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Abstract

Antibodiesplay anessentialole in the humoral componertf the immune system. They are produced
by Antibody Secreting Cells (ASCs) whichcapable ofsecretng thousands of antibody molecules
per second. To facilitate this function, ASCs undergo a dramatic upregulation of their biosynthetic

pathway, and thereforerepresent a unique physiological model of constitutive secretion.

In a previous study performed ihé lab, a large number of poorly characterised genes were identified

as highly upregulated in ASCs compared to naieellB, suggesting that they may be novel factors
involved inintracellular trafficking and antibody secretion. To investigate the rolthe$e genes in

ASC physiology we have first established a model of B cell differentiation and antibody secretion based
on 1.29 cells. These celisspondto LPSreatment, expand their biosynthetic capacity, and secrete
antibodies. Importantly, they alsapregulate the expression of many genes which were identified in

the previous proteogenomic work (e.g., FNDC3B, SEC24D, CREB3L2, RRBP1, CRELD2 and TMEM214).
To determine the function of these genes, we have developed a CRISPR/Cas9 based platform in 1.29
cedls and have demonstrated the feasibility of this approach by disruptingtipeessiorof several

genes including the BNARE VAMP3, the transcription factor CREB3L2 and the coat protein
SEC24DSEC24D, a component of the COPII coat, is one of the iffesentially expressed genes in

ASC and its expression is thought to be regulated by CREB3L2. Loss of SEC24D did not impact IgM
secretion two days post LPS induction. However, its loss leads to a significant reduction in the levels
of other COPIlI componé&n Surprisingly, the levels of FNDC3B are also perturbed in these cells.
FNDCS3B is an ER localised protein recently shown to have a role in ER proteostasis suggesting that ER
proteostasis in cellgith disruptedSEC24Rinctionmay be perturbed. Loss @REB3L2 did not impact

the production of antibodies or the expression levels of SEC24D suggesting that other members of this
transcription factor family may regulate the levels of SEC24D expression. Finally, we investigated the
role of the OASIS familgf transcription factors including CREB3L2 in regulating the expression of
SEC24D. We have observed that these transcription factors resulted in increased expression of SEC24D,
increased cell size and an expanded staining of SEC24D structures in HelLaag&elg, them

interesting targets for secretory pathway engineering in {poafessional secretory cells.
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Chapter 1: Introduction

1.1 Antibody SecretingCells

1.1.1 A Special Model of Constitutive Secretion

Antibodies play crucial roles in immune protection. Their protective functions vary and include
neutralisation of antigens, antiboelyependent cellular cytotoxicity, and lysis of pathogens via
activation of complement (Forthal, 2015). It is estimated thamans can make 1®(one million

trillion) of unique antibodies (Brinegt al., 2019). These antibodies are synthesised and secreted by
plasma cells or plasma blasts, both referred to as Antibody Secreting Cells (ASCs), which are terminally
differentiated B cells. It has been proposed that plasma cells are capable of sgdtetirsands of
antibody molecules per second (Hibi & Dosch, 1986)(Bromage et al., 2009), while utilising the
constitutive secretory pathway (Zagury et al., 1970). To achieve such high levels of secretion, activated
B-cells undergo an impressive transforrmat during differentiation which includes a large expansion

of their biosynthetic apparatus.

1.1.2 Tl and TD Antigens

B-cells differentiate into ASCs upon encountering an antigen. Antigens are broadly defineglas T
independent (TI) or-€ell dependen(TD) (Fairfax et al., 2008). Tl antigens stimulatelB® directly,

without the need to be cestimulated by helper T cells and typically include bacterial carbohydrate

based components such as polysaccharides (LPS). TD antigens include solublevhatkihecome
processed and presented by the®St f = | YR (GKS . OStftQa [ OQGAQlIGAZ2Y

helper T cells.

1.1.3 BCell Types

There are three types of mature-dlls which can respond to antigen, and they have distinct
specialiation and anatomical location (Allman & Pillai, 200B8){e 1.). The localization of B1 and
MZ B cells enable them to quickly respond to Tl antigens, while follicular B cells, the most common

subset, are more specialised for TD protein antigens.



Table 1.1: Mature BCell Subsets

Cell Type B1 B Cells MZ B Cells Follicular Cells
. Peritoneal and pleura Marginal sinus of thg Lymphoid follicles of the
Location " .
cavities and mucosal site| spleen spleen and lymph nodes.

