis (GO), immune system
expression (Immgen) and polyphen2 score, accordirtge following scheme: mouse
mutant phenotype: non-immune=0, nil=1, immune=2;IMinon-immune disease=-1,
Nil=0, immune disease=1; Gene ontology, non-immungssue-specific

function=0.general cellular process=1, immune-egla2, proven T or B cell

function=4; Immgen, high=3, medium=2, low=1, nil#®plyphen2 score.

2.2.2.4RNA extraction

1x1C cells were washed twice with PBS at §d0r 5 minutes at 4°C. 1ml of Trizol

was added to the cell pellet and mixed well by ttipg several times and incubated for
5 minutes at room temperature. 0.2ml of chlorofomas added and mixed well by
shaking tubes vigorously by hand for 15 secondterAt-3 minutes incubation at room
temperature, the mixture was centrifuged at 120f@®gl5 minutes at 4°C and the
aqueous phase was carefully transferred into alliime. 0.5ml of 100% isopropanol
was added to the aqueous phase and incubated fmiri@es at room temperature. It
was centrifuged at 12000g for 10 minutes at 4C suqokrnatant was removed. The
pellet was washed with 1 ml of 75% ethanol and ehilxg vortexing and centrifuged at
7500g for 5 minutes at 4°C. The wash was discaagelithe pellet was air dried for 5-
10 minutes. The pellet was resuspended witll 80 RNase free water and mixed by

passing the solution up and down several timesutiira pipette tip. The solution was
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incubated in 55-60°C heat block for 10 minutes. Rdthcentration was measured by

nano drop and RNA was stored at -80°C.

2.2.2.5Reverse Transcriptase PCR to cDNA

Frozen RNA, 5X miScript RT buffer and RNAse freetevawere thawed at room

temperature. The reverse transcription master s prepared on ice as blew.

Component Volume
miScript RT buffer 5X 4l

RNas«+free wate 15ul-RNA volume
miScript Reverse transcriptase mix | ull

Template RNA g

Total volume 29l

The mixture then was incubated for 60 minutes 4C3hen further 5 minutes at 95°C

to inactivate miScript Reverse Transcriptase Mixe TDNA was then stored at -20°C.

2.2.2.6RT PCR

Commercial primers were purchased from Promegareaddtime PCR was run with
Sybr green. 10pmol of forward and reverse primeesewadded to cDNA and Sybr
green master mix (Promega). The PCR was initiaté&l2C for two minutes for DNA
denaturation, and ran 35 cycles of denaturatior@4ftC for 30 seconds, primer
annealing at 55-70°C for 30 seconds and extensiori2%C for 1minute. This was
followed by the final extension step, 5 minutes7@°C and PCR products were then

stored at 4°C or -20°C.
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2.2.2.7PCR primer design

Whole DNA sequences were obtained from DNA dat& BEBI). 1000bp of genomic

DNA sequence surrounding mutations (500pb forwamd &00bp backward) were

subjected for Primer-BLAST hftp://www.ncbi.nlm.nih.gov/tools/primer-

blast/index.cgi?LINK _LOC=BlastHomeThe primer set was selected after analysis for

possible off-target amplification (BLAST).

2.2.2.8PCR

The standard PCR solution was prepared with 2X tArbhaster mix (TrendBio) with
forward and reverse primers on ice. (Table 2.4)PB&R was initiated at 94°C for two
minutes for DNA denaturation, and ran 35 cyclesdehaturation at 94°C for 30
seconds, primer annealing at 55-69°C for 30 secandsxtension at 72°C for 1minute.
This was followed by the final extension step ahbutes of 72°C, and PCR products
were then stored at 4°C or -20°C ul6f the products were loaded onto a 1.5% agarose
gel with GelRed Nucleic Acid Gel Stain (Omar Biasuie) and electrophoresis was
performed in 1XTAE buffer at 100 voltages for 30notes. The GelRed stained PCR
products were visualised under UV light with GeldD¥R+ system (Bio-Rad). The

optimal annealing temperature was determined byplgelograph.

Component Volume
DNA (100ng{d) 1ul
Primers (10pmol) 1l
Arbiter 2x Master mix® 10l

H,O 8ul

Total volume 24l

Table 2.4 PCR set up

The conditional PCR was prepared with Phusion adtgtlex polymerase (NEB).

10pmol of forward and reverse primers and 10-108MgNAs, 0.3l DMSO and up to
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20ul of ds HO were added into a PCR tube. The PCR was initiate28°C for three

minutes followed by 35 cycles of denaturation &i®&r 10 seconds, primer annealing
at optimal temperature (55°C -70°C) for 30 secoraug] extension at 72°C for 1~2
minutes. The final extension step was 5 minuteg23C. Products were loaded onto a
1~2% of agarose gel containing 1X GelRed and alpbtresis was performed in
1XTAE buffer at 100V for 30 minutes. The gel rechised PCR products were

visualised under UV light with Gel Doc XR+ systeBiq-Rad).

2.2.2.9 Purification of PCR products- Gel extraction, Exo $\P

The PCR products were purified using QIlAquick Gedraction Kit (QIAGEN) to

remove polymerases, dNTP and the germline DNA. rAdtively, primers were
removed from PCR product by ExoSAP-IT (fisb 5ul of PCR products were mixed
with 2ul of ExoSAP-IT. The mixture was incubated at 37fo€ 15 minutes and 80° C

for 15 minutes by thermocycler.

2.2.2.10 Sanger sequencing

2pmol of primers and 30ng of PCR products were stibthto Biomolecular Resource

Facility at John Curtin School of Medical reseambstralian National University.

2.2.2.11 Analysis of sequencing results

The sequencing results were aligned with a refer&MgA to identify mutations using

http://www.ebi.ac.uk/Tools/psa/emboss matcher/mitle.html Reference
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sequences were obtained from NCBI or ensemble. &drand reverse primers were

used for conforming mutations.

2.2.2.12 Microarray

Naive B cells were isolated by positive selectidaive B cells were CD19+, CD27-,
CD10- and CD2A%".  After sorting, the cells were incubated withiagt stimulus
(5ug/ml) overnight at 37°C with 5% CO2. The actaéagnhaive B cells were then used
for RNA extraction. RNAs were extracted by eithezdl method or RNA kit method.
The RNA pellets were then resuspended with RNa=® irater and stored at-80°C for
overnight. The RNA solution was then delivered tanfaciotti Centre for Genomics
(Sydney) for microarray analysis. Duplicate biotadisamples were prepared for the
assay. The microarray was done in Affymetrix platfovith gene array. The data were

analysed by Partek analyser gene array was qubldiethe assay.

2.2.3 Biochemical analysis
2.2.3.1Gene expressing vector construction
2.2.3.1.1 Design primers for desired genes

In order to generate mammalian expressing vectorgaming target genes, cDNA
nucleotide sequences of the gene of interest waradf through Ensembl and NCBI

(Table 2.2). Using restriction enzyme mappéittp://www.restrictionmapper.org/

http://66.155.211.155/nebecomm/DoubleDigestCalouliatl.asp We idenified

appropriate restriction sites with the multicloniogus.
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cDNA
- -
 —
A20 Primers with BamH]I
d Notl PCR
andiNotisequences PCR productwith
enzyme restriction si(es\
e
T4 ligase
BamH
// Not
A20 expressing vector
e
Digest
pcDNA3.2
—
—_—
PCR
PCR product with
pDONR 223 MAP3K14 enzymerestriction sites
vector from Addgene
—_—
T4 ligase
BamH
‘// Not
A20 expressingvector
—
Digest
pcDNA3.2

The primers contained approximately 15 nucleotidésthe gene of interest and

restriction site and additional nucleotides whiotrevadded for codon reading frame or
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assistance of digestion. In forward primers Kozedquence was added to help initiating

transcription.

eg. A20cDNAF Notl
additional nucleotidesestriction sequence

5 EaaGCGGCCGCGC%ACCATGGCTGAACAAGTCCTTCC 3

Kozak sequence A20 cDNA

2.2.3.1.2 Digestion of DNAs

The genes of interest were amplified by polymerds®n reactions (2.2.2.2.). The PCR
products were visualized by DNA staining with GelRafter electrophoresis. PCR
products and vectors were set up with the followdigestion enzyme reactions. The

PCR product and vector were digested with restmicgéinzymes for 4 hours at 37°C.

1. A20-pcDNA vector ( -Cc version)

Total
Name DNA DNA | NEBuf Kpnl Notl BSA water | volume
(Lug) fer2 (ul)
_A20. A20 pcr 125 5 1 1 0.5 - 50
digestion | product
PCDNA | pcDNA |, o 5 1 1 0.5 38.9 50
digestion |  (-c)
+control | pcDNA | 4 5 1 - 0.5 39.9 50
Single cut|  (-c)
+ control | pcDNA 3.6 5 . 1 0.5 39.9 50
Single cut|  (-c)
-control | pcDNA 36 5 . - 0.5 40.9 50
No cut (-0
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2. TAX1BP1-Flag tagged pcDNA( +)
Total
Name DNA DNA | Buffer | BamH Notl BSA | water | volum
(Qug) |3 | e ()
TAXIBPL| TAXIBPL | 155 | 5 1 1 05 | - 50
digestion | Pcr product
pcDNA pcDNA-
digestion | Flag (+) 3 5 1 1 0.5 39.5 50
+ control| pcDNA-
Single cut | Flag (+) 3 5 1 ) 0.5 40.5 =0
+ control| pcDNA-
Single cut | Flag (+) 3 5 ) 1 0.5 40.5 0
-control pcDNA-
No cut Flag (+) 3 5 - - 0.5 415 50
3. NIK-pcDNA vector (— c version)
Total
Name DNA DNA | NEBuf BamHI | Notl | BSA | water | volume
(Qug)| fer3 (u)
N o | NIK 164 | 5 1 1| 05| 261 50
igestion
PCDNA | pcDNA(0)| 34 | 5 1 1| o5| 389 50
digestion ' ' '
+ control| pcDNA (-c) 36 5 1 i 05 39.9 50
Single cut ' ' '
+ control) pcDNA(€) | 34 | 5 . 1| 05| 399 50
Single cut
-control pcDNA (-c) 36 5 i i 05 409 50
No cut ' ' '

2.2.3.1.3 Ligation of two products

Digested products were purified by gel extractipro(ocol 2.2.2.). The amount of PCR

product was determined according to the followiogrfula_(Klionsky, Abdalla et al.).

Molar size of insestConcentration of vector
Molar size of vector

(nky/x (ratio)= Conc of
insert (ngal)
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1:3, 1:5, and 1:7 ratios were used for optimal ltestrhe reactions were set up as

below.
Standard | Standard | Standard " .
. . . Positive Negative
reaction reaction reaction
(1:3) (1:5) (1:7) control control

5Xrapid T4
ligation buffer 2ul 2ul 2l 2l 2yl
Digested
vector (~5kb) 1ul (50ng) | dul (50ng) | dul (50ngQ) - 1
Digested PCR 1.2l
product (Gbn ) 2ul(100ng) | 2.8 (140ng - il (60ng)
(~2kb) 9
Single cut
vector i i i 1ug (50ng) i
T4 DNA
ligase 1ul 1l 1l 1ul -
Deionized
wate! 14.8u 144 13.2ul 16ul 16ul
Total 20ul 20ul 20ul 20ul 20ul

The reactions were then mixed by pipetting andbaded overnight at 4°C.

2.2.3.1.4 Transformation

The ligation reactions were briefly centrifuged afd of each ligation reaction was
transferred to a new tube. 0.1ng of uncut plasndd added to separate 1.5ml tubes and
incubated with DH& cells on ice for 20 minutes. The tubes were thannved in a
42°C heat block for 45 seconds and then immedigtkdged into an ice bath for a
further 2 minutes. 950 of SOC medium (sigma) was added into the tubége flibes
were then incubated for 1.5 hours at 37°C with sigakt about 150rpm. f0or 10Qul

of each transformation culture was plated onto Bnabar plate containing Ampicillin
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(100ug/ml). The plates were then incubated ovetn{@b-24hours) at 37°C and the

number of colonies were recorded from each plate.
2.2.3.1.5 Plasmid isolation

A single colony was inoculated with 5ml of LB meugliucontaining ampicillin
(200ng/ml) and incubated at 37 °C overnight witlalshg. 1ml of each culture was
stored with glycerol to a final concentration off2@t -80°C. QIAprep Spin Miniprep
Kit (QIAGEN) was used to isolate plasmids. Briefbgcterial cell pellets were obtained
by centrifugation at 13000rpm for 5 minutes and everesuspended in the
manufacturer’s lysis buffer (QIAGEN). Denatured amdcipitated cellular components
were removed by centrifugation (at 13000rpm, 1 n@huand filtration using the
QIAprep columns. The columns were washed with Piebuvhich contained 70% of
EtOH and then were eluted with H20 by centrifugatid 13000rpm for 2 minutes and
the plasmid concentration was measured by nanamitdghe DNA solution was stored

at -20°C.

2.2.3.2Transfection
2.2.3.2.1 Lipofectamine

HEK293 or HEK293T cells were seeded at 1&6lls per well in 6 well plates and
incubated overnight at 37°C with 5% €Q@Vhen cells were reached approximately 70-
90% confluence, transfection was performed using Bfi mammalian expression
vectors was added in 250 of incomplete RPMI with gl of PLUS™ reagent (Life
technologies), incubated at room temperature formihutes while 10l of

lipofectamine® LTX (Life technologies) was added2BQu of incomplete RPMI and
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incubated at room temperature for 5 minutes. Niese two solutions were combined
and incubated at room temperature for 30 minuteég dvernight culture media was
replenished with 1.5ml of fresh complete media with antibiotics. 0.5ml of

transfection solution was added dropwise onto thié culture and mixed gently by
rocking the plate. The transfected cells were iateh for an additional 1-2 days at

37°C with 5% CQ.

2.2.3.2.2 Neon Transfection

Neon ™ Transfection System was used for electroporatiaiji. ¢lls were washed with
PBS and 1 x 10cells were pelleted and mixed with B®f R buffer. 1Q,g of DNA
mixer was separately prepared withub6f R buffer. The DNA mixed was mixed with
the cell solution and aspirate d into NEmipette. The pipette was inserted into Neon
tube containing 3ml of Electrolytic buffer. The e®@poration was completed by
pressing start button with appropriated protocdlee sample was then added in
prewarmed complete media without antibiotics ancllrated at 37°C in humidified

CO; incubator.

2.2.3.3Bradford protein assay

Total protein content was determined by serialtiitu of the cell lysate in PBS, and
addition of 2@ of Bradford regent (Sigma) was added to eachsnaalid the plate was
incubated for 30 minutes, then analysed for absmdat 570nm, and compared to the

standard curve.
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2.2.3.4lmmunoblotting

Cell lysates were prepared in RIPA buffer (SigmalCgtoBuster ™ protein exraction
reagent (Novagen) with protease inhibitor cock{@bng, Strome et al.) and Halt
phosphatase inhibitor (Piercent) and the lysate webjected to SDS-PAGE. After
protein estimation, equal amounts of proteins webeed with 2X SDS sample loading
buffer containing 10% off-mercaptoethanol freshly and boiled at 100°C foniButes.
The samples were then loaded in precast polyacig&argels with precision plus
protein™ dual color standards (Bio-rad). The geswan at 120V for 1 hour, then
transferred to PVDF membrane by wet transfer metRBOA transfer buffer was diluted
with H,O and chilled overnight. The transfer sandwichesew®epared with transfer
buffer (- charge cassette- sponge- gel-PVDF menebrspponge- cassette + charge), run
at 120V for 2 hours. Membranes were blocked foodrt8~5% of BSA in TBST or 5%
of skim milk in TBST. Primary antibodies were addedth blocking buffer and
incubated at 4°C overnight with gentle shaking. Thembranes were washed with
washing buffer (TBST 1X) for 10 minutes three timétRP-conjugated secondary
antibodies were added with blocking buffer and bated at 4°C for 1 hour. The
membranes were washed with washing buffer for 1@utes three times anf analysed
using the Amersham ELC western blotting system (@&lthcare) and band intensity

was quantified with Fujifilm multi gauge softwaredanormalized to loading control.

2.2.3.5Immunofluorescence

HEK293 cells were transfected with indicated camds and treated with TNF or left
unstimulated. Cytospins were fixed with 4% parafaldehyde in phosphate buffered

saline, and permeabilized with 1% Triton X, thewdied with 3% skim milk and
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stained with primary antibodies at 4°C overnighidé&s were washed three times with
PBST for 5 minutes each before secondary immunmdheent antibodies were added.
The slides were then washed another three timésRBST and mounted with anti fade
mounting media containing Dapi. Images were acquiby Leica SP5 confocal

microscope with a 63x oil immersion objective.

2.2.3.6Deubiquitination assay

Human TNFAIP3 were amplified with AccuPrim@&fx DNA polymerase (Invitrogen)
from cDNA pool obtained from human peripheral bloothe full-length coding
sequence of TNFAIP3 was cloned into the pcDNA3.Ettor and confirmed with
sequencing. PCR-based mutagenesis was used tduoérdhe mutations (H256A and
S254R) in this study. The OTU domains of huntalirAlP3 (encoding 2-370 residues)
were cloned between BamHI and Xhol sites in pGEXt6%ector (GE Healthcare).
GST-fused TNFAIP3 OTU protein was expressedt.iwoli BL21 (BIOLINE) cells at
30°C for 12-16 hrs with 200 pM IPTG. Cells wereelgsy sonication in 50 mM Tris
(pH8.0), 100 mM NaCl, and 1 mM EDTA, followed byetladdition of Triton-X100
(1% wi/v). The lysates were cleared by centrifuggti@and then incubated with
glutathione agarose (SIGMA). Precipitated compleswashed three times with lysis
buffer, followed by washing with Prescission buff® mM Tris [pH 7.5], 150 mM
NaCl, 1 mM EDTA, and 1 mM DTT). TNFAIP30OTU proteiwas excised with
Prescission protease (GE Health) and collected fsapernatant. The purified A20
OTU domain was tested for hydrolysis of Lys 63 édktetraubiquitin chains in a time

course experimern vitro. Purified TNFAIP3OTU proteins were incubated ird34 of
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DUB buffer (25 mM HEPES [pH 8.0], 5 mM DTT, 5 mM MNI¢{R) containing 2.5 g of
K48- or K63- linked polyubiquitin chain (#UC-230U£-330 from BostonBiochem).
At the indicated time, 20 ul of reaction mixturesaeollected and enzymatic reaction
was stopped by the addition of SDS sample buffexgative control was known
mutation A20 H256S, which contains an amino aciolsstution at 256 from histidine

to serine.