Surveillance of tissug Encounter blood | Undergo maturation and ars
that are prone to| borne pathogens more specialised fo
pathogens. responding to  protein
antigens that also promp
CDA4+ T helper cell activatio

Location
Specialisation

B1 B Cells & Marginal Zone B Cells

B1 cells predominate during early development and produce {splgcific antibodies which can
recognise multiple antigens (Baumgarth, 2010). Antibodies secreted by B1 cells tend to be of low
affinity and broad specificity, and the cells can clear apoptotic/aged cells and contribute to tissue
homeostasis. B1 cells are a major source of natural IgM and IgA, mostly encoded by germline genes.
Natural IgM plays multiple roles from protection from infections to regulating autoimmunity
(Ehrenstein & Notley, 2010).

Marginal Zone (MZ) B cells are predominantly present in the marginal zone of the spleen, which is a
site of blood flow, and are therefore recognized to play an important role for mounting rapid defence
against blooeborne pathogens. In addition to Tl resyses, they can also contribute to TD responses
(Allman & Pillai, 2008).

Both B1 cells and MZ B cells can quickly become ASCs and provide fast protection witibbielp

and their similarity in functional characteristics have been previously desc{Madin et al., 2001).
Expression ofhe ASCtranscription factor BLIMP1 is higher in these cells than follicueelB. In
addition, the levels of the Bell transcription factors PAX5 and BCL6 are lower. This suggests that
these cells are primed tolalw them to rapidly differentiate and produce antibodies (Fairfax et al.,

2007).

Follicular B Cells

Follicular B cells are the most common type afeis residing in the spleen and lymph nodes. Despite
being able to respond to Tl antigens, they ar&inly specialised to respond to TD antigens. Stimulation
of follicular B cells through Toll Like Receptor ligands such as LPS (Tl antigen), is less potent in inducing

their differentiation unlike B1 and MZ B cells (Genestier et al., 2007).

TD antigen rgzonses occur in two steps. The first step is referred to as the extrafollicular response,

where the Bcells recognize antigen and differentiate into plasmablasts that secrete antibodies for



early protection. The second step involves some of these activaa#id to reenter the follicle and

with the help of T follicular helper cells form a Germinal Centre (GC) (Nutt & Tarlinton, 2011). The B
cells in the GC activate a site directed hypermutation mechanism thractgfation-induced cytidine
deaminase (AIDWhich introduces mutations in the rearranged variable regions of immunoglobulin
(Bannard & Cyster, 2017). In the GG&eBs with highest bindingffinity to antigen are positively
selected by CD4+ T cells and also follicular dendritic cells. This seldttivately yields EBells with

high affinity antibodies. Some of the GC derived plasma cells migrate into the bone marrow and

become long lived.

1.2 The ASC Transcriptional Program

ASCs have a distinct transcriptional profile compared to their B ilupsor (Trezise & Nutt, 2021).

Its acquisition terminates the B cell specific program and allows the remodelling of the cell which
includes a dramatic expansion of teadoplasmic reticulum (ERJhe expression of ASC signature
genes is shared between thoplasmablasts and plasma cells, with 70% of their transcripts encoding
for immunoglobulin (Ig) (Shi et al., 2015). Although many transcription factors participate in the
differentiation process of ASCs, three major factors largely drive the differemtiptbogram and have
received most focus relating to thdunctions inASC. These are IRF4, BLU&iRd XBP1Rigure 1.).

IRF4 is a transcription factor expressed in both B and ASCs, whose expression increases during
differentiation (Ochiai et al., 2013Y.arying concentrations of IRF4 allows it to regulate the mutually
exclusiveprograms ofB and ASCs. At low concentrations IRF4 binds, as a heterodimer with other
transcription factors such as PU.1, to motifs of genes involved in B cell activation atiorfsings the
concentration of IRF4 increases during differentiation, it binds as a homotlrirgerferon sequence

response elemenfiSREmotifs in plasma cell target genes. These include genes encoding for proteins
involved in secretory functions and importantly for BLIMP1l Y I & G SNJ NB3dz F 62N 2 F
(Sciammas et al., 2006). The role of IRF4 is essential for initiating féreliation of ASCkom B

cells

Unlike IRF4, BLIMP1 is not required for the initial stages of differentiation of B cells, however, is
required for the formation of ASCs and antibody secretion. It represses B cell specific genes such as
BCL6 and PAX5dpregulates the expression of ATF6 and indirectly of XBP1 (Lin et al., 2002)(Shaffer
et al., 2002)(Tellier et al., 2016). BLIMP1 upregulates immunoglobulin gene expression and also
promotes the transition of membrane bound antibody into its secreted foynactivating expression

of ELL2, a transcription elongation factor which directs this process (Minnich et al., 2016)(Tellier et al.,
2016).



Although not required fogeneration ofASCs, XBPL1 is essential for enhancing the biosynthetic capacity
in ASCsrad enabling high levels of antibody secretion by inducing the expression of genes encoding a

wide range of components involved in the secretory pathway (Shaffer et al., 2@} (4.2.

In addition, other transcription factors include the antiapoptdactors BCI2 and MCLL. Expression

of MCIL:1 is mediated by signalling through the BCMA receptor and is requir¢deaurvival ofASCs

in the bone marrow (Peperzak et al., 2013). Notably, the BCMA pathway is of therapeutic interest for
the treatment ofmultiple myeloma and an immureonjugate against it is currently in clinical trials
(Trudel et al., 2019) (GSK, 2022).

Nucleus

PERp1

| IRF4A—> BLIMP1 XBP1

Amino Acid
Transporter
(CD98) Glucose

Transporter Y
(GLUT1)

Immunoglobulins

Figure 1.1: Theegulatorynetwork of ASCs. Adapted from (Tellier & Nutt, 2019)ustration of the regulatory
network between BLIMP1and components of the unfolded protein response (UPR), mMTORC1 and autophagy.
Expression of BLIMP1 is induced by IRF4 during differentiation which enables the necessary expansion of the
secretory machinery and antibody secretiofro modulate the UPRBLIMP1 activatethe expression ofnany
genesincludng ATF6 and IRE1, which both lead to the expression and activation of X&R&. XBP1 then
upregulates the expression of a wide range of proteins spanning the secretory pathway and coordinates the
expansion of the ER. BLIMP1 also upregulates immunoglobulin gene expression and promotes its secreted form
by upregulating ELL2, atoagation factor which drives the generation of the secreted form of immunoglobulin
transcripts. pERp1, a ahaperone for immunoglobulin folding, is directianscriptionallyupregulated by
BLIMP1. A positive feedback loop between both proteins has keggestedThe proteosynth#c activity of
MTORCL1 in ASCs is sustained by BLIMP1 which directly enhances expression of the amino acid transporter CD98.



BLIMP1 also indirectly enhances mTORCL1 activity by inhibiting Skeatnoh3 which are negative regulars of

MTORCL1. Subsequently, the activity of mMTORC1 supports the biosynthetic expansion and limits autophagy.
Autophagy plays an important rolethe OSf f aQ K2YS2ail aAa o0& yS3lIGABSte NEB:
apparatus expansion. Plasma celsvé increased expression of GLUT1, a glucose transporter. Most of the

glucose utilised by these cells is used for glycosylation of immunoglobulins

1.3 Antibody Folding at the ER

Antibodies consist of two heavy and two light chains which are linkedshyptlide bonds. The folding

of antibodies happens ewanslationally when the polypeptide is translocated into the ER lumen
(Bergman & Kuehl, 1979). Nascent polypeptides are bound by BiP which facilitates their correct folding
and prevents immature disuljpte bond formation (Lee et al., 1999)(Vanhove et al., 2001)(Feige et al.,
2010). The interaction of the correctly folded light chain with the heavy chain releases BiP and allows

the full folding and assembly of the antibody.

Many proteins have beeitentified to assist the folding of antibody molecules (Feige et al., 2010).
These include chaperones such as GRP94haperones of BiP such as ERdj3, and PDI which in
addition to assisting folding acts as a disulphide isomerase. Expression of folairegartes in ASCs
may play more roles than just aiding antibody folding and secrekiteinl, encoding the ER localised
co-chaperone pERp1, is transcriptionally activatedBhyMP1(Minnich et al., 2016). pERjd a co-
chaperone for GRP9nd is required fohigh levels of antibody secretioft actsthrough aiding
immunoglobulin (Ig) folding by increasing the interacti@f Ig with GRP94Van Anken et al.,
2009)(Rosenbaum et al., 2014n.addition to its requirement for antibody folding and secretion, it
has been identified to be important for plasma cell differentiatinere pERp1 deficient mice exhibi
impaired generation of plasma cells post Tl antigen inductfamdreani et al., 2018)nterestingly,
loss of pERp1 results in the deregulatiorsofe of. [ L a tangeR genes suggestirtat it is a key
STFSOG2NI Ay . [ L athewpeesencg diap@entiabpysiive fegfiBackddp between

theseproteins.

During protein folding, a core glycan precursor is added to Asn297 of the heavy chaew@en&

Alter, 2017). Post folding, the antibody is transported to the Golgi in COPII vesicles. In the Golgi, this
glycan is processed by glycosidases and modified by glycosyltransferases to generate the final glycan
structure on the antibody to be secradle The variable addition of monosaccharides by
glycosyltransferases can yield up to 36 unique glycans. The glycan content of the antibodies can
influence their effector function by modulating their interactions with Fc receptors on other immune
cells. Forexample, afucosylation of antibodies enhance antibody mediated cellular cytotoxicity by

improvingthe carbohydratebased interaction between the antibodyhich is coating a target celhd



the Fc receptor on the effector cell (e.g., natural killer cells) (Ferrara et al., 2011)(Nigro et al., 2019).