2.2.3.7Co Immunoprecipitation

HEK293T cells were co-transfected with A20 and TARIL expressing vectors. Cells
were washed with PBS and 26®f lysis buffer was added to each well on a 6lwel
plate and incubated on ice for 30 minutes. Lysdid @ere collected into 1.5ml tubes.
A 50% protein G agarose slurry was prepared wisls ypuffer. Lysed cells were spun
down at 13000rpm for 15 minutes at 4°C. Total protevas measured in the
supernatant. For preclearing, ®f 50% slurry protein G was added into the sample
tube with an isotype control antibodyu(®. The mixture was incubated afC4
overnight with gentle rotation. The mixture was slown at 1300rpm for 1 minute at
4°C, and the supernatant was transferred into 3 nbastand anti Myc, anti Flag or anti
Isotype antibody (2g each) and 30 of protein G agarose slurry were added. The
mixture was incubated at 4°C for 2 hours with gemtdtation. The protein agarose
slurry was spun down and supernatant was discaAggatoximately 1ml of lysis buffer
was added and the slurry was washed 3 times atr@30@°C. 3@l of 2XSDS sample
buffer was added and the protein solution was Hode 100°C for 5 minutes. The
denatured samples were stored at -20°C for fuitherunoblotting experiments. Anti

c-Myc and anti FLAG antibodies were used for westdot.
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2.2.3.8CRISPR CAS9

pX330 U6 chimeric DD CBh hSpCas9 plasmid was oletinom Addgene.

Guide RNA containing target cutting site (CCG) wasstructed. In order to introduce
desired mutations, DNA repair template was alsatrm®gized (approximately 100bp).
Cells were then transfected with these nucleotibgseither Neon transfection or
Lipofectimine transfection. Cells were then incwahtat 37°C for 24 hours in
humidified with Ca incubator. The following day single cells werelated by reporter

gene expression such as GFP and mCherry and thke siells were cultured for 3-4
weeks. Sanger sequencing and western blot werauctewito confirm knockout of the

gene of interest.
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3 Pedigree |

3.1 Results

3.1.1 Discovery of rare mutations in patients with CVID

This chapter describes results from two kindredsuiged to the Australian and New
Zealand Antibody Deficiency Allele (ANZADA) studySo far, more than 150
individuals have been investigated by whole exorequencing (WES) to identify

causative genetic variants. Analysis of this ddtase revealed that mutations within
the same gene is exceptionally uncommon in CVIDzeowariants in known CVID-

associated genes have been excluded. For our discprogramme, we hypothesized
that a subset of CVID is caused by rare, highlyepemt genetic variants within the

coding region of the genome.

. O+0 B0

All Al.2 B.l.1 B.1.2
. CVID
‘ IgAD
I I * * * O MS
All1 All2 B B2 - Erosive arthritis (Etanercept)
Pedigree A Pedigree B

Figure 3.1 Pedigree of the family Two affected individuals and their relatives weeeruited
through part of the ANZADA study. Circles represdamale subjects and squares represent male
subjects. Colour filled symbols denote clinical tteas; Black, common variable immune deficiency
(CVID); blue, IgA deficiency syndrome (IgAD); yellg multiple sclerosis (MS); green, Erosive Artlgiti
(EA). * denotes A2G***Rcarrier.

First, we analysed novel mutations and then filtehle mutant genes according to

immune relatedness. After this analysis, only grexgic novel mutation was identified
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in more than one pedigree, a missense mutatioghiAIP3. TNFAIP3 encodes the

deubiquitinase A20, which is already known to benaportant immune regulator.

3.1.2 A20 mutations and functional analysis

3.1.2.1 TNFAIP3 sanger sequencing results

cDNA Protein
Position | Allele change| Position| Residue chang¢
828 AGC= AGA | 254 S [Serpk R [Arg]

*

[YLPLHWPAQECYRYPIVLGYBHHFVPLVTLKDSGPE
IYLPLHWPAQECYRYPIVLGYBQHFVPLVTLKDSGPE
IYLPLHWPAQECYRYPIVLGYBHHFVPLVTLKDSGPE
IYLPLHWPAQECYRYPIVLGYDSQHFVPLVTMKDSGPE
IYLPLHWPAQECCRYPIVLGYDSHHFVPLVTLKDSGPE
[YLPLHWPAQECYKYPIVLGYBQHFAPLVTLKDSGPE
IlYLPLHWPAHECYRYPIVLGYD SQHFVPLVTLKDSGPE
IlYLPLHWPAKECYKYPVVLGYDSQHFAPLVTMKDSGPE

A.ll.1 A.l.ll
GACAGACATCAT ~ GACAGCCATCAT
D RS H H D S H H

B.1l.1 B.l.2
A
GACAGACATCAT GACAGCCATCAT
D R/SH H D S H H
()

D Human
Mouse
Macaca
Bovine
Horse
Opossum
Platypu
Xenopus
Danio

Figure 3.2 S254RTNFAIP3 mutation A. Sanger sequencing of S254RIFAIP3 heterozygous
mutation.B. The position of the missense mutati@h.Schematic representation of human A20 structure
contains ovarian tumour (OTU) domain and seven fiirger (ZF) domain. The mutation S254R in OTU
domain is denoted. Conservation of amino acid at the residue. * desdi20 S254R and shows

active site.

IYLPLHWPPGECYKYPIVLGYDSQHFAPLITIKDSGPE
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Using WES, we identified an identical missense mita(g.8910C>A) in probands
from two separate unrelated kindreds (A.ll.1, 2knd A.l.2, Figure 3.1). In each case,
the TNFAIP3 mutation was confirmed by Sanger sequencing. et we to genotype
other members of each kindred. We concluded tletrithtation in family A may have

been transmitted from the proband’s deceased natgrandfather (Figure 3.3).

T b ol
TS S S S
B
LT

A2 A

CVID AIHAITP
IgAD

MS

1BD

Figure 3.3 Pedigree of Family ASanger sequencing GiNFAIP3 heterozygous mutation. Circles
represent female subjects and squares represent subjects. Subjects with bold lines were Sanger
sequenced. CVID, common variable immune deficie{§A, autoimmune haemolytic anemia; ITP,
immune thrombocytopenic purpura; IgAD, IgA defiagnsyndrome (IgAD); MS, multiple sclerosis,
IBD, inflammatory bowel disease; green. * denot@§ A>*carrier.

In family B, B.Il.1 and his father B.l.1 were cams of the mutation. Genomic DNA
from both saliva and lymphocytes was tested anddgte similar findings. The
heterozygous mutation (GA) encodes an amino acid substitution of serine with
arginine. This mutation remains novel accordingl@)0 genomes, dbSNP, and the

Exome aggregate consortium (ExXAC). Three major tmaraprediction algorithms,
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Polyphen2, MutationTaster and SIFT, predicted thista damaging mutation. S254 is

conserved from human to danio.

Figure 3.4 Crystal structure of A20 and location 0fS254R residueC103 and His256 are active sites
in DUB. Asp70 is a supporter of the active siteS4R is adjacent to the active sites

Crystal structures of A20 predict that the mutatigsrupts the catalytic triad preventing
nucleophilic hydrolysis or steric hindrance of sute (Figure 3.4) Figure 3.2C shows
the structure of A20. It has an ovarian tumour don{®TU) at its C terminal and a
zinc finger domain at the N terminal. In the DURjimn there are two residues critical
to function (103 and 256); substitutions of eitbéthese amino acids leads to loss of its
DUB function. Thus, the S254R mutation is locat@d amino acids away from one of
the residues thought to be critical for DUB activiTaken together, these findings led

us to hypothesize that S254R alters the conformatistructure to alter A20 function.
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3.1.2.2In vitro A20 ubiquitination assay
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Figure 3.5 Catalytic activity of the mutation. Wildtype or R254S A20 OTU domain was incubated with
K48 linked polyubiquitin. At indicated times, enzgmreaction was stopped and hydrolysis of
polyubiquitin chains was examined by immunoblottifdgiquitin chains. SR-OTU domain contains amino
acid substitution at 254 from serine to arginin§-8TU domain contains an amino acid substitution at
256 from histidine to serine; Ub-Ub8, monomerith&ptameric ubiquitin chains

We began by testing the deubiquination activitytiedé mutant protein. Wild type or
mutant versions of the A20 OTU domain were exprésse=.coli and purified by the
GST fusion system from GE healthcare. GST fusiangins containing the A20 OTU
domain were precipitated with glutathione agard&sk&sMA) followed by cleavage of
the GST proteins bound to glutathione sepharos#id?UOTU domains were tested for
their capacity to hydrolyse Lys48-linked heptameuriquitin chains in an in vitro time
course experiment. Polyubiquitin chains were intetbavith either wild type OTU
domain, a catalytically inactive OTU domain (His23%a), or the S254R OTU
domain. Polyubiquitin chains were detected by westdotting using anti-ubiquitin
antibodies. The mutant S254R OTU domain showed cemtlucatalytic activity

compared to the wildtype polypeptide (Figure 3.Bjter 30 minutes incubation,
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wildtype A20 OTU cleaved most of the polyubiquitthains and generated dimeric or
monomeric ubiquitin chains, whereas mutant S254RUQdomain cleaved only
octameric and heptameric ubiquitin chains, simtlarcatalytically inactive H256A
OTU. After 60 minutes, S254R OTU failed to lyserdaeteric ubiquitin chains while
wild type OTU cleaved most of the polyubiquitin @@ and resulted in monomeric
ubiquitin chains. Thus, the catalytic activity oRBIR appears to be intermediate
between H256A and wildtype OTU. At the 2 hour ingatibn time point, S254R
produced di- or mono-meric ubiquitin chains whil@38A resulted in UB5 and UB6

chains.

3.1.2.3 pIKB a activation

A AZOWt AzoMut
3" 5 10’ o 3 5 10
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Figure 3.6 Immunoblot analysis for phosphorylated KB a. A. Constructs for wildtype or S254R A20
were transfected into HEK293T. plkBwas analysed at 0, 3, 5, 10 minute after &NEmulation.p-
actin was assessed as a housekeeping gene. A2B,S®%@ containing an amino acid substitution at 254
from serine to arginineB. Summary plot.
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A20 is a negative regulator of the NF-kB pathwagt thcts on many target proteins. We
examined NF-kB activation in the presence of muts2®. We expressed wildtype or
S254R mutant A20 by transient transfection in HEKR9then cells were stimulated
with TNFo for various times (as shown). Cell lysates weralym®ed by western blot for
pIKBa. We observed that AZ&*Rresulted in enhanced and prolonged pildtivity
compared to wildtype (Figure 3.6). This differernmas evident at 3 minutes after the
stimulation, and persisted at 5 minutes after timutation. By 20 minutes, pIK&8was
similar in both mutant and WT transfectants, anddseline. These findings indicated
that A26°*>*R exhibits robust and prolonged NF-kB activity comgahto its wildtype.
DUB and IkB activation assays demonstrated thaS2#4R mutation results in loss of

function.

3.1.3 Summary of clinical phenotypes

A.llL1 is a 41 year old male who was diagnosed wWitMID after presenting with
autoimmune thrombocytopenic purpura and panhypogagtohulinaemia at age 19
years. As a result of refractory thrombocytopemimtélets 2 x 1UL) he underwent a
splenectomy at age 20. At age 30 he was diagnostéd autoimmune haemolytic
anaemia (AIHA). He has a history of recurrent silopnary infection, campylobacter
enteritis, and intestinal giardiasis. He was comreednon intravenous immunoglobulin
replacement after the diagnosis of hypogammaglnheainia was made. He suffered
several further bouts of AIHA, which were managathvinigh-dose corticosteroids. He
continued to suffer with recurrent bacterial sitigsidespite adequate antibody
replacement. He has developed symptoms of coltih diarrhoea, weight loss,

abdominal pain and abdominal lymphadenopathy.
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The proband (A.1l.1) is the son of a healthy fatf®i.1). His mother (A.l.2) reports a
history of multiple sclerosis, although she is eatly well in the absence of immune
modulating medication. A.Il.1 (sister (A.1l.2) dfi¢ proband) has IgA deficiency. She

gives no history of recurrent infection.

e e
1l (;TECSTD éTD o

\Y 0 O0o* ono

ZS 258

*  TNFAIP3S254>R

Fibromyalgia

Erosive arthritis (Etanercept)

oomQgd o
3

Autism spectrum disorder

[] soils, TeD, T20

Figure 3.7 Pedigree of Family B Sanger sequencing OfNFAIP3 heterozygous mutation. Circles
represent female subjects and squares represeatsumajects. * denotes AZ8>* carrier. TED, thyroid
eye disease; T2D, type 2 diabetes

The proband (B.ll.1) presented with recurrent baalteespiratory tract infections in the
first decade of life and was diagnosed with hypogeaglobulinaemia at age 8 years. He
was commenced on intravenous immunoglobulin repi@ce therapy. He has one
sibling, who has been diagnosed with autistic spetdisorder. B.1l.1 gives no history
of autoimmune disease. The proband’s father haaatefy seronegative arthritis with
joint erosions. He failed to respond to methotrexatsulfasalazine, but made an

excellent response to TNF antagonist (etanercept).
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3.1.4 Cellular phenotype

3.1.4.1B cell phenotype
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Figure 3.8 Flow cytometric analysis of B cells. ACD19+ cells were analysed for CD21 and CD27
expression. Memory cells (CD27CD38) and CD2¥f B cells were identified. A representative sample
from an unrelated splenectomised patient is sh@vSummary plot of CD2%.cells and memory B cells.
Coloured symbols indicate S254R carriers. Clinjgla¢énotypes are indicated. CVID, common variable
immune deficiency; IgAD, Immunoglobulin A deficiegicMS, multiple sclerosis; RA, rheumatoid
arthritis. Square presents family A and circle pres family B.
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Figure 3.9 Flow cytometric analysis of B cell€D19" CD3 cells were analysed for CD24 and CD38
expression. Naive B cells (CD24CD38), transitional stage 1 B cells (CD2% CD38™""), transitional
stage 2 B cells (CD23, CD38"), memory B cells (CD24, CD38), anergic B cells (CD24CD38),

and plasma cells (CD2@D38™") were identified. Healthy individual and a patighat underwent a
splenetomy were used as contr@sSummary plot of naive, T1, T2, and anergic B cglD24, CD38

). T1 B, transitional stage 1 B cells; T2 B, trdiosial stage 2 B cells; PB, plasmablast/plasmascell
A20°%*R carriers are identified by coloured symbols. @atidiagnoses are shown. Squares indicate
family A and circles indicate family B.
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Initial flow cytometric analysis of circulating B/mphocytes showed that A.ll.1 has
normal numbers of CDIXells but very few memory B cells (1%), and litdeidence
of either class-switched or non-switched memoryelisc(CD19CD27"). CD21 and
CD27 expression analysis showed that approximat®hp of CD19 cells of A.ll.1
were CD2¥ B cells (Figure 3.8). He is therefore classifisdraeiburg class la, defined
as < 0.4% of class switched memory B cells and ntita@ 20% of CD21 B cells

(Warnatz, 2009).

B cell analysis by CD24 and CD38 expression revidas A.ll.1 has a deficiency of
mature naive B cells (CD24 CD38") compared to healthy controls (Figure 3.9). In
addition, A.Il.1 showed abnormally high proportion$ transitional T1 (CD24",
CD38 ™) and T2 B cells (CDZ4 CD38™), which was confirmed by CD10 analysis.
Approximately 30% of his B cell compartment was ©Qwhich represents a 5-fold
increase relative to controls (Appendix 1V). Weaaldentified a prominent population
of B cells that are CD24- CD38- in A.ll.1. In coadt, the other A20 carrier A.l.2
showed a normal range of memory, naive and transitiB cells. CD2% B cells
accounted for approximately 5% of CD1&ells. A.Il.2 showed that slight deficiency in

memory B cells and increase in transitional B cells

Since A.1l.1 underwent a splenectomy we also aeal\& cells from several individuals
who had undergone splenectomies for autoimmunemthogytopenia (ITP) in the
absence of hypogammaglobulinaemia. None of thadieidtuals had a similar B cells
phenotype to that of A.ll.1. A representative flawytometric plot is shown in Figure

3.9, and this individual showed reduced memory Bs dmut normal naive, transitional
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and CD24CD38 B cells. Thus, the B cell profile of A.ll.1 is nobviously accounted
for by splenectomy. In conclusion, A.ll.1 exhib#sB cell phenotype that is quite

different from both healthy controls and other Z28f mutation carriers.

B Alll A.llLl
LYMPHNODE

[ =]
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1

CD38

CcD27

Figure 3.10Analysis of lymph node from the proband A.Il.1. A. Photomicrographs of lymph node
analysied by Haematoxylin and Eosin staining, ombsunohistochemistry with indicated antibodiBs.
Flow cytometric analysis of B cells from lymph nob®psy. CD38 and IgD or CD27 and IgD were
analysed on CD19+ cells. Analysis of tonsil from aarelated donor is shown for comparison. GC,
Germinal centre B cells; PB, plasmablast cells.
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B.I.1 and B.Il.1 carry the identicalNFAIP3 S254R mutation. Both have high
proportions of mature naive B cells (approximai#go) with slightly reduced memory
B cells (CD24™, CD38). Nonetheless, we found no evidence of expansfoth®

CD24 CD38 population or increased CDZ4B cells.