These properties are useful and have been harnessed for the development of antibody therapeutics.

Following the folding and assembling of antiles, they are trafficked through the constitutive
secretory pathway (Zagury et al., 1970), which is enhancekSidsHow these cells adapt to high

biosynthetic load is discussed next.

1.4 Protein Homeostasis in ASCs

It is estimated that ~30% of newlyrghesised proteins are defective and are rapidly degraded to
prevent their toxic accumulation (Schubert et al., 2000). Enhanced folding capacity and clearance of
unfolded protein is especially important for ASCs which synthesise and secrete large amfounts o
antibodies. To maintain the homeostasis of ASCs, the cells are dependent on a range of ER stress
responses. Therefore, it is not surprising that many of the genes involved in the ER Associated
Degradation (ERAD) and Unfolded Protein Response (UPR)ragulaped in ASCs (Shaffer et al.,
2004)(Shi et al., 2015)(Tellier et al., 2016)(Rahman, 2019). Previous Gene Ontology (GO) enrichment
analysis of upregulated proteins in ASCs indicated that ER stress was highly enriched which included

components of bothiie UPR and ERAD (Rahman, 2019).

1.4.1 ERAD

The ERAD system works to eliminate misfolded proteins from the ER and mark their degradation
(Tannous et al., 2015)(Qi et al., 2017)(Shenkman & Lederkremer, 2019) (Ninagawa et alRi@0oel) (

1.2). To recogrie unfolded proteins, the glycan group added to the asparagine serves to indicate
maturation of the folding of the protein. Removing the terminal glucose happens right after the glycan
is added and this state is short lived, however is recognised and boymdalectin. Malectin is a
carbohydrate binding protein able to detect and mark misfolded proteins early shortly after their
expression (Schallus et al., 2008). Removing the second glucose enables the binding of calnexin and
calreticulin which can engageth oxidoreductases and isomerases to promote the correct folding of
the protein (Tannous et al., 2015)(Shenkman & Lederkremer, 2019). This monoglucosylated state
persists for a longer time to allow for the folding process. When the final glucose isedmading

of these chaperons is terminated. However, if fhr@tein is misfoldedUGGTkenses it through the
recognition of an exposed hydrophobic moieind transfers a glucose back to it. The misfolded
protein is monoglucosylatedgain and reenters the calnexin binding cycle. Folded proteins are not a
substrate of UGGT1 and concentrate at ER exit sites where they are trafficked to the Golgi through

the secretory pathway.



During the calnexin binding cycle, misfolded or stovfold proteins cycle between the ER and the ER
derived quality control compartment (ERQC) (Shenkman & Lederkremer, 2019). The ERQC is referred
G2 Fa G4KS aadl3AaAy3d 3INER dzyRé ERAR NihdiproiiB fils foyol, itYsA & F 2 f
subjected to extensive mannose trimming by mannosidases which are compartmentalised in quality
control vesicles. Proteins whose mannoses have been extensively trimmed (to Man6GIcNAc2 or
Man5GIcNAc?2) due to stocycling or misfolding are then bound by the lectin®& the ERQC which
targets the unfolded protein to the ERAD complex. The complex, containing the E3 ligase HRD1, is
responsible for ubiquitinating and retrvanslocating the misfolded protein to theytoplasm where

it is degraded by the proteasome machinery. Independent of glycosylation, proteins can still be
targeted to the ERAD through binding of chaperones, for example BiP (Ushioda et al., 2013)(Ninagawa
et al., 2015)(Ninagawa et al., 2021).

Whenthe biosynthetic load is too high and the accumulation of misfolded protein cannot be avoided
through the ERAD, the UPR is typically activated.
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Figure 1.2: Schematic dfie major steps of targetingmisfolded glycosylatedprotein to ERAD. Adapted from
(Shenkman & Lederkremer, 2019-linked glycosylation occurs at the rough endoplasmic reticulum (RER) co
translationally. Glucosidases remove two glucoses from the glycan, which allows calnexin and calreticulin to bind
the protein and promote its correcbfding. Binding of the chaperones is terminated when the final glucose is
removed. During the folding cycle, up to two mannose residues can be removed. UGGT senses misfolded
proteins and therefore raylucosylate the protein so that it can-enter the calrexin folding cycle. Correctly
folded protein concentrates at ER exit sites (ERES) to be trafficked. For misfolded proteins, during the calhexin
folding rounds, the protein cycles between the RER and thddeiRed quality control compartment (ERQC).
During these cycles it becomes exposed to mannosidases sequestered in quality control vesicles (QCVs).
Extensive mannose trimming (up to four mannose residues) releases the misfolded protein from the calnexin
cycle, and it is then bound by the lectin-@&t the ERQC to target it to ERAD for degradation by the proteasomal
machinery in the cytosol.



1.4.2 The Unfolded Protein Response in ASCs

The Unfolded Protein Response (UPR) is a complex program which is initiated in response to
physiological and pathologicdtiggers (Ricci et al., 2021). The latter is mostly caused by an
accumulation of unfolded protein which activates the three stress sensors involved in the UPR, while
the former occurs as a normal part of the development of some cells. Initially, it wsidyrthought

that the UPRs activatedin response to unfolded protein stress hence the term UPR. However, it is
now appreciated that components of the UPR can become upregulated as part of normal
differentiation of cells prior to any secretory stress¢uas during the differentiation of-8ells into

ASCs.

1.4.2.1 The Conventional UPR

The UPR can be activated in three parallel pathways by the following transmembrane ER stress
transducers: IRE1, PERK and ATF6 which are all normally inhibited by binding of BiP (Bertolotti et al.,
2000). BiP preferentially binds nascent or unfolded prateiimerefore in ER stress conditions the

inhibition on the three transmembrane sensors is relieved.

Activated IRE1 has RNase activity which cleaves 26 internal nucleotides from Xbp1 transcripts that are

then spliced into an active form (XBP1s) (Yoshidd £2001). XBP1s behaves as a transcription factor

which activatesthe transcriptiona large number ofyenes encoding proteinalong the secretory

pathway and components of the UPR and ERAD, drives the expansion of the ER and results in increased
protein synthesis (Yoshida et al., 2001)(Shaffer et al., 2004). ATF6, in addition to being controlled by

BiP binding, also has another layer of regulation where it is proteolytically cleaved at the Golgi (Haze

et al., 1999Kee sectiorl.8.5. The released cytofio domain then translocates to the nucleus where

it acts as a transcription factor that promotes expression of XBP1, ER chaperones and ERAD proteins
(Yoshida et al., 2001)(Yamamoto et al., 2007). Finally, activated PERK contributes to the UPR by
reducingi KS 9wQad 0A238yiKSGAO 2R (GKNRdIzZAK LIK2 & LIK2 NE
2F LINRPGSAY GNIXyatlidA2yd t K2ALK2NRBEIFIGSR 9LCHh Ol y
which is preapoptotic (Harding et al., 2000).

Overall, the otcomes of the signalling from each branch are varied, except for ATF6 whose regulation

is mainly presurvival. Even though signalling by IRE1 via XBP1 splicing is generally viewed as positive
to the cells through upregulation of genes to manage ER stiteissalso implicated to induce JNK
signalling which is prapoptotic (Urano et al., 2000). IRE1 dependent decay (RIDD) is another
mechanism that IRE1 performs to lower the load of nascent ER proteins by cleaving their RNAs
reducing ER burden (Hollien & ¥W&man, 2006). However, high levels of RIDD have been shown to be
pro-apoptotic (Ghosh et al., 2014). PERK can also lead tapmatotic responses through activation



of CHOP or through prolonged inhibition of protein translation. In summary, the thraecbes of
UPR work to maintain the homeostasis in the cell in response to ER stress. If the stress perigsts and

not reversed apoptosis is induced (Walter & Ron, 2011).

1.4.2.2 The Physiological UPR

Activation of the proteins involved in UPR can bgdered by signals beyond unfolded proteins
(Rutkowski & Hegde, 2010). For example, IRE1 can be activated-likeTi@teptors in macrophages

which subsequently activates XBPILR activated XBRdrives the production of inflammatory
cytokines withoutmducingchaperone expression or ERpansion(Martinon et al., 2010), indicating

that UPR signalling in response to different stimuli can \WWoyeover, the UPR has been shown to be
strongly implicated in liver development (Reimold et al., 2088 neurogenesis (Godin et al., 2016).
Physiological functions and involvements of the UPR components in organ development are reviewed
here (Cornejo et al., 2013). Therefore, it is evident that components of the UPR can be tailored to
different cell types with specific biological processes. The UPR in ASCs is an example of this and is

described next.

1.4.2.3 ASCs May Undergo a T8tep UPR

ASCs benefit from a physiological UPR which enhances their secretory capacity and ensures the
production, foldingandsecretion of Immunoglobulin (1g). The first hallmark of this specialised UPR is
that it is anticipatory andccurs prior to increased synthetic load (Van Anken et al., 2B¥pre
increased Ig production, the ER expands, expression of ER chapstaiess BiP and GRP94 is
increased and the activation of XBP1 and ATF6 into their active forms ¢Gass et al., 2002)(Van
Anken et al., 2003).