At age 39, A.ll.1 underwent a diagnostic mesentgnoph node biopsy, as part of
investigation for diarrhoea, weight loss and irkalominal lymphadenopathy on
imaging. By haematoxylin and eosin staining, thehaecture of the node was
preserved, except for the absence of plasma cdefimmunohistochemical analysis
revealed germinal centres CO1@D20 and CD21 cells (Figure 3.10), which were
also Bcl6. Consistent with these findings, flow cytometriwadysis revealed that GC B
cells accounted for approximately 31% of his CDX®lls. Remarkably, despite

abundant GC B cells, neither memory B cells nosipiablasts were identified.

3.1.4.2T cell phenotype

Analysis of circulating T cells (Figure 3.11) relezhthat the majority of CD4 T cells in
A.ll.1 adopted an effector memory phenotype (CD45R2CR7). Strikingly, there
were very few naive T cells (CD45RACCR7) (Figure 1.7). By contrast, the majority
of CD4 T cells in A.l.2, B.1.1, A.ll.2 and B.II.1 &re naive (CCR7 CD45RA), and
their effector memory T cells (CD45RACCR7) were comparable to healthy controls.
In A.ll.1, CD8+ T cell analysis revealed a skewiogeffector memory cell formation
(TEM, CD45RA, CCR7) or CD45 effector memory T cells (TEMRA, CD45RA

CCRY7) with very few naive T cells.
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Figure 3.11 Flow cytometric analysis of T cell distbution. A. CD45RA and CCR7 expression were
analysed for CD45+ effector memory T cells (CD45RA&CRY7), naive T cells (CD45RA CCR7),
central memory T cells (CD45RACCRY7), and effector memory T cells (CD45RACCR7). B.
Summary plot, A2&>*carriers are shown with coloured symbols. TEMRMA4BRA" effector memory
T cells; TCM, central memory T cells;TEM, effectaemory T cells

Next, effector CD4 T cells subsets were examinedcfemokine receptor expression
(Figure 3.12). The majority of effector helper Tigen A.ll.1, A.l.2 and A.Il.2 adopted

a Th2 phenotype (CXCR3CCRG6). By contrast, effector T cells
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Figure 3.12 CD4+ T cell subsetsA. Flow cytometric plots of CCR6 and CXCR3 expressibH1
(CXCR3- CCR6+), TH2 (CXCR3- CCR6-), TH17 (CXCR3+ RE&) were shownB. Intercellular
expression of cytokine IFN-g, IL-4, and IL-17 weamalysed and represent TH1, TH2 and TH17
respectively

from B.l.1 and B.ll.1 were evenly distributed intffector subsets according to
chemokine receptor expression. The proportion df {GXCR3, CCR6) in A.ll.1 and
A.1.2 were reduced compared to controls, whereay there increased in B.l.1 and
B.Il.1. The relative proportion of Th17 cells (CXBRCCR®6) in A.ll.1 was reduced,
whereas in B.l.1, B.lIl.L1 and A.ll.2 Th17 cells werereased compared to controls

(Figure 3.12 B).
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Figure 3.13 Exhaustion markers.CD57 and PD1 were used as exhaustion markers on'cgb#
Tonsils are shown for comparisoh. Flow cytometric dot plots anB. summary plot of CD4 T cell8.
CD8" cells. black filled circle, healthy control; blafited square, tonsil; red triangle, A.1l.1
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Figure 3.14 Flow cytometric analysis of circulatingfollicular helper T cells CXCR5 and CD45RA
were analysed on CDGD4' cells. CXCR5 CD45RAcells represent cTfhé. Dot plotB. Summary plot
C. PD1 and CCRY7 expressions were analysed on cTfthaethee (CCR%? PD1") and resting effector
cells (CCRY PD°) are shown

In view of the large number of TEM and TEMRA cellg proceded to further analysis
for evidence of T cell exhaustion according to esgion of CD57 and PD1 (Figure
3.13). This revealed expansion of CD57 and POR4’ T cells in A.Il.1 (80% of CD4

T cells were PDY, and 22% were CDS5Y. This is abnormal when compared with
peripheral blood from healthy controls, but similar the distribution of T cells

observed in human tonsil (Figure 3.13C). Two 23 carriers, A.ll.2 and B.I.1

showed slightly increased CD57 expression. CDB cell compartment, where

approximately 65% were CD5Avhich represents a 7-fold increase relative tutrods.

Memory T cells can be further subdivided accordimgCXCR5 expression. CXCR5
CD4 T cells are often referred to as circulating €élls (cTfh) (Fazilleau, Mark et al.
2009). A.ll.1 exhibits a relative reduction of cT{bTfh: 3.96% of CD4 CXCR5
CD45RA), approximately 2.5 fold decrease relative to muset B.lIl.1 presents a
relative reduction of cTfh (5.51%, 1.8 fold decreaBy contrast, B.l.1 exhibits a 1.6

fold increase relative to controls.

PD1 and CCR7 expression was used for further aisalyslistinguish effector (CCK7
PD1™) and memory Tfh cells (CCR7PD1°) (Ye et al, Immunity). A.Il.1 exhibits a 3-
fold increase in CCR% PD1" cells and a 4 fold decrease in CERPDI° cells (Figure
3.14). B.II.1 exhibits a 1.8-fold increase in effacphenotype (CCR% PD1") and a
1.3-fold decrease in resting phenotype (CERID1°) Tth cells. B.I.1 shows a 1.1-fold
increase and a 1.9-fold decrease in C&;PD1" cells and CCRY, PD1°, respectively.
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Figure 3.15 Flow cytometric analysis of regulatoryT cells A CD127 and CD25 expression was
analysed on CD4CD3' cells. Potential regulatory T cells are shownhia tegionB. Foxp3 expression

of the populations from region shown in A. Greyelirepresents controls and red line represents the
proband.C. Summary plot of Tregs with a mean (4.6%). 28 carriers are indicated with coloured
symbols. Clinical diagnoses are shown. Squared|yfanCircles, family B.

Analysis of regulatory T cells revealed A.11.2, Blland B.l.1 have a slight reduction of
putative regulatory T cells (CD2%D127 cells) compared to controls (from 0.96 and
3.65%). However, A.ll.1 has a deficiency of regatsit T cells. Normally, the CDZ25

CD127° phenotype identifies FOXP3egulatory T cells, however, approximately 40%
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of putative regulatory T cells from A.ll.1 were K& negative. Thus, he exhibits a

relative deficiency of regulatory T cells (approstely 9-fold decrease) compared to

the mean (4.6%) of controls.
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Figure 3.16 Flow cytometric analysis of recent thymic emigrant{RTE) CD31 and CD45RA
expressions were analysed on CD@D3 cells. CD31 CD45RA cells represents recent thymic
emigrantsA. Flow cytometric dot ploB. summary plot for RTET cells in CDLD3" cells inverted red
triangle, A.Il.1; open circle, A.l.1; black filledircle, healthy controls

Finally we enumerated recent thymic emigrant catisording to expression of CD31

and CD45RA (Figure 3.16). 5% of CD4ells were recent thymic emigrant (CD31

CD45RA) T cells, compared with a mean of 18.5% in heatttwytrols.
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3.1.5 Functional phenotypes

3.1.5.1Plasmablast induction
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Figure 3.17 Flow cytometric analysis of plasmablashduction in vitro A. PBMCs were cultured with
CD40L transfectant cells (1:50 ratio) and IL-21§§0ml) for 5 days. Plasmablasts are CD22ZD19°
cells.B. Summary plot shows PB proportion out of B cels P

Analysis of a lymph node isolated from A.ll.1 waseteworthy for the absence of
plasma cells. We proceeded to analysis of plasrabiduction in vitro to investigate

that the absence of plasma cells resulted fromm@imsic B cell defect.

PBMC were stimulated with CD40L + IL-21 for 5 dagsd plasmablast (PB) induction
was examined according to CD19 downregulation dght kevel expression of CD27.
We observed a consistent and significant defeqgtl@smablast formation in B cells
from A.ll.1, relative to controls and the other AR carrier (Figure 3.17).

Plasmablasts expressed as a percentage of CDEsteilv a significant deficit in
plasmablast formation in A.ll.1. This result waspegted, since All.1 has very few
memory B cells, and we observed no plasmablastsvon (LN biopsy). Interestingly,

B.1l.1 also exhibited relative reduction in plasrtzah formation in vitro. We observed
approximately 2-fold and 4-fold reductions in pladiast induction in B.1l.1 (4.2%)

and B.1.1 (2.2%), respectively, when compared @thg controls (Figure 3.17B).

109



Novel NF-kB mutations in common variable immunodeficiency (CVID)

3.1.5.2B cell activation
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Figure 3.18 B cell activationPBMCs were activated with a range of anti Ig F(afloy224 hours and cell

activation marker, CD69 was analysed. Percentageowhof CD19 cells.

We examined B cells for expression of NF-kB-dependetivation marker, CD69 as a

control for activation after stimulation in vitrd-igure 3.18). B cells were stimulated

with anti-Ig F(ab) for 24 hours. We observed a reduction in expressfcCD69 by B

cells from A.ll.1 across the dose range of antF(gb). 40~50% of the B cells from

A.ll.1 became CD69 positive while 70%~80% of thec8ls from controls became

CD69 positive. Interestingly, approximately 25% Bfcells expressed CD69 in the

absence of simulation although he has massiveiticared and anergic B cells and very

few memory B cells. These data suggest a possibkdiBntrinsic defect in activation.

110



Novel NF-kB mutations in common variable immunodeficiency (CVID)

3.1.5.3T cell activation
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Figure 3.19 Flow cytometric analysis of CD25 and CE9 expression in response to T cell activation
beads.Naive T cells (CD3, CD3', CD45RA,, CCR7) and TEM (CD4, CD3', CD45RA CCR?7) were
purified and incubated with T cell activation begd4ltenyi Biotec) according to the manufacture’s
instruction. After 24h of incubation, CD25 and CD&@ressions were analysed. This is representative
two separate experiments.

Next we examined T cell activation in vitro. Naii@D3", CD4’, CD45RA’, CCRY7) or

effector memory (CD3 CD4', CD45RA, CCR7) T cells were positively sorted (BD
FACSAria™) and stimulated in vitro with T cell adtion beads containing anti
CD2/CD3/CD28 antibodies (Miltenyi Biotec) for 24 urs. We examined up regulation
of T cell activation markers CD69 and CD25 in theesence or absence of T cell

activation beads. Unexpectedly, approximately 18P6Adl.1's naive T cells were
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CD69 positive cells in the absence of in vitro stiation, which represents a significant

difference from controls (p<0.0001) (Figure 3.2Dhis suggests that naive T cells from

A.ll.1 were activated in vivo. By contrast, aftamsulation in vitro, A.Il.1 exhibited

impaired activation of naive CD4T cells. In this experiment (representative of two

54.4% of CD4 naive T cells remained negative for6@0and CD25 (p=0.0125,

p=0.0142 respectively, n= 8).

***p<0.0001
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Figure 3.20 Summary of CD69 and CD25 expression amive CD4 T cells and effector memory
CD4" T cells. Percentage was obtained from live CO4cells andA. the experiment is representative of
two separate experimeng. Statisticalanalysis was done with two tailed T-tests.
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It is noteworthy that these findings are very simtio those described in callgKnice,
where a gain-of-function mutation in IHKresults in constitutive activity of the IKK
complex (Krishna, 2012), a similar biochemical de¢fi® that expected and observed as
a result of a defect in A20. As in A.Il.1, caliBKexhibit spontaneous CD4T cell
activation even in the absence of TCR crosslinkingitro, while T cell activation is

impaired after stimulation in vitro.

3.1.5.4 B Proliferation

We also examined B cell proliferation in vitro afteé days incubation with CD40L
transfectant cells (1:50 ratio) and IL-21 (50ng/m)1l.1 and A.l.2 showed obvious
defects in B cell proliferation (Figure 1.16.A).1BL, B.l.1 and B.ll.1 showed relatively
normal proliferation compared to controls after &ysl activation (Figurel.21). We
observed a significant reduction in live B cells time A.lIl.1 cultures during the
proliferation assay (Figure 3.21), suggesting iasesl apoptosis within the B cell

compartment as well as the T cell compartment.
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Figure 3.21 Proliferation of B cells in response t&€D40L. PBMCs were labelled with cell trace violet
(CTV) and incubated with CD40L transfected cells Sodays. Viable B lymphocytes were gated and
analysed according to CTV expression.

3.1.5.5T cell proliferation and T cell survival

We also examined T cell proliferation in vitro (Brg 3.22). Both PBMCs and sorted
naive T cells were examined for proliferation, deii@ed by dilution of CFSE or CTV

label, respectively, after 5 days incubation witbell activation beads. CDA cells
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Figure 3.22 Proliferation of T cells in response td cell activation. PBMCs or sorted T cells were
labelled with CFSE or cell trace violet (CTV) andcubated with T cell activation beads (Milteni
Biotech) for 5 days. Viable lymphocytes were anatlyaccording to CTV or CFSE.
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from A.ll.1 showed a defect in proliferation. Batihfractionated PBMCs and sorted T
cells divided less than cells from healthy contridfs PBMC cultures, the majority of
A.lIl.1’s T cells remained undivided. Sorted T cellso showed similar results: ~60% of

naive T cells and ~70% of memory T cells remainedivided.

3.1.5.6Cell survival

SSC

count
e
e

7AAD

FSC

Figure 3.23 Position of live cells in forward and isle scatter flow cytometry data with 7AAD
staining. A. Forward and side scatter dot pBt.7AAD profile from 3 populations. PBMCs from hdgjt
controls were used for this experiment.

In addition to an abnormality of proliferation, weserved a consistent reduction in the
total number of cells remaining in culture of PBMf@am A.ll.1, raising the possibility
of increased cell death. We proceeded to more foamalysis of cell survival using
7AAD to identify apoptotic cells. In Figure 3.23pmulation 1 is 7ADB" which are
late apoptotic cells. Population 2 contained boftAD"" and 7AADMeMedie ca||g,
indicating both late and early apoptotic cells. iapon 3 contained only 7AAf%"e

(viable) cells. These results demonstrate concaelavith cell viability determined by

forward and side scatter.
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Survival of the sorted T cells was then analyseddiward and side scatter and this
revealed a significant loss of viable cells (apjorately 70%) from A.ll.1 culture of
after 24 hours without stimulation. By contrastpagximately 80% of naive T cells
from healthy control and his family members remdingable. After stimulation,
approximately 40% of cells remained viable in cdgiof naive T cells from healthy

controls. In cultures of naive T cells purifiedrftdA.11.1, less than

Naive T cell survival TEM survival
100+ 801
-e- Control
80 - All1
601 - Al
60- - Al2
= =2 40-
404
20 \- 204
c T L) c T T
& & & &

Figure 3.24 Viability of sorted T cells with T cellactivation beads for 24 hoursLive cells were
measured using viable cell gating (population 8jrfririgure 3.23. Proportions of live cells were gwsad
with or without the stimulation. A.1l.1, red fillesquare symbol; controls, black filled triangle $oh
A.l.1, black filled square symbol; A.1.2, blue &l square symbol.

5% of cells survived in the presence of TCR stiriafa Analysis of effector memory T
cells (TEM) also showed similar results. Approxigigt30% of TEMs from A.ll.1
survived after a 24-hour incubation in the abserice@mulation, whereas approximately
70% of TEMs from controls survived. After stimulaii the survival percentage was
similar in A.1l.1 and controlsTwo separate experiments showed very similar reshnt
other words, the survival ainstimulated naive T cells from A.ll.1 was similar to that
observed after in vitro stimulation of control naiV cells, and in vitro survival of naive

and memory T cells from A.ll.1 was similar as w&lle considered the possibility that

117



Novel NF-kB mutations in common variable immunodeficiency (CVID)

naive T cells from A.ll.1 are partially activateid {ivo) to explain this propensity to
apoptosis. This had been suggested by our earbisergation of increased CD69
expression at baseline. Furthermore, a similaitno wurvival defect has been reported

in T cells from calKK3 mice (S2012).

We also re-examined the proliferation assay tostigate further T cell survival. First,
live cells were identified according to forward asidle scatter plot then a cell trace
violet histogram graph was used to analyse pralifen in each subset. After 5 days of
activation, cells had undergone up to 8 cell donsi The total cell number from each
cell division was divided by the 2 to the powercedl division number to obtain the

proliferation precursor frequency. All the precursell numbers were combined and

A
-
Q S o
< S 68\ G4
67
s 63
cTv
B
Naive T cell survival at day 5§ Memory T cell survival atday 5
20 30
-+ Control
-=- TCHO83
15
20
R X
g 10 2
- T
5 .,
'\c —_—
0 T T 0 T T
& & & S
& 5 oé\ &
S <

Figure 3.25 Viability of precursor cells after 5 dgs with T cell activation beadsLive cells were
measured using viable cell gating (population 8jrfiigure 3.23A. Live cells on forward and side
scatter dot ploB. CTV analysis on live cellC. Viability of precursor cells after 5 days stimibsit
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the total live precursor cells then were divideddgl cell number to get the proportion
of survival. In both memory and naive T cells cid) there was significant cell loss by
apoptosis without stimulation. Less than 5% of memb cells from A.ll.1 survived,
compared with control memory T cells, this représen>8-fold deficit (Figure 3.25).
While this experiment suggests that apoptosis eced even in naive T cells, one

caveat of this experiment is that naive cells vpargtively sorted using CD3 and CDA4.

3.1.5.7Apoptosis

Control All Al.2 All.l
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TNF

7AAD

LAC
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Figure 3.26 Analysis of cell survival after variousstimuli. PBMCs were stimulated with LAC, TNF
or nil for 24 hoursA. Family A.B. Family B C. PBMCs were stimulated with a range dosage of TAB
and live cells were analysed. LAC, lymphocyte atfon cocktail; TAB, T cell activation beads.

Next, we examined apoptosis in response to varamditional stimuli. First, T cells

were stimulated with either TNF or a lymphocyteiation cocktail (LAC) containing
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PMA, ionomycin and brefeldin A. The most substdrdiefect in survival was observed
after 24 hours stimulation with LAC. 5.4% of totphtient cells remained viable
compared with 25% from the control (Figure 3.26).this experiment, we did not
observe apoptosis in unstimulated cultures. Therglmncy between this result and that
described above (1.1.5.6) may be explained by fardifce in the absence of positive

selection in this experiment.