As accumulated antibodies are not the trigger for the initial UPR in ASCs, alternative stimuli have been
suggested (Ricci et al., 2021)(Trezise & Nutt, 2021). In response to induction bydefS§ Jdgking

XBP1, or BLIMP do not upregulate the genes involved in the expansion of the secretory pathway
(Shaffer et al., 2004). BLIMP1 acts upstream of XBP1lreas® its expression arattivation andis

also able to directly activate components of the UPR (Tellier et al., 2016). Therefore, BLIMP1 has been
LINE LR ASR G2 RNAOS (KS aLISOALE 'tw (KIFG KFLLSYa&

Upregulation of the biosynth& machinery enables the biosynthesis and secretion of large quantities
of antibodies. Once antibodies reach a level where they may start accumulating, a more common UPR
is suggested to be triggered which drives further expansion of the ER that evetdad#yto cell death

(Van Anken et al., 2003).
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1.4.2.4 Only XBP1 Required

Another hallmark of the UPR in ASCs is its partial nature. It is mainly driven by the IRE1 branch which
NEadzZ Ga Ay - .twmQa | OGA DI (A 2y ®odyéxpréssidnlard setrgtin - . t ™
as their ER is not remodelled appropriately (Taubenheim et al., 2012). In addition to activating the
expression of a plethora of proteins involved in the secretory process, XBP1 also plays an important
role in the expansion dhe ER through the regulation of lipid biosynthesis (Shaffer et al., 2004)(Sriburi

et al., 2007). Finally, XBP1 helps maintgimRNA levels by regulating the RIDD function of IRE1 and
reduction of Ig is partially rescued in IREL/XBP1 double knockowt dedlken together, the
requirement for XBP1 to achieve high antibody synthesis and secretion relies on its transcriptional

activation role and also its regulatory function on IRE1.

In contrast to XBP1, ATF6 and PERK areesggntial for biosynthetipathway remodelling and
antibody secretion. ATF6 does become activated early in ASCs differentiation (Gass et al.,
2002)(Aragon et al., 2012) and is able to drive ER expansion independently of XBP1 (Bommiasamy et
al., 2009)(Maiuolo et al., 2011). Howevere loss of ATF6 does not impact the formation of ASCs and
antibody secretion (Aragon etal.,2012)¢ Cc Qa4 RAaALISyal ot S NRtS Ay ! {/ a
to compensatory mechanisms with other proteins performing its functions, such as XBP1 (which co
regulates some genes with ATF6) and CREB3td et al., 2021 ompensatory mechanisms relating

to ATF6 can be exemplified here, where acute knockdown of ATF6 in pancreatic cells results in
significantly reduced alvnstream gene expression while chronic knockdown had minor impacts
possibly due to compensatiqi$harma et al., 2020PERK is not required for antibody secretion and

is selectively inhibited during differentiatidghroughufmylationby Ufbp1(Gass et al., 200@la et al.,

2010)H. Zhu et al., 2019)

In summary, ASCs benefit from a physiological likeR driven by BLIMP1, that precedes synthetic
load and the functional adaptations tfis UPR rely mostly on the IRE1 branch.
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1.5 Autophagy in ASCs and Multiple Myeloma

In addition to ERAD, autophagy plays a key role in the homeostasis of ASCs by safeguarding ER
expansion and antibody synthesis to sustainable legeigure 1.)(Pengo et al., 2013). Several
autophagy genes are upregulated in ASCs and the lossGX w§Uts in elevated levels of BLIMP1,

an expanded ER, and higher levels of antibody synthesis which ultimately results in lower ATP levels
and increased cell death. In vivo work suggested that autoplim@tso important for mounting
effective immune responseand generating long lived immunitYhe ER particularly seems to be a
specific target of autophagy in AS@s ER proteins were significantly enriched in ATG5 deficient ASCs

while mitochondrial and ribosomal proteins were not impacted.

The autophagic reptor, p62, has been recognised for its ability to yield resistance to proteasome
inhibitor based therapies in multiple myeloma (MM)(Milan et al., 2015)(Milan et al., 2016). Due to the
high load of unfolded proteins on the ubiguitproteasome system (UP80iring Ig production, MM

cells are very sensitive to proteasome inhibitors (Pls). However, MM cells can compensate for
proteasome insufficiency in response to Pl by increasing the de novo expression of P62 and by
diverting the interaction of P62 from celar signalling partners to ubiquitinated proteins. This
enhances p62 dependent autophagy, thereby relieving the proteostatic load during proteasome
inhibition. Consequently, P62 dependent autophagy poses an important therapeutic target to help
overcome Piesistance (Marino et al., 2019). Combinatory treatment with an autophagic inhibitor and
bortezomib (PIl) was shown to be effective in bortezomib resistant cells (Hideshima et al., 2016),
indicating that inhibition of autophagy can alleviate its protectireée in MM cells in response to

proteasome insufficiency.