In PBMC cultures, we did not observe evidence adpapsis after T cell activation

beads. To exclude insufficient stimulation, theexmpent was repeated with increasing
amounts of T cell activation beads. Figure 3.26@\ghthat apoptosis was induced in a
T cell activation bead dose-dependent manner wthidethere was no induction of
apoptosis in control cultures, even with the higladsses of T cell activation beads
(2.5ul/AM cells). Remarkably, the enhanced apoptashserved with A.ll.1 was

stimulus-specific, and was not seen after stimoativith either anti-FAS or TNE

This specificity provided us with a possible climat the underlying defect.

3.1.5.8Gene expression signature

3.1.5.8.1 B cells

So far, we have established that the defect inJAdbnsists of baseline activation of T
cells, reduced proliferation in vitro, increasedell exhaustion, and enhanced apoptosis
in vitro in response to TCR ligation, and PMA/iongeim. These findings would be

consistent with a defect in NF-kB conferred by aattion inTNFAIP3. To explore this
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possibility further, we examined global gene exgi@s in lymphocytes isolated from

A.l1l.1 and controls.

Naive B cells were sorted according to CH2CD19, CD10, CD27 and were
stimulated with anti Ig F(ab¥or 24 hours, and global gene expression was méted
by microarray. One patient and one control with technical replicates were used for

B cell gene expression Approximately 20000 tramgsriwere identified by Partek

analysis software.

A 1:1.035 B 1:1.025

TOTAL genes BTK related genes

Control
Control

1:1.469

NFKB Target genes

Control

800

Figure 3.27 Gene expression of control vs. the prabd from Microarray gene analysis A total gene
expression of the proband vs. age matched heatifityat. B. BTK related gene expression of the

proband vs. age matched healthy conrdF-kB target gene expression of the proband ve.naatched
healthy control.
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Overall gene expression was similar between pagiedtcontrol (Figure 3.27A), but we
observed a bias towards overexpression of NF-kietagenes in A.ll.1 (Figure 3.27C).
For comparison, we analysed target gene expredsinstream of the BTK pathway

and found no difference between proband and co(figure 3.27B).

Heat map projections of approximately 120 geneshosvn in Figure 3.27A. Overall,
higher expression of signature NF-kB target geamesicripts was found in the patient’s
B cells compared to the control (Figure 3.27C).38KB target genes were upregulated

or downregulated >2-fold (p<0.05). 33 were upretpdan A.Il.1 (Figure 3.28).
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Figure 3.28 NF-kB target gene expression of stimuled naive B cells by microarray. AHeat map
projection of 120 selected NF-kB target genes hosva.B. 38 genes which have more than 2 fold
different from control are listed with their relei expression to control .33 genes were upregubated
genes were downregulated.
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Genes whose expression differed most wii@ and CCL2 (8-fold and a 61-fold
increase, respectively). Recently it has been deimated that apoptotic cells secrete
soluble factors which promote chemotaxis of phatmay cells toward dying cells
(Gregory and Pound, 2011; Ravichandran, 2011). BbtB (CXCL8) and MCP1
(CCL2) are chemokines and it has been found tregt #ine produced from Fas or TNF
induced apoptotic cells to guide phagocytes to agampcells (Cullen et al., 2013). The
gene expression signature would therefore be densiwith the observation that B and

T cells from A.ll.1 exhibit an increased propensdyapoptosis.

3.1.5.8.2 T cells

Since naive T cells showed an active phenotypeniralasence of stimulation, we
performed an independent analysis of T cell generession. Naive T cells
(CD3+CD4+ CD45- cells) were sorted by positive seétgn and RNA was prepared for
gene expression in the absence of stimulation. Ri§Adata were analysed by voom

after normalisation by sequencing depth.

Hierarchical cluster analysis shows that the twats clustered closely together
indicating that their expression profiles are samiland significantly different from the
expression signature observed in T cells from tmebagnd. As in the B cell

compartment, heat map projections reveal higheresgon of signature NF-kB target

gene transcripts from the patient’s naive T callmpared to the controls (Figure 3.29).
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Figure 3.29 NF-kB target gene expression of naive dells by RNAseq. AHierachical cluster analysis
of RNA-Seq and Heat map projection of 100 sele®t&ekB target genes are showBL.. 31 genes were
upregulated and 4 genes were downregulated wittOp<@ne patient and two aged matched control with
two technical replicate were used for T cell gerpression.

Thus, independent gene expression analyses reweabi@ance for results obtained
from T and B cells. Specifically, we observed uplagon of NF-kB regulated genes in
both compartments. 35 NF-kB regulated genes werherei upregulated or

downregulated at least 2-fold (p<0.05). 31 gen8%5®) were shown to be upregulated
in A.ll.1 relative to controls. Remarkably, IL-8 @di€CL2 were most highly expressed
in both naive T cells and naive B cells. Taken tiogie analysis of global gene
expression in both T and B cell compartments pdimtberrant over-activity of NF-kB

activity, and would be consistent with loss of ftime TNFAIP3 mutation.
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3.1.5.9IkB o analysis

In view of these results, we examined NF-kB signglispecifically. IKK activation
leads to phosphoralytion of IkBand consequently rapid degradation of &ipon cell
stimulation. We stimulated T cells with TMand examined IKB expression by flow

cytometry over a brief time-course.
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Figure 3.30 IkBo. expression after TNFa stimulation. PBMCs were thawed and incubated &tG¥or 2
hours prior to the stimulation. Cells were thenuinated with TNE (50ng/ml) for various time points.
CD3+ cells were analysed for IkB=xpression by intracellular stainindy. Histogram of IkB. expression
at 0, 20, and 60 minutes after the stimulatiBn.Comparison of |kB expression between A.ll.1 and
controls without stimulatiorC. MFI of IKB e expression in time course stimulation with TdNF
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We observed that IkiBexpression decreased at 20 minutes and its expnassreased
back to baseline at 60 minutes after stimulatioA.ih1 and one of the controls (Figure
3.30). Changes in IK8expression were similar in A.ll.1 and controls. i@ observe,
however, that 50% of T cells from A.ll.L1 lacked IKBeven in the absence of
stimulation (compared with less than 15% in cosiiatonsistent with constitutive NF-

kB activation.

3.1.6 AZ20 interacting gene search

It has been reported that mutations in NF-kB geimetuding CARD11, MALT],
IKBKA, and IKBKB cause defects in T and B cell differentiation,ivation and/or
proliferation (Lahtela, Nousiainen et al. 2010; ®noXiao et al. 2012; McKinnon,
Rozmus et al. 2014; Nielsen, Jakobsen et al. ZDddey, Durandy et al. 2014; Brohl,
Stinson et al. 2015). A.ll.L1 showed defects in\attion of T cells and B cells,
proliferation of T cell and B cell, and plasmabladifferentiation. The cellular
phenotype of A.ll.1 is similar to one from primairpmune deficiency patients with
CARD11 mutations. Furthermore, a mouse model, which esii constitutively active
form of IKKB shows a very similar phenotype including a higtcpetage of effector T
cells, irresponsive T cell activation, spontaneaaitve T cell activation, abnormal T cell
proliferation, high PD1 expression and poor suiv{t@shna, 2012). This suggests that
the cellular phenotype of A.ll.1 is caused by &t NF-kB resulting from defects in
negative regulation of NF-kB and A2%**R On the other hand, the cellular and
functional changes observed in kindred B, and iddeether carriers within kindred A,

are far less significant than those observed irptbband from kindred A. We therefore
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investigated A.ll.1 for a second genetic variamtt timight modify A20 to cause a more

severe NF-kB signalling defect, and explain thisction and phenotypic discrepancy.

Exome sequenced mutations

v

Non synonymous or splicing site
mutations

v

A20 interacting genes

v

Seen in only A.1l.1 not the other A20
S254R carriers.

v

Candidate mutations

Figure 3.31 Schematic diagram for mutation selectio

First, we examined lymphocytes from A.ll.1 for arsdically acquired second mutation
in TNFAIP3. RNA was isolated from PBMCs, from which we genedatDNA. We
analysed transcripts for splice varign@nd for sequence variation by Sanger
sequencing. No somatic variants TNFAIP3 were identified, although we founal
previously unreported splice variant of TNFAIP3 t{leen exon 7 and exon8), which

was present in A.l1l.1 and several healthy controls)

Second, we interrogated the A.Il.1 genome for vasian TNFAIP3 interacting genes.

Using the String and BioGrid software tools, weniifgeed 89 interacting genes (listed
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in Appendix Ill). We identified 13 nonsynonymous splice site mutations of these

§2°*R carriers, since

genes in A.ll.1's exome. We excluded variants foimather A2
we had shown through exhaustive analysis that otagriers are phenotypically
distinct. This left us with just one variant, a dreizygous missense SNP TAX1BP1
(L3071). We confirmed theTAX1BP1 polymorphism by Sanger sequencing from
lymphocytes and saliva and also confirmed that ayraelhS254R carriers, only A.ll.1
caries théTAX1BP1 variant, which was transmitted paternally (A.l.TAX1BP1-"" is
not novel. According to dbSNP, the MAF is 0.069.afysis by Polyphen2 and SIFT

tests showed 0.278 and 0.78 scores, respectivetyes consistent with possible

damage.

3.1.6.1TAX1BP1-3"
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Figure 3.32 L3071 TAX1BP1 mutation. A. Sanger sequencing dfAX1BP1 showing heterozygous
mutation (*). B. Schematic representation of humB&X1BP1 structure showing SKICH domain, three
coiled coil (CC) domains and two ubiquitin bindimgne (UBZ) domains. The mutation encoding L3071
is next to the first coiled-coil domain (sta®. Summary of the mutation
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TAX1BP1 is a scaffolding protein that is cruciak fassembly of the macromolecular
complex containing A20, ITCH, RNF11, and RIP1. Weestigated TAX1BP1 as a
potential modifier of A20 to explain the severe KBphenotype of A.ll.1. Since L307
is located in a coiled coil region of TAX1BP1, whids responsible for protein
interactions (Figure 3.32), we hypothesized that thutation might affect interaction

between A20 and TAX1BP1.

3.1.7 Biochemical analysis
3.1.7.1NF-kB activation

To investigate the effects of both A20 and TAX1B#driants in the absence of
endogenous normal genes, we generatddlBP1 and TNFAIP3 double-deficient
RAJI cell line (A20", TAX1BP1") by CRISPR/Cas9. The deletion of two nucleotides
(GT) at g.8910 IinTNFAIP3, and the insertion of one nucleotide (T) at g.4B1%
TAX1BP1 were confirmed by Sanger sequencing and framsshiéire predicted to
result in premature termination of expression duehe appearance of a stop codon
(TGA) at 252 iInTNFAIP3 and at 331 inTAX1BP1. Absence of endogenous protein

expression was confirmed by western blot.
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Figure 3.33. TNFAIP3" TAX1BP1" Raiji cells were generated by CRISPR/CAB9Sanger sequencing
of TNFAIP3 and TAX1BP1 germline DNA. Amino acids changed are shown in. d A20 and
TAX1BP1 expression was analysed by western bloBF,6TAX1BP1; Wt, Wildtype, LAC, lymphocyte
activation cocktail

Wildtype or mutantTNFAIP3 vectors were co transfected into double knockoaji R
cell line (TNFAIP3 7, TAX1BP1") with wild type or mutant type TAX1BP1 and an
mCherry vector. The positively transfected cellsravasolated using by FACS
according to mCherry expression and sorted cellseeween activated with various

stimuli for 24 hours and 48 hours and cells wer@ys®ed for CD69 expression.
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Figure 3.34 The expression of B cell activation méers in knockout cell lines created by CRISPR
CAS9 system.Mean fluorescence intensities (MFI) of CD83, CD&6d CD69 expressions were
obtained. Three experiments were conducted.

Before transfection, CD69 expression was increasedRaji cells deficient in
TAX1BP1, and expressed at even higher levels wlesrdared doubly deficient in

TNFAIP3 andTAX1BP1, when compared with WT cells (Figure 3.34).
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Figure 3.35 Analysis of CD69 expressionConstructs encoding either wildtype or S254R A2@d an
wildtype or L3071 TAX1BP1 were transfected intdlFAIP3-/- TAX1BP1-/- Raji cells.A. Histogram of
CD69 expression from cultures incubated with CD4@ig{ml) for 24h and 48B. Bar graphs of CD69
expression at 24 hours and 48 hours.

Next, we examined the action of genetic compleniemtaf double-deficient Raji cells
with either mutant or wild type alleles GAX1BP and TNFAIP3, either together, or
with their wildtype interacting partners. CD69 eagsion was determined by flow
cytometry. Wild type or mutant A20 mammalian vestavere cotransfected with

wildtype or mutant TAX1BP1 mammalian vectors intajiRTNFAIP3-/- TAX1BP1-/-

cells by electroporation using the NEON system.

mCherry vectors were used for selecting transféstand mCherry positive cells were
sorted and activated with CD40L, ThFor anti-lg for 24 hours or 48 hours. CD69
expression was measured by flow cytometry. TNFATP8 and TAX1BPH"
transfection resulted in increased CD69 expresgielative to cells transfected with
wildtype constructs. Significantly, transfection @ther mutanlTAX1BP1 or TNFAIP3
with wild type interacting partner resulted in pbempes intermediate between those

found after transfection of mutant versions of bo&X1BP1 and TNFAIP3, although

cells containing the mutant allele BNFAIP3 and those homozygous for both mutant

133



Novel NF-kB mutations in common variable immunodeficiency (CVID)

genes exhibited similar phenotypes. MutarRAXIBP1 cells expressed less CD69.
CD40L stimulation induced enhanced CD69 expressiaall cultures however TNE

and anti Ig did not significantly stimulate the eagsion levels. Nonetheless, this was
shown in all stimulations and the difference bemveeldtype and mutant types was

more pronounced after 48 hours.

3.1.7.2Co-immunoprecipitation

A20 and TAX1BP1 are known to form a macromolecalamplex in order for A20 to
perform its normal catalytic function. We investigh the possibility of physical
interaction between mutant A20 and TAX1BP1l to expléhe putative epistatic
interaction betwee@AX1BP1 andTNFAIP3. We generated constructs of wildtype and
point mutants of each gene with tag proteins. A2 wonjugated with a C-terminal

cMyc and TAX1BP1 was FLAG-tagged at its N terminal.

HEK293T cells were transiently co-transfected witiid type A20 and wild type
TAX1BP1 or A20**R and TAX1BP1*°"' expressing vectors. After 36 hours, cells
were stimulated with TNé&to induce A20 complex formation and cells werevhated

and lysed.
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Figure 3.36 Co-immunoprecipitation of A20 and TAX1B1. Wildtype A20 and wild type TAX1BP1
or A20°***Rand TAX1BP1*%" cell lyates were precipitated with anti-Flag, asiyc or isotype control

antibodies.A. Immunoblotting with anti c-Myc B. Immunoblotting with anti FLAG antibodies. A20-
cMyc fusion; TAX1BP1-Flag fusion.

A20 was immunoprecipitated with anti-cMyc and theraction was analysed by
immunoblotting with anti-Flag for TAX1BP1l. We alsanalysed cells after

immunoprecipitaion of TAX1BP1 followed by immunoblanalysis with anti cMyc.

Anti-cMyc (A20) precipitated a small amount of affiLAG (TAX1BP1)-containing

complex in cells transfected with A% and TAX1BPY'". By contrast, we observed
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more FLAG (TAX1BP1)-containing complexes after asidyc (A20) precipitation of
cells transfected with AZ8°*Rand TAX1BP " (Figure 3.36A). Similar results were
obtained with the converse strategy, in which wecimitated protein complexes with

anti cMyc (A20) (Figure 3.36B).

These findings suggested preferential assemblyutam TAX1BP1 and A20, and this
would be consistent with the observed severe plgpaah A.ll.1. In the absence of any
interaction, we would expect approximately 50% oR0Acontaining molecular
complexes to contain mutant A20. In the presendhisfperturbed interaction, greater
that 50% would contain the A20 with reduced funati@hese findings potentially
explain why simpleTNFAIP3 heterozygosity confers a mild phenotype, but cowdbi
TNFAIP3 and TAX1BP1 mutations confer a severe phenotype. In other syoodir
results are consistent with non-allelic non commatation, in which two mutations
within separate genes, combine to cause a phendhgiemight be expected with

damaging homozygous mutations of either gene alone.
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3.2 Discussion

We discovered a novel mutation iMNFAIP3 (g.8910C>A) by whole exome
sequencing, from two unrelated patients with commanable immune deficiency
(CVID) recruited to the Australian and New ZealaAdtibody Deficiency Allele
(ANZADA) study. By genotyping their family memberge found three additional

carriers of the mutation.

A20 is an important negative regulator that tern@aasignalling via the canonical NF-
kB pathway. In most cells, A20 expression is mairgd at very low levels in resting
cells, but its expression is induced when cellsaatesated by canonical NF-kB stimuli.
This is thought to providea negative feedback lé@pregulating NF-kB signalling
(Catrysse, Vereecke et al. 2014). The mutation emnt here is located at S254
proximal to an active site, H256, and it was presicto alter the conformation of the
A20 structure to perturb catalytic activity by digitization and in silico tests.Indeed,
the deubiquitination experiment reveals that thetation TNFAIP3°%**R impairs
deubiquitination. Consistent with previous repaves also found that the OTU domain
cleaves K48 linked ubiquitin chains rather than KiéRed ubiquitin chains in vitro.
While the wildtype OTU domain was able to genexiteeric or monomeric ubiquitin
chains within 30 minutes of activation, S254R aitged DUB activity to generate di-

or mono-meric ubiquitin chains. This biochemicaled¢ was, however, not as severe as

that observed with an OTU harbouring a H256R stuigin.

Our NF-kB activation experiment reveals a substargffect of A2§°°**Ron NF-kB

activity (Figure 3.6). A287°*Rexhibits robust and prolonged NF-kB activity comgsh
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to its wildtype. Two distinct domains of A20 funmti in a stepwise manner so DUB
function facilitates the E3 ligase function of AR/ertz, O'Rourke et al. 2004), and
therefore, the S254R mutation may influence noy @UB activity but also E3 ligase

of A20.