1.6 Metabolic Adaptations in ASCs

In addition to enhancing the biosynthetic pathway and equipping ASCs with the necessary machinery
for high rates of antibody production, metabolic adaptations leeathe cells to cope with the
energetic and metabolic demands of producing large amounts of Ig. Mitochondrial and cytosolic
chaperons are highly upregulated during early differentiation in anticipation of bulk secretion of
antibodies (Van Anken et al., @B). Long lived plasma cells (LLPCs) have higher energetic needs due
to prolonged antibody production. Mice lacking Ennpl, a nucleotide recycling enzyme whose
expression is promoted by BLIMP1, have significantly reduced numbers of LLPCs (H. Wang@ &t al., 20

Cells lacking Ennp1l also show reduced glucose uptake and glycolysis.

Glucose uptake is enhanced in plasma cells, and they have higher expression of the surface GLUT1

glucose transporter compared to plasmablasts (Lam et al., 2016). 90% of glucosésudiagcted to
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antibody glycosylation through the hexosamine biosynthesis pathway which generates glycosylation
precursors. XBP1 promotes the expression of several key enzymes of this pathway (Z. V. Wang et al.,
2014). The increased expression of gludoaesporters is suggested to be due to paistnscriptional
regulation, as the mRNA levels of the transporter between the plasma cells and plasmablasts are
similar (Lam et al., 2016). Therefore, in addition to transcriptional level contributions; post

transcriptional modifications likely play important roles in maintaining the metabolic networks of ASCs.

The mTOR pathway which regulates protein synthesis and cell survival, is upregulated in ASCs. BLIMP1
promotes mTOR activity by upregulating the aminaldcansporter, CD98, an important modulator

of mMTORFigure 1.). The suppression of Sestrin proteins which are negative regulators of mTOR is
carried out by BLIMP1 thereby also indirectly promoting its act{{figllier et al., 2016). Inhibition of
MTORCtesults in decreased Ig synthesis and secretion (Jones et al., 2016). Activity of mTORC1 was
also shown to be required for the upregulation of UPR genes anticipatory of antibody secretion
AYRSLISYRSyidfe 2F - .tm IyR UKENBT2ND ODPWdzRB G dz6S 8
Some functional overlap between XBP1 and mTOR has been reported (Benhamron et al., 2015).
Activation of mTOR in XBP1 deficient mice helps to partially rescue the phenotype and enhances Ig
synthesis. Following the increasegrotein synthesis, mTOR signalling is downregulated at later stages

of LPS activation in response to ER stress (Goldfinger et al., 2011). Therefore, it seems that the UPR
and mTOR work closely together to enable a sustainable level of protein synthesesntbody

secretion without impacting cellular viability.
1.7 Proteogenomic ldentification of Membrane Trafficking Components in ASCs

1.7.1 Why Study ASCs

ASCs play a crucial role in the humoral component of the immune system by providing protection
F3FAyad AyFSOGAz2yaod ¢KSe IINB |faz2z GKS olara 27
mainly dependent on neutralising antibodies produced by plasma cells against the antigen
(Zinkernagel & Hengartner, 2006). Beyond antibody secretiory, tiave been implicated in other
functional processes such as regulating haematopoiesis and gut homeostasis (Pioli, 2019). ASCs are
also the origin of several cancers including multiple myeloma which remains incurable. Therefore,
studying and gaining a beit understanding of the biology of ASCs can provide important therapeutic
insights. To carry out their protective function, ASCs have an impressive biosynthetic ability and are
able to secrete thousands of antibodies per second (Hibi & Dosch, 1986). amibarthe cells utilise

the classical secretory pathway and secrete antibodies constitutively (Zagury et al., 1970), which
makes them a good model to understand the molecular processes which underpin the biosynthetic

pathway.
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1.7.2 Previous Proteogenomifroject