Lu and colleagues generat&dfaip3 °™°™ mice, which carry a cysteine to alanine
mutation at amino acid residue 103, and demonstrdi@t the OTU domain accounts
for some of A20 functions (Lu, Onizawa et al. 2Q1&8jhough the phenotypes of these
mutant mice were less severe than thaTrdaipB"' mice, whichdie prematurely from
multi-organ inflammation and cachexia (Lee, Boomele 2000; Lu, Onizawa et al.

2013)(Lee et al., 2000 Lu, 2013).

Interestingly, mice carrying mutations in the OTahthin do not exhibit defects at birth
but exhibit splenomegaly and dextran sulphate sd{DSS) induced colitis by 6
months of age (Lu, Onizawa et al. 2013). These mbalities are similar to those

observed in proband A.ll.1.

TNFAIP3%%**R** carriers have various defects in immune functiout, both probands,
from two independent kindreds, exhibit primary baty deficiency. Proband from
kindred A (A.ll.L1) presented with severe haematmaly autoimmunity. Detailed
immunological phenotyping revealed increased nusb&f cells but a normal number
of B cells. Further analysis of the B cell compatty however, revealed a high
proportion of transitional B cells and a deficienafymemory B cells. We found no

evidence of plasma cell formation either in vivarowitro.
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We found evidence of constitutive cellular activati based on analysis of cell surface
phenotype, an increase of propensity to apopt@Xmsistent with this, biochemical
analysis revealed enhanced IKBa activity. Furtheenglobal gene analysis revealed
an active NF-kB signature, that was remarkably octent between T and B cells.
Taken together, these findings are consistent wittlefect in termination of NF-kB

signalling as a result of the A20 S254R mutatiogFe 3.5-6, 3.30).

Several individuals who presented with persisteneBlymphocytosis have been found
to harbour gain of function mutations @ARD11 (Snow, Xiao et al. 2012). While our
proband had normal total B lymphocyte numbers défects in lymphocyte activation,
and proliferation were very similar. The mutationsCCARD11 may be associated with
regulating A20 functions. MALT1 has been reportedhtave a specific proteolytic
activity that cleaves A20 upon TCR activation (Guaert, Baens et al. 2008). CARD11
mutations confer activation of MALT1 and conseqliete¢ad to inactivation of A20.

This could explain the similarity between the patieith A20 S254R and patients with

CARD11 mutations.

The mutant CARD11 and A20 S254R both result invatibn of IKKB. Remarkably,
the phenotype of our patient is very similar to arighe constitutively active IKK
mice (calKK3) which carry a gain of function mutation ikbkb (Krishna, Xie et al.
2012). Analysis of circulating CD4+ T cells revahléhat the majority adopted an
effector memory type @), with very few naive T cells in either CD4 or CD8
compartments. A similar defect in T cell differextibn, with increased formation of

Tewm cells was also observed in calKknice.
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Since A20 is constitutively expressed to inhibitiaation of NF-kB in lymphocytes,
any defect in A20 would be expected to enhancevattdn of lymphocytes. In the
absence of stimulation, lymphocytes from caKknice express increased CDG69.
Similarly, we observed spontaneous activation gells from proband A.ll.1.

Chronic activation is thought to impair responsess to repeated stimulation of
lymphocytes. In calKIgR mice, there is a reduced response to TCR stinonlatiVe
reported impaired upregulation of both CD69 and ER&er T cell stimulation of cells
from A.Il.1. A similar result was reported in patte CARD11 gain-of-function
mutations. Absence of responsiveness may reflestcal exhaustion, and consistent
with this, we observed high expression of exhaunstiarker PD1 was seen in A.ll.1,
and similar findings were reported in T cells fraalKKB mice (Krishna, Xie et al.

2012).

Activation and proliferation experiments both shdwikat the majority of the patient's
cells failed to survive. Apoptosis experiments aonéd that cells from A.ll.1 were
prone to apoptosis after stimulation with PMA anddmysin, or TNFa. Remarkably,
global gene expression showed that both T and IB erpressed very high levels of IL-
8 and CCL2. They chemokines are known to facilifgt@gocytosis. In 2013, Cullen
and colleagues discovered that TNét CD95 induced apoptotic cells secreted various

signals, particularly IL-8 and CCL2 to induce phegiosis (Cullen, Henry et al. 2013).

A20 is physically associated with the DISC compland inhibits the DISC formation
by removing ubiquitin chains of caspase 8 througbBDactivity (Jin 2009). Thus,

impaired DUB function may result in an enhancedpraity to apoptosis.
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Increased cell death was observed in cglKKice, as well as high levels of expression
of both active caspase 8 and active caspase 3guimigly, patients with gain-of-
function mutations inCARD11 did not show cell apoptosis. Although CARD11 is
crucial for lymphocyte activation, CARD11 is rested to lymphocytes. By contrast,
A20 and IKKBact more broadly to regulate canonical NF-kB patfsvsuch as TNF or
TLR-induced NF-kB, which might explain why A20 SE4nore closely resembles the

phenotype of calKKb mice thabARD11 patients.

We observed a severe phenotype in A.ll.1, with eva# of increased cell activation,
enhanced apoptosis, and clinical features of auminmty and immune deficiency.
Other carriers of the TNFAIP3 mutation were phepuaglly normal. Recent evidence
has emerged that truncated mutationSNIFAIP3 resulting in A20 haploinsufficiency is

sufficient to cause a florid inflammatory phenoty@hou, Wang et al. 2016). The
discrepancy could be explained because A20 S254Rasttains a functional E3 ligase

domain and haploinsufficient DUB activity may bengeensated by E3 ligase domain.

The severe phenotype observed in the proband findrdd A, however, appears to be
due to the combined action of the A20 variant, andariant in its interacting partner,
TAX1BP1. A20 forms macromolecular complexes thatction in NF-kB inhibition

and apoptosis (Shembade, Harhaj et al. 2008; Shaemiarvatiyar et al. 2009). The
discovery of an increasing number of A20 interagtpartners indicates that A20 is
involved in a broad range of immune regulation. Wgothesized that an additional
mutation in interacting partners would alter A2G@x@ning complexes to impair A20

functions. We identified 13 nonsynonymous or splicmutations from A20 interacting
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genes in the A.ll.1 genome. Among them a mutatioMAX1BP1 was the only unique

mutation that was found in A.Il.1 but not in théhvet A20S254R carriers.

TAX1BP1 was discovered in a yeast two—hybrid screen fod Aihding partners (De
Valck et al., 1999). TAX1BP1 is also an essentaulator. TAX1BP1-deficiency in
mice results in premature death due to age-depérggertrophic cardiac valvulitis.
These mice also exhibit hypersensitivity to sutdettoses of TNF and IL-1, which had
also been observed in A20-/- mice (lha, Pelopoeesd. 2008). Inhibition of NF-kB is
attenuated inTaxlbpl deficient cells, due to impaired ubiquitin editinglthough
TAX1BP1 does not possess the ubiquitin editing végti Therefore TAX1BP1 is
thought to be a scaffolding protein that recruit20Ato ubiquitinated substrates,
enabling A20 to perform its ubiquitin editing furast to terminate NF-kB signalling
(Verstrepen, Verhelst et al. 2011). Recently, & haen reported that phosphorylation of
TAX1BPL1 is required to form A20 editing complexesd mutations in active sites of
TAX1BP1 impair the formation (Shembade, Pujari &t 2011). This observation
confirms that functional TAX1BP1 is important fdret normal operation of the A20
editing complex, and that mutations on TAX1BP1 douhpair the A20 ubiquitin

editing functions.

We went on to confirm both the functional consegqeeaf TAX1BP1 deficiency, and

the defect on function conferred by combined mategiin TAX1BP1 and TNFAIP3. In

IAZO—/— TAX1BP1-/-

order to exclude endogenous gene expression, wergjed RAJ and

RAJI ™XIBPL - \were by CRISPR/cas genetic engineering. We obdehigh level

ﬁZO-/- TAX1BP1-/- and RAJITAXlBPl -I-

expression of CD69 in RA cells, confirming that
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TAX1BP1 and A20 inhibit NF-kB activation. RAJP?" ™8P showed enhanced
CD69 expression compared with RAJE”". Consistent with previous reports, this
suggests that A20 has additional functions indepenhdf TAX1BP1. The effect of
A205%®Rand TAX1BPY"' was tested in RAJNO7 TAXIBPI A5 expected, AZGH>*R
and TAX1BP1*®" cells exhibited more persistent and stronger NF-&&ivity
compared to wild type or single mutant cells. Tlediscwith three different stimuli

showed the same results in both 24 hour and 48dimnulation.

We investigated the possibility of biochemical matetion between both mutant proteins
by co immunoprecipitation experiments. Our initiglpothesis was that A28>*F or
TAX1BP1 %" may interrupt the formation of molecular complexegolving these
two proteins, possibly as a result of conformatioclanges. The results were in
contrast to this prediction, and revealed that ititeraction between A26%*R and
TAX1BP1 ="' is enhanced relative to that between wildtypeeinst We observed a
relatively weak the interaction between wildtype0A2nd TAX1BP1 possibly due to
stringent immunoprecipitation buffer. By contrastve observed a robust
coimmunoprecipitation of mutant proteins, sugge&stm higher affinity interaction
between the mutant proteins. Preferential intevactf mutant proteins, resulting in
greater than expected incorporation of mutant A2@uld therefore amplify the
phenotypic consequences of mutant A20, which wewsHo exhibits defect

deubiquitination.
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Figure 3.37 A theory of nonallelic noncomplementabn discovered in this study

In conclusion, we report a novel mutant allele d#0AS254R that segregates with
primary antibody deficiency. In vitro, A3&*Rimpairs DUB and inhibition of NF-kB.

The mutation in TNFAIP3 appears to be in epistasith a polymorphism of

TAX1BP1, as the phenotypic consequences of themh#a0 protein are accentutated
by TAX1BP1l polymorphism. We present biochemicaldewice of a preferential
interaction between the two mutant proteins, ceestswith the phenomenon of
nonallelic noncomplementation, in which two diffeterecessive mutations confer a

phenotype because they encode proteins that #ot same pathway, or contribute to
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the same macromolecular complex. In this particakse, the mutations increase the
affinity of interaction between A20 and TAX1BP1 amplify the consequences of a

hypomorphicTNFAIP3 allele.

Table 3.1 Summary of immunogical phenotype

All | Al2 | Anl | Anz2 | BI1 | BlL2 |BIl |Bl2 normal
range
T1 B cells
(CD24" CD38™) 2.23 1.91 175 2.81 4.07 2.66 1.78 8.72 0.79-6.06
— T2 B cells
T (CD24" CD38™) 6.31 7.36 185 4.72 12.7 8.09 6.05 15.3 2.87-11.5
— -
o Naive B cells
o (CD24" CD38") 57.1 55.4 18.8 433 72.8 477 76.8 54.7 41.3-68.7
© Memory B cells
8 (CD24"CD38" 213 2238 5.98 26.7 8.41 36.1 13.6 17.7 7.47-39.3
2 Plasma cells
T (CD24CD38™) 0.25 0.47 0.079 1.09 0.011 0.16 0.017 0.25 0.018-0.48
o Anergic B cells
(CD24' CD38) 0.67 0.76 13.7 16 0.047 0.24 0.02 0.083 0.14-2.24
cD21'™ 1457 | 1354 | 46.61 18.18 9.31 6.6 7.13 7.67 3.7-17.6
CD4+ TEMRA
(CD4” CCR7” CDA5RA") 11.2 24.1 12.3 17.7 8.45 7.78 17.8 20.5 3.27-11.4
CD4+ Naive
(CD4' CCR7* CD45RA") 15.5 47.2 1.48 37 325 23.8 44.6 58.4 8.47-55.4
CD4+ TCM
(CD4* CCR7* CD45RA) 15.1 10.3 6.72 14.3 33.4 145 9.33 5.67 14.7-31.1
CD4+ TEM
(CD4* CCR7 CD45RA) 58.2 18.3 79.5 31 25.7 54 28.4 15.4 18.9-45.3
T Treg
a (CD4" CD25" CD127 3.86 4.29 0.58 3.35 3.2 3.63 2.9 3.65 4.13-7.47
© FOXP3"
9 cTFH
% (CD4' CXCR5' CD45RA) 13.7 7.23 3.96 9.41 15.6 8.29 5.51 4.46 7.5-14
© TH1
° (CD4’ CCRE CXCR3') 11.7 10.7 4.09 246 26.8 28.7 28.2 20.9 9.57-45.3
TH2
(CD4' CCR6 CXCR3) 26.8 48.8 54.3 523 26.2 17.4 15.7 27.9 28.3-67.2
TH17
(CD4’ CCR6’ CXCR3) 33.7 30.4 36.2 11.2 243 20.9 24.6 33.6 17.2-39.2
CD57+ 1.69 1.03 19.08 9.99 7.116 | 2.491 0.553 0.338 0.39-2.3
PD1+ 31.33 | 14.25 80.2 24.44 46.72 | 5835 | 38577 | 33.565 18.8-45.62
CD57+ PD1+ 0.83 0.45 14.7 5.44 6.22 2.35 0.477 0.265 0.22-1.62
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4 Pedigree |l
4.1 Results

4.1.1 Clinical history of our proband

1.1
1.1 1.2 1.3
ID DOB Infections autoimmune | Diagnosis SpAb 1gG (g/L) 1gA (g/L) 1gM (g/L)
(normal - (normal - (normal -
>6.2) >0.6) >0.48)

1.1 5/04/1958 Otitis media, Alopecia CVID (age 35) | N/A 5.53 0.18 0.009

Sinusitis, areata (age

bronchitis, pleurisy, 11)

dental abscesses

pneumonia

Viral meningitis
1.1 14/02/1982 Nil Nil Well N/A 11.4 1.86 0.66
1.2 29/08/1983 Sinusitis Alopecia CVID HIB O 2.7 0.1 0.4

totalis (age (age 20) TetTex 0.16
14) PNab 7/14
=0

1.3 3/12/1987 Pneumonia, Alopecia CVID (age5) N/A 1.64 0 0.05

bronchitis, sinusitis, | areata(age

otitis media, skin 8)

infections

Table 4.1 Clinical history of TCH128 family

We identified an individual (1.1) with complete BRIt deficiency from within a larger
cohort of patients with primary immune deficienci8be was not diagnosed with CVID
until the age of 40 but had a long history of clicosinusitis, bacterial pneumonia,
recurrent intestinal giardiasis, and periodontiiee also had alopecia areata at age 14
years. At the time of investigation, she was rdogivintravenous immunoglobulin

(IVIG) replacement. Further investigation of thedkied revealed 2 of 3 offspring with
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hypogammaglobulinemia, 1 diagnosed at age 20 y@a2$ and the other in infancy
(11.3) (Table 4.1). Both sons have a history ofartic sinusitis from childhood and
remarkably, both have a history of childhood alapédotalis. One is receiving IVIG,

and the other remains healthy despite refusing inoglobulin replacement therapy.

4.1.2 The cellular phenotype

1.1 1.1 1.2 1.3

CDh19

CD19+ cells %

o

Figure 4.1 Analysis of circulating B cells and sumiawry of B cell numbers relative to other CVID
affected patients and healthy controlCD19+CD27- cells represent naive B cells CD19+ Cbeells

indicate memory B cells.

Analysis of peripheral blood samples from A.I atiBBabffspring revealed severe B-cell
deficiency (Figure 4.1). In all cases, B cells sggnted less than 2% of total
lymphocytes, which is exception not only in healtontrols but also unrelated patients

with hypogammaglobulinemia, where the average ptapo of B cells was

approximately 15% (Figure 4.1).
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1.3

3.51
8.77 12.28

38.60°

CD24

CD38

Figure 4.2 Analysis of transitional B cells in fanly members. They are CD19+ cells and
CD24+++CD38++ cells represent transitional stagB 2ells and CD24++ CD38 ++ cells represent
transitional stage 1 B cells.

Each patient was also found to have severe defigief transitional stage 1 and 2 B
cells (defined according to CD19, CD24 and CD38ression) in the peripheral blood

(Figure 4.2).

Ctrl 1.1 1.1 1.2
139

Cb24

0.4 ] 22| 02§y 55

CD10

CD10™ CD24" cells (%)

CVID  Control
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Cord Tonsil Rituximab

124

cb24

19

CD10

Figure 4.3 Distribution of CD24°and CD10" cells A. Analysis of CVID patients and healthy controls
B. summary of the population C. Analysis of the pagioh from Cord blood, Tonsile or ribuximab from
patient with rituximab treatment.

Careful analysis of the few remaining CD19+ celtseaaled a relative expansion in
CD1d" CD24° cells and this population, which is rare in cotdodl and tonsil as well
as adult peripheral blood, but is relatively proemhin patients who have received

rituximab (anti-CD20) (Figure 4.3).
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Figure 4.4 Analysis of bone marrow samples APro B cells(CD10" CD34") and Pre B cells (CD10
CD34) were analyse®. Expression of indicated transcripts from 1.1 relatto their expressions in two
normal control marrows. Ctrl, control

Consistent with these findings, reanalysis of amigal bone marrow biopsy obtained a
decade earlier from 1.1 revealed an arrest in dartell ontogeny (pro-B cells) (Figure

4.4).
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Despite profound B cell deficiency, serum Ig wasamgable. Furthermore, antibodies
to specific antigens were also detected (tetanu®idoand 7/14 pnemococcal
polysaccharides, Table 4.1). Consistent with thrsdifg, analysis of transcripts

prepared form the aspirate are consistent witlptesence of plasma cells (Figure 4.1).

In order to investigate abnormalities in plasmabiaduction, B cells were stimulated
with CD40L and IL-21, or CpG and IL-21 for 4 days\iitro. Remarkably, we observed
a 4-12 fold increase in plasmablast (CD27 + CD38#¢uction with CpG, IL-21 or

CDA40L, IL-21 in 1.1 relative to controls (Figure54. Thus, despite the profound B cell
deficiency, plasmablast formation is preserveddifig consistent with the discordance

between the observed B cell count and immunoglobetiels.

No stim CpG, IL-21  CD40L, IL-21

0.82 3.55 S 0.96

Ctrl

CD38

0.00 1.1 1.8

CD27

Figure 4.5 Flow cytometric analysis of plasmablasnhduction in vitro A . PBMCs were cultured with
CD40L (lug/ml) and IL-21 (50ng/ml) or CpG (@) and IL-21(50ng/ml) for 4 days. Then plasmablasts
(CD27"* CD38™) were enumerated. Ctrl, healthy control; I.1, @noth
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Figure 4.6 Flow cytometric analysis of circulatingT lymphocytes Enumeration of memory and
effector T cells. Representative profiles and sunyndata. TCM, central memory T cells; TEM, effector
memory T cells; TEMRA, CD45RA+ effector memory Tlse
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All family members had normal numbers of circulgtih cells (Figure 4.6). Analysis
of the T-cell compartment revealed an inversiorthef normal CD4/8 ratio in patients
and the affected individuals seems to have moreenaicells in CD4 compartment

however, we found no substantial abnormality ofell-differentiation to memory cells

or CD4 effector cells (Figure 4.6).
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Figure 4.7 T cell activation and proliferation Either naive CD4+ T cells separated by negatilecten
with magnetic beads or CD4+ T cells with PBMC warelysed by dilution of cell trace violet after
simulation with CD3 CD28. Cells were harvested andlysed by flow cytometry on day 4 (blue) and
day 6 (red). Histograms were gated on CD3 and C¥timulated control cells are shown (grey). In the
same experiment, naive CD4+ T cells were analyseddtivation based on induction of CD69. The
percentage of CD69+ cells at each division wasrdeted and plotted (control2, open blue; 1.1, black
filled). CTV, cell trace violet
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To test for abnormalities of T-cell activation, PB&l and purified naive T cells were
isolated from both proband and controls and aat/atvith anti CD3 and CD28.
Activation according to CD69 and CD25 induction gmdliferation appeared similar in

patients and controls (Figure 4.7).

1.1 1.1 1.2 .3

10.94 13.46 10.05 10.26

CXCR5

CD45RA

Figure 4.8. cTfh A.Peripheral blood flow cytometric analyses, gatedC@¥% T cells and analyzed for
Tfh-like cells (boxed as CXCR5+ CD45RAB. Frequencies of and circulating Tfh-like cells amon
CD4 T cells from healthy controls (open circle®althy sibling (black-filled circles ), ***P < 0.@a.

We did, however, identify a consistent reductionadpproximately 20% in circulating
CXCR5+ CD45RA- CD4+ T cells (P=0.0001; Figure4Bhis population is related to
follicular helper T cells (Tfh), which are largaetpnfined to secondary lymphoid organs
here they provide crucial helper signals for Bgalhd antibody production. The mean
frequency of natural regulatory T cells (FoxP3+)oaign CD4 cells was decreased to

approximately 30% of normal in those affected (P30QFigure 4.9).
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Figure 4.9 Regulatory T cells (boxed CD127low, CD2igh) A. Percentage of CD4 T cells within the
gated subsets is showB.. Histograms show intracellular staining for Foxp®mression in cells within the
CD127low, CD25high gate (red histogram) and withia cells excluded from this gate (blue histogram).
(C) Frequencies of and Tregs among CD4 T cells fheralthy controls (open circles); healthy sibling

(black-filled circles), *P=0.03
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Figure 4.10 Recent thymic emigrants AFlow cytometric analysis of peripheral blood moncear
cells for recent thymic emigrants CD31+ CD45RAB). Frequencies of CD31CD4" recent thymic
emigrants among CD4 T cells from healthy controlgef circles); healthy sibling (black-filled cirsle
NFKB2 mutant siblings and parent (black-filled smps). (E)
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We observed an increase in recent thymic emigramts, determined by
CD31+andCD45RA+cell expression (Figure 4.10), whialses the possibility of an

abnormality in thymic function.

4.1.3 Mutation discovery

18513
ns8619

()

*] pl Tﬂi\ M / \ il [ {\\DJVT\&J%/ Tﬁ Mr\k

20+

number

C human 852 TRDKLPSTAEVKDSAYGSQSVE(
mouse 852 TRDKLPSTAEVKE DSAYGSQSVEQE
wolf 852 ARDKLPST-EVKE DSAYGSQSVEQE
cow 853 TQEKLPST-EVKE DSAYGSQSVEQE
chicken 859 PLEKLQST-EVKE DSAYGSESVEEE
zebrafish 870 PREDKQSS-DSTE DSGFGSQSIGEE
Xenopus 917 SPAEGKN DSAYESQSMEVDQS
Fugu 841 HNT-EATV DSGFSSQPMEEE
Elegans no homologue
Drosophila no alignment
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Figure 4.11 NFKB2 mutation. A. Frequency histogram of novel alleles accordindilter based on
tissue expression, phenotype of mice with mutatinngthologs, disease association, GO, and PolyPhe
2 scores (NFKB2 in red circleB. Sanger sequencing of NFKB2 (according to pedigne4.1.1 ).C.
Conservation of mutated residue of NF-kB2. Summary of p100 processing. Amino acid D in red
indicates the location of D865G mutation, whichadjacent to one of the N-terminal phosphorylation

sites (S866). Rel homology domain (green), ankyeipeat domains (Jain, Ma et al.), death domain
(Belot, Kasher et al.).

Table 4.2 Summary of the mutation

NFKB2
Variant Chr10; 104162024A>G
0.2594 A>G; €.2594A>G;
Proteir D865C
Mutation taster Disease causing P=0.999979076300663
SIFT Damaging (0.04)
Poly Phel-2 Probably damaging 1.

(sensitivity 0, Specificity 1.0)

Whole exome sequencing of the proband identifietl A8vel mutations, which were
then filtered according to pattern of tissue exgi@g GO pathways, phenotypes of
mice harboring genetic mutations in orthologs, a@s&e association (OMIM), and
PolyPhen-2 score (Figure 4.11). From this analy8isclear candidates emerged:

TNFRSF10A, TNFRSF1A, and NFKB2. All 3 mutations were confirmed by Sanger
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sequencing, but only tHéFKB2 mutation segregated with CVID phenotype and the B-
cell phenotype. Furthermore, during the coursehef project, 2 other kindreds with

dominant antibody deficiency were described.

Members of the kindred described here have a hstgonis missense mutation
encoding an amino acid substitution of aspartate gtgcine at position 865

(NFKB2°®%9 (Figure 4.11, Table 4.2). Based on interrogation dbSNP, 1000

Genomes Project, Human Genome Mutation DatabadeCklmvar databases as well as
other CVID kindreds within our cohort, this appetose a novel mutation. Aspartate
865 is located in the NF-kB—inducing kinase (NIKgsponsive domain of the p100
protein product of NFKB2 and is absolutely consdrire vertebrates from humans to
fish (Figure 4.11). The substitution with glycing predicted to be damaging by 3

different in silico tests (Table 4.2).

4.1.4 Effect of NFKB2 P8°C on P100 processing

Signaling via the noncannoical NF-kB pathway depeond accumulation of NIK
(MAP3K14), a serine/threonine protein kinase that becortaslized after engagement
of several TNF super family receptors including photoxinalp2, BAFF and CDA40.
NIK cooperates with another serine kinase, kB &@m(IKK o), to bind the full-length

NF-kB2 (p100) protein and phosphorylate it on 2
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Figure 4.12 Effect of D865 > G mutation on NIK indeed p100 processingiEK293 cells were co-
transfected with expression vectors encoding wiftet(WT) or D865 . G mutant NFKB2 together with
varying amounts of MAP3K14 expression vector encgdilK. A. p100 and p52 detection by western
blot B. Summary of relative expression of p100 and p32rdened as determined iA).

critical serines, S866 and S870, in the C-termipadcessing inhibitory domain.
Phosphorylation of these sites allows binding @& tibiquitin ligase SCFbTrCP and
polyubiquitination of lysine 855, tagging the pl@@otein for limited proteasomal
processing to yield the transcriptionally active2p&ubunit of NF-kB2.The D865G
mutation is located immediately adjacent to théicai S866 phosphorylation site. We
investigated the effect of the D865G animo acidssitition on p100 processing. First,
we transfected HEK293 cells with vectors expressiiger wild-type or D865G mutant

NFKB2 alleles. Analysis of cell lysates demonstiattose-dependent processing of
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normal pl00 stimulated by co-transfected NIK. Byntrast, NFkB2#%C exhibited
near-absence of p100 processing after NIK co-teantisih (Figure 4.12). Only a small
residual p52 band was detected, which is probabtpanted for by endogenous NF-
kB2 in the cell line. Co-transfection of mutant amormal alleles (NFKB2+/D865G)
resulted in approximately 50% of normal processittg p52. The defect in
NFKB2D865Gp100 processing was not corrected byuétion with lymphotoxine.
Processing of wild type pl00 was blocked by MG132,prteasome inhibitor,

confirming its dependence on the proteasome (Apg¥id

Next, we demonstrated that the D865G substitutiiects pl00 phosphorylation

(Figure 4.13), even though this mutation does neblve a serine residue. This would

appear to account for the loss of p100 processing.
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Figure 4.13 Effect of D865>G mutation on NIK inducd p100 phosphorylation.HEK293 cells were
co-transfected with expression vectors encoding-tyipe (WT) or D865G mutant NFKB2 together with
varying amounts of MAP3K14 expression vector enegdiIK. A phosphorylation of serines 867 and
870 in response to increasing dose of NBKSummary of relative expression of phosphor-NFK&2

determined inA4).

Finally, we examined p100 processing in patienksc@ cells are too few in affected

patients to examine for a biochemical defect inpoese to CD40L. Instead, we
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generated dendritic cells in vitro from donor moytes (DCMC). DCMC were then
stimulated with CD40L; this revealed a similar defen p100 processing as we had

observed in transfectants (Figure 4.14).

.1 control

CD40L -+ -+
P100 . et bt
p52 e st i
plKKa/b — e
B actin st et b

Figure 4.14 p100 processing in response to CD40L monocyte derived dendritic cells (MDDC)
Monocytes from 1.1 or a healthy control were indellawith IL-4, GM-CSF ang-mecaptoethanol for 7
days to induce dendritic cells in vitro (MDDC). M3 were stimulated with CD40L (1ug/ml) for 3
days and p52 and p100 expression were measure@stgn blot. pIKk andp-actin were used for non
canonical activation and loading control, respestiv

4.1.5 Effect of NFKB2 D865G on canonical NF-kB activity

p100 is thought to exert an IkB-like action on t@onical pathway, which prompted
us to investigate whether the accumulation of p&R€rts a dominant negative action

that contributes to the severity of the B-cell pbtgpe in this syndrome.

To directly test the effect of the mutation on bo#monical and noncanonical pathways,
we compared the actions of CD40L, which is congdea noncanonical stimulus, but
also activates the canonical pathway, and ant&lcpfionical stimulus) for their abilities

to activate rare peripheral B cells from an affddtedividual (Figure 4.15), according to
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expression of surface antigens generally considarelde NF-kB—responsive (CD86,

CD69, andCD83). B cells

Crll |Unstimulated
! f il Ctrl2
‘/‘ Al i Ctri3
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Figure 4.15B cell activation Analysis of B cells from I1.2 relative to contrdisr expression of CD86,
CD69, and CD83 after 24 hours of treatment withdattd stimuli.

from patient 11.2 exhibit much less CD86 inductibnt preserved CD69 expression
withCD40L compared with healthy controls; the diffiece was more pronounced with
CD40L and anti-lg stimulation. These findings aa@nsistent with defects in both
canonical and noncanonical pathways. Activatiorthef canonical pathway results in
translocation of p65 to the nucleus, where it ratpd gene transcription. To further
explore the possible action of p100 on canonic#thyay signaling, we examined the
location of p65 in cells transfected with NIK plegher wild-type or wild-type and

D865G NFKB2. NIK alone results in activation of tm®ncanonical pathway and

processing of p100, which causes abundant nuckeaslocation of p65 in response to a
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canonical stimulus (TNF). A similar response isaged in the presence of NF-kB2

with NIK, whereas D865G NF-kB&ith NIK results in cytoplasmic retention of p65.

Mock TNF stimulation
DSGSG/
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Figure 4.16 Inhibition of canonical NFKB pathway by investigation of p65 translocationDapi is
used for nuclei staining. TNF(50ng/ml) was used for 1 hour to stimulate canainiF-kB pathway
Nuclear translocation of p65(red) in HEK293 cellmntsfected with the indicatedconstructs after
stimulation with TNF. A 4,6 diamidino-2-phenylindotounterstain identifies cell nucléi. Image and.
Summary of p65 translocation of immunofluorescecmafocal.

To determine the effect of our mutation on the ceced pathway, we looked at p65
translocation (Figure 4.16). We transfected HEK2@igh vectors expressing either
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wildtype or D865G mutant alleles BIFKB2 with NIK. After 48 hours post transfection
cells were stimulated with TNF alpha for 1 hour5p&nd nuclei were stained for
translocation. This first column in Figure 4,16 wisothat most of the p65 was
cytoplasmic after mock stimulation. In cells traawed with NFKB2 and stimulated
with TNF alone, p65 was distributed in both theopydsm and nuclei, as expected if
p1l00 partially blocks the canonical pathway. Inlc#élansfected with NIK alone, the
majority of p65 translocated to the nucleus. Inscehnsfected with NFKB2 + NIK the
majority of p65 was also found in the nucleus,@lthh the effect was less pronounced
compared to NIK alone. This is because in the almse transfected NIK, transfected
p100 may not have been completely processed, agchma bound to p65. Since the
mutation described in the kindred is heterozygougation, we also investigated a
possible dominant negative action. We transfectelds avith wildtype and mutant
NFKB2 expressing vectors together with NIK. We obsertieat inhibition of p65
translocation was much more pronounced in hetemeygnutant culture compared to

wildtype.

Next, we investigated how these changes in NFKBadling would affect B cell
activation. This experiment was made difficult bg severe B cell deficiency exhibited
by patients. B cells were stimulated B cells with4DL or CD40L+anti Ig. We found
that 1.2 showed much less CD86 induction with CD4€ompared with healthy
controls, and the effect was pronounced with CD46d anti Ig stimulation. This result
was similar to the p65 translocation in the hetggoms transfectant experiment. By

contrast, we found no abnormalities CD83 or CD6Pression. This is consistent with
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other evidence that CD86, Cd83 and CD69 resporaede discordant in the presence

of defects in the canonical NF-kB pathway (SnowaoXet al. 2012).

4.2 Discussion

Our findings reveal the importance of D865 for NE2k(p100) phosphorylation and
processing to p52 for maintaining both integrityn@incanonical NF-kB signaling and
efficiency of canonical NF-kB signaling for maintaig normal numbers of human B
cells. Several previous lines of evidence have tifiled the importance of the
noncanonical NF-kB pathway for human B-cell surlividF-kB2 is known to be
activated by signals from TNFRSF members lympheotdxreceptor, BAFFR, RANKL
(receptor activator of NF-kB), and CD40 (Claudiap®n et al. 2002; Coope, Atkinson
et al. 2002; Kayagaki, Yan et al. 2002; Deruddezjaldin et al. 2003; Novack, Yin et
al. 2003).0f these, CD40 and BAFFR are thought to provideeB-survival signals
(Locksley, Killeen et al. 2001; Schiemann, Gommerned al. 2001). Mutations in
CD40 and CD40LG both confer a phenotype of hyp#t;lgvith absent germinal
centers and absence of class switch recombinabiBa(to, Bonnefoy et al. 1993;
Conley, Larche et al. 1994; Morrison, Reiley et 2005). BAFF acts relatively
selectively on the noncanonical NF-kB pathway (M, Reiley et al. 2005). BAFFR
deficiency has been reported to cause a primaipady deficiency syndrome, based
on the phenotypes of 2 siblings, both of whom pres relatively late in life (CVID4,
OMIM 606269) (Warnatz, Salzer et al. 2009). In @fehese individuals, there was an
arrest of peripheral B-cell development at thedit@onal stage of B-cell ontogeny, and

a significant deficiency of 1gG. In the other sifgi the defect appeared to be milder
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with detectable mature B cells. Similarly, antibedgdiated blockade of BAFF in
humans is an approved therapy but induces a sungisisgradual decrease in naive

circulating B cells (Wallace, Stohl et al. 2009).

Finally, truncation mutations of NFKB2 have beeeparted to cause antibody
deficiency but normal levels of circulating B ce¥8 The phenotype of
NFKB2D865G/1 is significantly different from thaescribed for human mutations in
CD40, CD40LG, and TNFRSF13C (BAFFR), and indeed tfoincation mutations
ofNFKB2.20 NFKB2D865G missense mutation resultsumprocessable p100 and
consistent and severe B-cell deficiency. Chen et@bdrted small reductions inBcells in
2 of 4 patients with truncation mutations (855X8%3X), but the mean reduction in
total B-cell count is 30-fold greater in patientghamthe missense mutation described
here (5.23% vs 0.16% of PBMCs). We demonstratectiefa B-cell activation via the
canonical pathway and reduced nuclear translocatigé5 (Figure 4.16); we propose
that the profound reduction in B cells conferredNlyKB2D865G mutation could be
accounted for by the combined effects of reducettanonical signaling plus inhibition

of the canonical pathway by unprocessed p100.

p100 exhibits IkB-like activity, which serves tdhibit assembly of the p50/RelA
complex of the canonical NF-kB pathway as well aBR52 itself and sequester the
complexes in the cytoplasm (Basak, Kim et al. 20Q&ker, O'Donnell et al. 2007). In
other words, unprocessable p100 acts in a domimegdtive manner to impair
canonical signaling, while simultaneously comprangshoncanonical signaling by

haploinsufficiency. Consistentwith this possibilityice deficient for both NFKB1 and
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NFKB2 have more severe B-cell deficiency and pratbmaturation arrest than mice
with either single deficiency, (Franzoso, Carlsbale1998; Claudio, Saret et al. 2009)
although not as severe as the human deficiencynmasere. By contrast, Nfkbanice
exhibit subtle reductions in B-cell numbers, norhgahpart from IgA, but abnormal
splenic white pulp architecture with failure of ggnal center formation (Caamano,

Rizzo et al. 1998).

Consistent with the dominant negative action pregdsr the human mutation reported
here, mice with an Nfkb2 truncating mutation 2 degis distal to D865 exhibit failure

of p100 processing but have a relatively mild daseein mature B cells even in
homozygous state, although they have a deficiyimph node development (Miosge,
Blasioli et al. 2002; Tucker, O'Donnell et al. 2p0Defects in B-cell survival and

differentiation have been reported in patients witltations affecting BAFFR, NEMO,

CD40, and CD40L as well as truncationmutations ®RE, but none of these cause B-
cell deficiency as severe as we report here. (QGaBonnefoy et al. 1993; Conley,
Larche et al. 1994; Caamano, Rizzo et al. 1998;nafar Salzer et al. 2009; Chen,
Coonrod et al. 2013). This is likely because NFKBBBG disrupts noncanonical
signaling normally activated by several ligandsg drecause the mutation results in

impaired canonical NF-kB signaling as well.

The noncanonical defect in p52 production is actdferesponse to the combined
actions of CD40L, CD27, and BAFF—all ligands thatmally signal via the
noncanonical pathway to maintain B-cell homeostgei®0 not only functions as a

precursor of p52, but also as the fourth IkB pro{@long with IkBa, b, and g
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[NEMQ]), which inhibits nuclear translocation of R&50 by the canonical pathway
(Basak, Kim et al. 2007). Thus, noncanonical stimegdult in p100 processing to reduce
the restraint on canonical signaling as well. Acalation ofp100 conferred by
NFKB2D865G appears to result in enhanced IkB agtiiased on dampened response
to canonical stimuli (anti-lg) and reduced nucleanslocation of p65. As in mice, in
which combined Nfkb1 and Nfkb2 defects cause muorensevere defects than either
defect alone, the combined effects on both canbaimnoncanonical pathways are
likely to explain the comparative severity of the@| phenotype. Two possible
explanations emerge to account for differences-aeBphenotype between truncation

and missense mutations.

First, D865G results in more profound inhibitiohtlee noncanonical pathway than the
truncation mutant. For example, p100 protein tesl from the missense mutation
fails to undergo either phosphorylation or proaagsind might sequester IKKa, thereby
reducing phosphorylation and processing of thegmoproduct of the normal allele.
Second, the full-length nonprocessable D865G ph@bits canonical signaling more
effectively than the truncated protein. Our dataofathe latter possibility. Co-
transfection of normal and mutant alleles into HEBBZells resulted in approximately
50% reduction in p52, arguing against a dominagiatiee action on the noncanonical
pathway (Figure 4.12). Although the most obviousrgtype of the NFKB2 mutation
described here is B-cell deficiency, all 3 affeciedividuals exhibited alopecia areata,
with no other evidence of other autoimmunity. Takegether with findings reported by
Chen et al, we confirm the autosomal-dominant symdr of antibody deficiency and

alopecia arising from NFKB2 mutation. We found nidence for other autoimmunity
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(including no ACTH deficiency). This independentnfiomation would appear to
substantiate an autosomal-dominant syndrome obauhti deficiency and alopecia
areata as a consequence of NFKB2 mutation. Fugheaties will be necessary to
delineate the cause for alopecia.Mouse models lestablished that NF-kB2 is
important for central T-cell tolerancemediated legative selection and Treg induction

(Zhu, Chin et al. 2006; Venanzi, Gray et al. 208&ach, Ueno et al. 2008).

Noncanonical NF-kB signaling downstream of RANK ab@bR is necessary for
normal maturation of the thymic medullary epithkelills that express AIRE. We
observed a significant reduction in natural Tre@ansistent with this postulate,
mutations in AIRE are the most penetrant genetieale associated with alopecia so far
(Wengraf, McDonagh et al. 2008). Either way, abralities in the noncanonical
signaling provide a new mechanism to account fer ¢brious and well-established
coincidence of autoimmunity and primary antibodyiaency, and the occurrence of
Treg deficiency in some cases of CVID. NF-kB2 scaimportant for cell migration by
transactivating genes encoding chemokines and thhgands, including CCL19,
andCCL21, which are important for thymic retentioihT cells. This pathway could
account for the increase in recent thymic emigramtthe peripheral blood. We also
observed a deficiency of CXCR51 T cells in the pleery. Although the precise
ontogeny of this T-cell subset remains uncertdierd is evidence that they have an
enhanced capacity to provide help to B cells wrammared with CXCR5- memory T-
cell counterparts, (Morita, Schmitt et al. 2011danouse studies have shown their

dependence on Nfkb2. It is also plausible, howetleat this Tfh defect reflects the
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absence of peripheral blood B cells because B egfisknown to provide important

trophic signals for this T-cell compartment (MaitiBnright et al. 2011).

Finally, this phenotype of the patients reportecehie remarkable for the discordance
between B-cell deficiency and antibody deficien©yher examples of late-onset B-cell
deficiency have been described in which the pheety more consistent with XLA. In
XLA, however, there is usually a good correlati@tvbeen the B-cell deficiency and the
severity of the antibody deficiency. By contrasie D865G NFKB2 mutation appears
to cause profound B-cell deficiency, in which Igvéés including antigen-specific
antibodies, remain detectable. The persistenceexiic antibody in the absence of B
cells raises the possibility that medium to longdplasma cells can form
independently of NF-kB2. It is also possible thammking the effect of this mutation
to obtain a partial reduction in NF-kB2 might offiéserapeutic approaches for B-cell-
and antibody-mediated disease, in which the objedt to eliminate ongoing aberrant

immune responses while preserving protective imiguaiready established.
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6 Appendex
Appendex |. DNA sequences

A20 cDNA

1 TGCCTTGACCAGGACTTGGGACTTTGCGAAAGGATCGCGGGGGBGAGGTGTTGGAG
61 AGCACA ATGECTGAACAAGTICCTTCCTCAGGCTTTGTATTTGAGCAATATGCGGAAAGCT
121 GTGAAGATACGGGAGAGAACTCCAGAAGACATTTTTAAACTCARATCGGGATCATTCAT
181 CATTTTAAAACCATGCACCGATACACACTGGAAATGTTCAGRRECCAGTTTTGTCCT
241 CAGTTTCGGGAGATCATCCACAAAGCCCTCATCGACAGAABCATGGCCACCCTGGAA
301 AGCCAGAAGAAACTCAACTGGTGTCGAGAAGTCCGGAAGEGGECTGAAAACGAAC
361 GGTGACGGCAATTGCCTCATGCATGCCACTTCTCAGTACABGIREGTTCAGGACACA
421 GACTTGGTACTGAGGAAGGCGCTGTTCAGCACGCTCAAGRYSHINACACGCAACTTT
481 AAATTCCGCTGGCAACTGGAGTCTCTCAAATCTCAGGAATTIEGNAACGGGGCTTTGC
541 TATGATACTCGG AACTGGAATGATGAATGGGACAATCTTATCAAAATGGCTTCCACAGAC
601 ACACCCATGGCCCGAAGTGGACTTCAGTACAACTCACTGGAMIGMCACATATTTGTC
661 CTTTGCAACATCCTCAGAAGGCCAATCATTGTCATTTCAGAGAPGCTAAGAAGTTTG
721 GAATCAGGTTCCAATTTCGCCCCTTTGAAAGTGGGTGGAARTTIIASCCTCTCCACTGG
781 CCTGCCCAGGAATGCTACAGATACCCCATTGTTCTCGGQTARGACATCATTTTGTA
841 CCCTTGGTGACCCTGAAGGACAGTGGGCCTGAAATCCGAGCTOUAYTTGTTAACAGA
901 GACCGGGGAAGATTTGAAGACTTAAAAGTTCACTTTTTGACATEA GAAAATGAGATG
961 AAGGAGAAGCTCTTAAAAGAGTACTTAATGGTGATAGAAATGETCCAAGGCTGGGAC
1021 CATGGCACAACTCATCTCATCAABCCGCAAAGI TGGATGAAGCTAACTTACCAAAAGAA
1081 ATCAATCTGGTAGATGATTACTTTGAACTTGTTCAGCATGAGAAGAAATGGCAGGAA
1141 AACAGCGAGCAGGGGAGGAGAGAGGGGCACGCCCAGAAGCBBEATTTCCGTGCCC
1201 CAGCTTTCTCTCATGGATGTAAAATGTGAAACGCCCAACTGTTCTTCATGTCTGTG
1261 AACACCCAGCCTTTATGCCATGAGTGCTCAGAGAGGCGGGAMARAAAACAAACTC
1321 CCAAAGCTGAACTCCAAGCCGGGCCCTGAGGGGCTCCCTEEUAITCGGGGCCTCT
1381 CGGGGAGAAGCCTATGAGCCCTTGGCGTGGAACCCTGAGRMIIBILGGGGCCTCAT
1441 TCGGCCCCACCGACAGCACCCAGCCCTTTTCTGTTCAGT@EXGAGCCATGAAGTGC
1501 AGGAGCCCCGGCTGCCCCTTCACACTGAATGTGCAGCACARTCEG TGAACGTTGC
1561 CACAACGCCCGGCAACTTCACGCCAGCCACGCCCCAGAXEBCACTTGGATCCC
1621 G GGAAGT GCCCAAGCCTGCCTCCAGGATGTTACCAGGACATTTAATGGGATCTGCAGTACT
1681 TGCTTCAAAAGGACTACAGCAGAGGCCTCCTCCAGCCTCAIAGALTCCCTCCTTCC
1741 TGTCACCAGCGTTCCAAGTCAGATCCCTCGCGGCTCGTCOEGAGCCCCGCATTCT
1801 TGCCACAGAGCTGGAAACGACGCCCCTGCTGGCTGCCTAGCTABCACGGACTCCT
1861 GGGGACAGGACGGGGACGAGCAAGTGCAGAAAAGCCGGGTSCATGGGACTCCA
1921 GAAAACAAGGGCTTTTGCACACTGTGTTTCATCGAGTACAGASBAAACATTTTGCT
1981 GCTGCCTCAGGGAAAGTCAGTCCCACAGCGTCCAGGTTCCAGBATTCCGTGCCTG
2041 GGGAGGGAATGCGGUACCT TGGAAGCACCATGT TTGAAGGATACTGCCAGAAGTGTTTC
2101 ATTGAAGCTCAGAATCAGAGATTTCATGAGGCCAAAAGGABBSBCAACTGAGATCG
2161 AGCCAGCGCAGAGATGTGCCTCGAACCACACAAAGCACCECREBAGTGCGCCCGG
2221 GCCTCCTGCAAGAACATCCTGGCCTGCCGCAGCGAGGATATHIGAGTGTCAGCAT
2281 CCCAACCAGAGGATGGGCCCTGGGGCCCACCGGGGTGAGCCTGBAGACCCCCCC
2341 AAGCAGCGTTGCCGGGCCCCCGCCTGTGATCATTTTGGCBARGTGCAACGGCTAC
2401 TGCAACGAATGCTTTCAGITCAAGCAGATGTATGGCTAACCGGAAACAGGTGGGTCACCT
2461 CCTGCAAGAAGTGGGGCCTCGAGCTGTCAGTCATCATGGTGCTBTGAACCCCTCA
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TAX1BP1cDNA

1 GGAAGAGACCGCCCCGTGGGCGGAAGTGACGCAAGGCCTRGEITGGGAGGGGAGG
61 TGTAGCCGGTCTTTGGGGGTAGGCGGTAGTGGCGGAAGAGGIEGCTGATGGCGGA
121 TCAGGATCGGAAGCCTGCGTAACTTTCTCCCTTGATCCGGGRGIICCACTGGATA
181  CAATGAJNISCTTTCAAGAAGTCCCATTGCAGACTTCCAACTTTGCCCATGTCATCTTTC
241 AAAATGTGGCCAAGAGTTACCTTCCTAATGCACACCTGGALKITACACCTTAACTC
301 CATATATTCATCCACATCCAAAAGATTGGGTTGGTATATTCAAGGGATGGAGTACTG
361 CTCGTGATTATTACACGTTTTTATGGTCCCCTATGCCTGAATATGTGGAAGGATCAA
421 CAGTCAATTGTGTACTAGCATTCCAAGGATATTACCTTCCABATGATGGAGAATTTT
481 ATCAGTTCTGTTACGTTACCCATAAGGGTGAAATTCGTGGAGEEIMCACCTTTCCAGT
541 TTCGAGCTTCTTCTCCAGTTGAAGAGCTGCTTACTATGGAAEMGGAAATTCTGACA
601 TGTTAGTGGTGACCACAAAAGCAGGCCTTCTTGAGTTGAAGNGAAAACCATGAAAG
661 AAAAAGAAGAACTGTTAAAGTTAATTGCCGTTCTGGAAAAAGBAGCACAACTTCGAG
721 AAC  AAGITGGGAGAAT GGAAAGAGAACTTAACCATGAGAAAGAAAGATGTGACCAACTGC
781 AAGCAGAACAAAAGGGTCTTACTGAAGTAACACAAAGCTTAARFIGAAAATGAAGAGT
841 TTAAGAAGAGGTTCAGTGATGCTACATCCAAAGCCCATCAGAGGAAGATATTGTGT
901 CAGTAACACATAAAGCAATTGAAAAAGAAACCGAATTAGACIRIBRAGGACAAACTCA
961 AGAAGGCACAACATGAAAGAGAACAACTTGAATGTCAGTTARAGAGAAGGATGAAA

1021 AGGAACTTTATAAGGTA AGAATACAGAAATAGAMARCGTAAGCTTATGTCAG
1081 AGGTCCAGACTTTAAA TTAGATGGGAACAAAGAAAGCGTGATTACTCATTTCAAAG
1141 AA GAGATTGGCAGCCT T, TTTGGCTGAAAAGGAAAATCTGCAAAGAACTTTCC

1201 TGCTTACAACCTCAAGTAAAGAAGATACTTGTTTTTTAAAGGASCTTCGTAAAGCAG
1261 AGGAACAGGTTCAGGCAACTCGGCAAGAAGTTGTCTTTCTAXAGRAACTCAGTGATG
1321 CTGTCAACGTACGAGACAGAACGATGGCAGACCTGCATACTEERIAGGAAAACGAGA
1381 AAGTGAAAAAGCAGTTAGCTGATGCAGTGGCAGAACTTAAARTTACTATGAAAAAAG
1441 ATCAGGACAAGACTGATACACTGGAACACGAACTAAGAAGATEARMAGATCTGAAAC
1501 TCCGTCTTCAGATGGCTGCAGACCATTATAAAGAAAAATTTBWE GCCAAAGGCTCC
1561 AAAAACAAATAAACAAACTTTCAGATCAATCAGCTAATAATAATGTCTTCACAAAGA
1621 AAACGGGGAATCAGCAGAAAGTGAATGATGCTTCAGTAAAGNCBCAGCCACTTCTG
1681 CCTCTACTGTAGATGTAAAGCCATCACCTTCTGCAGCAGAGGCAGATTTTGACATAGTAA
1741 CAAAGGGGCAAGTCTGTGAAATGACCAAAGAAATTGCTGCAIMBAAAAGTATAATA
1801 AATGTAAACAACTCTTGCAGGATGAGAAAGCAAAATGCAATARGCTGATGAACTTG
1861 CAAAAATGGAGCTGAAATGGAAAGAACAAGTGAAAATTGCASFATAAAACTTGAAC
1921 TAGCTGAAGTACAGGACAATTATAAAGAACTTAAAAGGAGBAMNATCCAGCAGAAA
1981 GGAAAATGGAAGATGGAGCAGATGGTGCTTTTTACCCAGAMTMMAAGGCCACCTG
2041 TCAGAGTCCCCTCTTGGGGACTGGAAGACAATGTTGTCTGIMBICTGCTCGAAACT
2101 TTAGTCGGCCTGATGGCTTAGAGGACTCTGAGGATAGCAANEAMGAATGTGCCTA
2161 CTGCTCCTGATCCTCCAAGTCAACATTTACGTGGGCATGGGBCARTTTGCTTTGATT
2221 CCAGCTTTGATGTTCACAAGAAGTGTCCCCTCTGTGAGTTARTGCTCCTAACTATG
2281 ATCAGAGCAAATTTGAAGAACATGTTGAAAGTCACTGGAAGGTGCGATGTGCAGCG
2341 AGCAGTTCCCTCCTGACTATGACCAGCAGGTGTTTGAAAGGIRTAGACCCATTTTG
2401 ATCAGAATGTTCTAAATTTTGACIBBT TACTTTTTATTATGAGT TAATATAGTTTAGCAG
2461 TAAAAAAAAAAAAAAAAA
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NIK cDNA

ATGAGCACAAGCCTGGGAGATGGCAGTGAT
121 GGAAATGGCCTGCCCAGGTGCCCCTGGCTCAGCAGICGAGCAGAAGGAACTCCCCAA
181 AGCCAAGGAGAAGACACGCCACTGGGGAAGAAACAGAGETCTACAAGCTTGAGGC
241  CGTGGAGAAGAGCCCTGTGTTCTGCGGAAAGTGGGAGATCCTGAATEACGAS
301 GGGCACAGCCAAGGAAGGCTCCGAGGCAGGGCCAGCTG@IATCATCGCCCAGGC
361 TGAGTGTGAGAATAGCCAAGAGTTCAGCCCCACCTTTTCAGRXTITTTCATCGCTGG
421 GTCCAAACAGTACAGCCAGTCCGAGAGTCTTGATCAGATCECEATGTGGCCCATGC
481 TACAGAGGGCAAAATGGCCCGTGTGTGTTGGABBAAGCGTCGCBAAAGCCCGGAA
541 GAAACGGAAGAAGAAGAGCTCAAAGTCCCTGGCTCATGCABEETTGGCCAAACC
601 CCTCCCCAGGACCCCTGAGCAGGAGAGCACCATCCCAGTGCAGGAGGATGAGTCTCC
661 ACT CGGCGCCCCATATGTTAGAAACACCCCGCAGTTCACCAAGCCTCTGBAGGAA
721 CCTTGGGCAACTCTGTTTTAAGCAGCTTGGCGAGGGCCTAETCTGCCTCGATCAGA
781 ACTCCACAAACTGATCAGCCCCTTGCAATGTCTGAACCACGIEAAACTGCACCACCC
841 CCAGGACGGAGGCCCCCTGCCCCTGCCGBACCCCTICCCTATAGCAGACTGCCTCA
901 TCCCTTC CCATTCCACCCTCTCCAGCCCTGGAAACCTCACCCTCTGGAGTTEGETC
961 CAAACTGGCCTGTGTAGACAGCCABACCCTTGCCTGACCCACACCTGAGCAAACTGGC
1021 C TGTGTAGACAGTCCAAAGCCCCTGCCTGGCCCACACCTGGAGCCTEECTCGGC
1081 TGGTGCCCATGAGAAGTTTTCTGTGGAGGAATACCTAGTGCRKIBECAAGGCAGCGT
1141 GAGCTCAGGCCAGGCCCACAGCCTGACCAGCCTGGCCAAERI®RTAGCAAGGGGCTC
1201 CAGATCCCGGGAGCCCAGCCCCAAABBGGACAACGAGGGTGTCCTGCTCACTGAGAA
1261 ACTCAAGCCAGTGGATTATGAGTACCGAGAAGAAGTCCACICGARECACCAGCTCCG
1321 CCTGGGCAGAGGCTCCTTCGGAGAGGTGCACAGGATGGABENCGNCTGGCTTCCA
1381 GTGCGCTGTCAAAAAGGTGCGGCTRAGTATTTCGGGCAGAGGAGCTGATGGCATGTGC
1441 AGGATTGAC CTCACCCBAATTGTCCCTTTGTATGGAGCTGTGAGAGAAGGGCCTTGGGT
1501 CAACATCTTCATGGAGCTGCTGGAAGGTGGCTCCCTGGGTGEEBAGGAGCAGGG
1561 CTGTCTCCCAGAGGACCGGGCCCTGTACTACCTGGGCCABBRAGGGTCTGGAATA
1621 CCTCCACTC ACGAAGGATTCTGCATEGACGTCAAAGCTGACAACGTGCTCCTGTCCAG
1681 CGATGGGAGCCACGCAGCCCTCTGTGACTTTGGCCATGCBGTETCAACCIATGG
1741 CCTGGGAAAGTCCTTGCTCACAGGGGACTACATCCCTGGBEBAGCACATGGCTCC
1801 GGAGGTGGTGCTGGGCAGGAGCTGCGACGCCAAGGTGGABABTAGCTGCTGTAT
1861 GATGCTGCACATGCTCAACGGCTGROLCCTGGACTCAGTTCTTCCGAGGGCCGCTCTG
1921 CCTCAAGATTGCCAGCGAGCCTCCGCCTGTGAGGGAGATCCTDBCTGCGCCCCTCT
1981 CACAGCCCAGGCCATCCAAGAGGGGCTGAGGAAAGAGCRCATREGTGTCTGCAGC
2041 GGAGCTGGGAGGGAAGGTGAACCGGGCACTACAGCAAGBIGIEMAGAGCCC
2101 GAGGGGAGAATATAAAGAACCABGAECACCGCCAAATCAAGCCAATTACCACCAGAC
2161 CCT CCATGCCCAGCCGAGAGAGCIXIOCAAGGGCCCOAGCCCCGGCCAGCTGAGGA
2221 G ACAACAGGCAGAGGCOBAGCTCCAGCCTCCTCTCCCACCAGECCAGAGCCAAA
2281 CAAGTC TCCTCCCTTGATTTGAGCAAGGAGGAGTCTGGGATGTGGGARKIIZTCT
2341 GTCCTCCCTGGAGCAGCCCCTGCCGAAACCCCAGCTCACGHGCGGAAAGBCCGT
2401 CCC CGASCAGGAACTGRGCAGCTGGAAATAATTATTCCTCAACAGCCTGTCCCAGCC
2461 ATTTTCTCTGGAGGAGCAGGACAAATTCTCTCGTGCCTCAGCATCGACAGCCTCTCCCT
2521 GTC GCGATGACAGTGAGAAGAACCCATCAAAGGCCTCTCAAAGCTCGCAUEXTACC
2581 CTCAGGCGTACACTCCTGGAGCAGCCAGGCCGAGGCTCEXMEEITGGAACATGGT
2641 GCTGGCCCGGGGGCGGCOIIGACACCCCAAGCTATTTCAATGGTGTGAAAGTCCAAAT
2701 ACAGTCTCTTAATGGTGAACACCTGCACATCCGGGAGTTOCBBGTCAAAGTGGGAGA
2761 CATCGCCACTGGCATCAGCAGCCAGATCCCAGCTGCAGCGTTTGGTACCAAAGA
2821 CGGGCAGCCTGTTCGCTACGACATGGAGGTGCCAGEGITATGACCTGCAGTGCAC
2881 ACTGGCCC CTGATGGCAGCTTCGCCTGGAGCTGGAGGGTCAAGCATGGCCAGCTGGAGAA
2941 CAGGCCCTAACCCTGCCCTCCACCGCCGGCTCCAC

NFKB2 from BIOMATIK

gctagcATGGAGAGTTGCTACAACCCAGGTCTGGATGGTATTATTGBATSATTTCAAATTGAACTCCTC
CATTGTGGAACCCAAGGAGCCAGCCCCAGAAACAGCTGATGGCGBIBMITIG TGGAACAGCCTAAGC
AGAGAGGCTTCCGATTTCGATATGGCTGTGAAGGCCCCTCCCATBBATTBACTGCCTCCAGTGAGAAG
GGCCGAAAGACCTATCCCACTGTCAAGATCTGTAACTACGAGGGAGABIEAGGTGGACCTGGTAAC
ACACAGTGACCCACCTCGTGCTCATGCCCACAGTCTGGTGGGCANEBGIEGCTGGGGATCTGCGCCG
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TTTCTGTGGGGCCCAAGGACATGACTGCCCAATTTAACAACCTGEGTATGTGACTAAGAAGAACATG
ATGGGGACTATGATACAAAAACTTCAGAGGCAGCGGCTCCGCTATAGGGCCTTACGGAGGCCGAGCA
GCGGGAGCTGGAGCAAGAGGCCAAAGAACTGAAGAAGGTGATGMIKLOEWSGCTGCGCTTCTCTG
CCTTCCTTAGAGCCAGTGATGGCTCCTTCTCCCTGCCCCTGAAGTCRGICAGCCCATCCATGACAGC
AAATCTCCGGGGGCATCAAACCTGAAGATTTCTCGAATGGACAAGSCAGTSETGCGGGGTGGAGATGA
AGTTTATCTGCTTTGTGACAAGGTGCAGAAAGATGACATTGAGGTUINAGRGGATGATGAGAATGGAT
GGCAGGCCTTTGGGGACTTCTCTCCCACAGATGTGCATAAACAGTRGBETCIECCGGACACCCCCCTAT
CACAAGATGAAGATTGAGCGGCCTGTAACAGTGTTTCTGCAACTBASRBAGGAGGGGACGTGTCTGA
TTCCAAACAGTTCACCTATTACCCTCTGGTGGAAGACAAGGAAGARRIGIEFNGCGGAGGAAGGCCTTGC
CCACCTTCTCCCAGCCCTTCGGGGGTGGCTCCCACATGGGTGCHGGEGIGAGCCGGGGGCTACGGA
GGAGCTGGAGGAGGTGGCAGCCTCGGTTTCTTCCCCTCCTCCCAGECCTABCCAGTCCGGCGCGGG
CCCCATGGGCTGCTACCCGGGAGGCGGGGGCGGGGCGCAGATGGUEBGOTNECAGGGACTCCGGGG
AGGAAGCCGCGGAGCCAAGCGCCCCCTCCAGGACCCCCCAGT AQARUITBGAGATGCTGCAGCGA
GCTCGAGAGTACAACGCGCGCCTGTTCGGCCTGGCGCAGCGCABNBTIRNIIAGACTACGGCGTCAC
CGCGGACGCGCGCGCGCTGCTGGCGGGACAGCGCCACCTGCTGASBGGBGAACGGAGACACACCAC
TGCACCTAGCCATCATCCACGGGCAGACCAGTGTCATTGAGCAGNTABIATICCACCACGCCCAGGAC
CTCGGCGTTGTCAACCTCACCAACCACCTGCACCAGACGCCCCTEIAGTISTCACGGGGCAGACGAG
TGTGGTGAGCTTTCTGCTGCGGGTAGGTGCAGACCCAGCTCTGCEGIAIEAESACTCAGCCATGCATC
TGGCGCTGCGGGCAGGCGCTGGTGCTCCTGAGCTGCTGCGTCHENGIIGAGCTCCTGCTGTGCCC
CAGCTGTTGCATATGCCTGACTTTGAGGGACTGTATCCAGTACAGRIBEEASECCCGAAGCCCTGAGTG
CCTGGATCTGCTGGTGGACAGTGGGGCTGAAGTGGAGGCCACAGBGGGGBAEGAACAGCCTTGCATC
TAGCCACAGAGATGGAGGAGCTGGGGTTGGTCACCCATCTGGTCRACGE T AACGTGAACGCTCGC
ACCTTTGCGGGAAACACACCCCTGCACCTGGCAGCTGGACTGGBGTATCBGCCGCCTCCTTCTGAA
GGCTGGTGCTGACATCCATGCTGAAAACGAGGAGCCCCTGTGCCTBATGCCCTACCTCTGATAGCG
ACTCGGACTCTGAAGGGCCTGAGAAGGACACCCGAAGCAGCTTBCBGGGCTCTTGACCTCACTTGC
AGCACCAAGGTGAAGACCTTGCTGCTAAATGCTGCTCAGAACACCBAGGEBGTGACCCCGCCCAGCCC
AGCAGGGCCGGGACTGTCACTTGGTGATACAGCTCTGCAGAACCEGAEFBSACGGGCCAGAAGCCC
AGGGCAGCTGGGCAGAGCTGGCAGAGCGTCTGGGGCTGCGCABCATGEABGGACAGACAACCTCA
CCCAGTGGCAGCCTCCTGCGCAGCTACGAGCTGGCTGGCGGCEETITRREIGSGAGGCCCTGTCTGA
CATGGGCCTAGAGGAGGGAGTGAGGCTGCTGAGGGGTCCAGAAMIHIIMENCCAGCACAGCAGAGG
TGAAGGABBINCAGTGCGTACGGGAGCCAGTCAGTGGAGCAGGASBUREAEBCCACCCCCTGAGCCA
CCAGGAGGGCTCTGCCACGGGCACCCCCAGCCTCAGGTGCACTGAggatcc

Appendix Il. Antibody cocktail mix

1. B cells

Marker Fluorescent Ratio volume
CD19 Pecy7 1:80 12.5
CD3 APC 1:10 100
CD27 FITC 1:20 50
CD38 V450 1:300 3.3
FACS wash 834.2
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2. 10 colour B cells
Marker Fluorescer Ratic volume
1% staining CD19 Pecy7 1:80 12.5
CD3 AF700 1:50 20
CD27 APC 1:80 12.5
CD21 PerCP Cy5.5 1:100 10
CD3¢ V45(C 1:16( 6.2°F
CD24 CF594 1:20 50
IgM FITC 1:12C 8.3
IgD PE 1:80 12.5
IgA Biotin 1:320 3.1
FACS wash 864.8
2" staining Streptavidin V500 1:1600 0.63
FACS wasl 999.¢
3. Transitional B cells
Marker Fluorescent Ratio volume
CD19 Pecy7 1:80 125
CD3 FITC 1:100 10
CD27 APC 1:80 125
CD21 PeCy5 1:100 10
CD10 PE 1:20 50
FACS wash 905
4, T cell distribution
Marker Fluorescent Ratio volume
CD3 FITC 1:100 10
CD4 PerCP 1:20 50
CD8 PE 1:200 5
CD45RA Pacific Blue 1:300 3.3
CCRY7 Pecy7 1:20 50
FACS wash 876.7
5. Tfh and Effector T cells
Markel Fluorescer Ratic volume
CD3 APC 1:10 100
CD4 PerCF 1:2C 5C
CD45RA FITC 1:10 100
CXCR3 BV510 1:40 25
CCR6 PE 1:20 50
CCR7 Pecy7 1:20 50
FACS wasl 62t
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6. Treg
Market Fluorescer Ratic volume
Surface CD4 PerCP 1:50 20
CD25 APC 1.6 167
CD127 FITC 1:20 50
FACS wash 763
intercellular FoxP: PE 1:6 167
FACS wash 833

Appendix Il Gene lists

NF-kB target genes

AHR, BANK1, BATF, BCL2, BCL2Al1, BCLZ2L1, BIRC2, BIRC3, BUB1B, CCL2,
CCL22, CCL3, CCL4, CCND2, CCR4, CCR7, CD36, CD40, CD40LG, CD44, CD69,
CD82, CD83, CFLAR, CISH, CSF2, CX3CL1, CXCL1, CXCL10, CXCL13, CXCL2,
CXCL9, CXCR7, DUSPL, DUSP2, EBI3, EGR1, ELL2, EMR1, FAS FGF12, FNDC3A,
GADD45B, HLA-F, HSPALL, ICAM1, ID2, IER2, IER3, IL10, IL15RA, IL1B, ILZ2,
IL2RA, IL32, IL6, IL8, IRF1, IRF4, JUNB, KLF10, LSP1, LTA, LYN, MAP3K1,
MAP3K8, MYB, NCL, NFKB1, NFKB2, NFKBIA, NFKBIE, PAXK, PIM1, PIM2, PLEK,
PRKCD, PRPF4B, PTGS, PTPN1, PTPN3, RASGRP1, REL, RELB, RET, RFTNL1,
RGS1, RRAR2, SDC4, SFELL, SLAMF7, SLC2A5, SMAD7, SMARCA2, SOCX2, SOD2,
SPI1, STATL, STATSA, STX4, TNF, TNFAIP3, TNIP2, TPMT, TRAF1, VIM, WTAP,

ZFP36L1

BLK pathway genes

ABL1, B4GALT1, CL2L1, BCL2L11, BLK, BLNK, BMX, BTK, CBL, CBLB, CD19,
CD72,CD79A, CD79B, DAPP1, DCLREI1C, ECST, EPO, FADD, FAS.G, FCERIA,
FCERI1G, FGR, FOS FYN, GAPDH, GP6, GRAP2, GRB2, GTF2I, HCK, HRAS, IBTK,
IGHE, INPP5D, IRAK1, IRAK2, IRAKS, IRAK4, ITK, ITPR3, JAK1, JAK2, JUN,
KHDRBSL, KIT, LCK, LYN, MAP3K1, MYD88, NCK1, PIK3AP1, PIK3CA, PIK3CB,
PIK3CD, PIK3CG, PIK3R1, PIK3R2, PIK3R3, PIK3R5, PIP4K2A, PLCG1, PLCGZ,
PLCG2, PLEK, PRKCA, PRKCB, PRKCE, PRKCQ, PRKCZ, PRKD1, PTPN6, RACL,
RELA, RPSGKB1, SH3BPS, SH3KBP1, SGIRR, SOS1, SRC, STAT5A, SYK, TEC,
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TIRAP, TLR4, TLR6, TLR8, TLR9, TNFRSF11A, TP53, TRAF6, TREM2, TYROBP,
VAV], VAV2, VAV3, WAS ,YESL, ZAP70

A20 interacting gene list from BioGrid and string

ALDH9A1, ARRDC3, AXIN1, BECN1,BioGRid A20, BioGRid A20, BIRC2, BIRCS,
CASP8, CCDC50, CHUK, CNKSR2, FADD, FBXO3, GIT2, GLDC, HSP90AAL,
IKBKB, IKBKE, IKBKG, IL17A, IL17RA, IRAK1, IRAKZ, IRF7, ITCH, KIF11, LAMP1,
LAPTM5, LMP1, LRRC47, MALT1, MAP3KS5, MCM6, NAF1, NDUFSI, NFKBI,
NFKB2, NFKBIA, NXF1, OCLN, OLIG3, PPP2R1B, PPP6R3, PTPN22, RARRESS,
RBCK1, RELA, RIPK1, RIPK2, RLIM, RNF11, RNF114, RNF31, RNF5, RNHI1,
RPS27A, SHARPIN, STAT4, TAX1BP1, TBK1, TICAM1, TNF, TNFAIP3, TNFRS-10B,
TNFRSF1A, TNFSF10, TNIPL, TNIP2, TNIP3, TP53, TRADD, TRAF1, TRAF2, TRAF6,
TRIM2, TRIM23, TRIM3, TRIM8, UBC, UBE2D1, UBE2N, YWHAB, YWHAE,
YWHAG, YWHAH, YWHAQ, YWHAZ

Appendix VI Supplementary experiments

Control All.l All Al.2

2.81 19.58 3.90 5.35

CD10

B
3 ;‘{tg;;;
s

CD21

Supplementary Figure 1 Analysis of transitional B ells in A.ll.1 and his family members.CD21 and
CD10 were gated on CD19+ cells and CD21+ CD10+scefpresent transitional B cells
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NFKB2 NFKB2D8656
Lymphotoxin alf2 Nil Lymphotoxin alf2 Nil
MG132 - - - - * - - - MGI32 - - - - * - - -
|
p100 mm--{ u.--niuu-‘
p52 s o ) B B 68 on =8 _b,.i......uwiﬂﬂ
- —n o=

TATA DOX | w g oo s = .._-_“—’I
NIK et il |

01, 05, 1, 1 0.1, 05 1 01, 05 1, 1 0.1, 05, 1

Supplementary Figure 2 Effect of D865>G mutation onNIK induced pl100 processing with
lympotoxin a1p2 stimulation. HEK293 cells were co-transfected with expressiattvs encoding wild-
type (WT) or D865 . G mutant NFKB2 together withryiag amounts of MAP3K14 expression vector
encoding NIK and after 24hours cells were simulatéth lympotoxina1f2 or PBS. Six hours prior to
the stimulation MG132 was added and p100 and p&tien by western blot
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