To gain better understanding of ASCs, the lab has previously set out to identify novel factors involved
AY IyitAo2Re aSONBilA2Y FyR !'{/aQ LKe&eaAzf23& o8&
naive B cells and differentiated antibody secretietisc(Rahman, 2019). Mass spectrometry analysis
was performed on purified splenimouseB cells which were used to generate antibody secreting
plasmablasts sorted by using either CD138 or CD93 magnetic beads. In addition tehthesen
generated proteomis data, the project also utilised published microarray and RNAseq datasets to
generate a multomics and multspecies analysis of ASCs. The expression of mMRNA/protein in ASCs
across the cell types was analysed and compared to the levels in the re@te@Is. The cell types

used in the study are summarisedliable 1.2 Results from this mulbmics project have been made

available through this usdriendly web resourcehttps://plasmacytomics.shinyapps.io/homg/As

confirmation of the robustness of the analysis carried out by this project, we looked at a series of well
charactersed markers of naive B cells and ASCs to confirm that their expression is as would be
predicted Figure 1.3. The Bcell identity transcription factors PAX5, BACH2,-8@hd IRF&re
consistentlydownregulated in ASCs. In contrast, IRF4, PRDM1 (BLIMP1) and XBP1 are all upregulated
in ASCs verifying the integrity of the results. Data obtained tlumproject will be used throughout

the thesis as plots generated through our web resource; PlasmacytOMICs.
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Table 1.2: Brief Description dhe Sources of ASCIypes Used in the Proteogenomic Project

Cell Type

Description

Source

mSplPC.array

RNA extracted from in vivo generated mouse sple

plasma cells and hybridised to MG430.2A array

(Kaji et al., 2012)
(Luckey et al., 2006)

mBMPC.array

RNA extracted from in vivo generated mouse bg

marrow plasma cells and hybridised to MG430.2A

(Bensoret al., 2012)

hPB.array
hPC.array
hBMPC.array

RNA extracted from human plasmablasts, and plas
cells generated in vitro from memory-dells and RNA
extracted from bone marrow plasma cells hybridised
the HG133A array.

(Jourdan et al., 2009
(Jourdaret al., 2011)
(Kassambara et al
2015)

mPB.rSeq RNA extracted from in vitro generated plasmablg (W. Shi et al., 2015)
from mouse splenic B cells and sequencing carried
using lllumina HiSeq 2500
mSpIPC.rSeq RNA extracted from mouse spleen and bone mar
mBMPC.rSeq plasma cells and sequencing carried out using Illun
HiSeq 2500
hPB.rSeq RNA extracted from patient human plasma blasts ¢ (Lam et al., 2016)
hBMPC.rSeq bone marrow plasma cells and sequencing perforn

using lllumineHiSeq 2500

mPBCD93.protein
mPBCD138.protein

Lysates from in vitro generated plasmablasts isold
using either CD93 or CD138 magnetic beads V
fractionated and analysed using the Orbitrap syst

(Thermofisher)

In-house generateg

data
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B-Cell Markers
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Figure 1.3: Differentiategulationresultsof markers of raive Bcells and ASCs froine proteogenomicproject.

Fold change in mRNA and protein expression were plotted using the Plasmacyiu@I@source which shows
differential regulation of indicated markers between naive B cells and AB€rature shows that genes in the

top panel of the figure are markers of naive B cells and need to be downregulated when the cells differentiate
to becane ASCs, while the genes in the bottom panel are positive regulators of the ASC phenotype. In
accordance with the literature, the results from the proteogenomic project show that the top genes are
consistently downregulated in ASC and the bottom genesipregulated compared to naive B celisror bars
indicate standard error of mean.

16



1.8Identification of SEC24D as a Protein of InterestABCs

Gene Ontology (GO) enrichment analysis of the upregulated ASCs components showed that
membrane trafficking and ER stress were the most enriched biological processes (Rahman, 2019). The
expansion of membrane trafficking components and apparatus that resfmBdR stress is predicted

to enhance the secretory capacity of the cells, therefore, these enrichment results are expected in
FOO0O2NRIyOS gAlK (GKS OStftaqQ FdzyOliAazyaod 2A0GKAY (K
the ER and Golgi was the moggrsficantly enriched. Enrichment of GO cellular compartments showed

that the upregulated proteins in ASCs were mostly localisedd®R. We were particularly interested

in protein candidates early in the membrane trafficking pathway which have not lpeeviously

characterised in ASCs, specifically components of the COPII complex.

1.8.1COPII Vesicle Formation

The first step in the secretory pathway involves the packagirpméctly folded cargo into vesicles
which bud from the ER. The formation tiese vesicles is mediated by the Coat Protein Complex I
(COPII) which consists of a highly conserved set of proteins that form two structural layers of the coat
(Zanetti et al., 2011). The layers constitute Sarl GTPase, Sec23/24 heterodimer (formmgethe i

vesicle coat) and Sec13/31 heterotetramers (forming the outer vesicle.coat)

COPII subunits assemble on riboseirez locations on the ER membrane calledexR sites (ERES)
(Barlowe et al., 1994). The assembly of the coat starts with the recruitofeBARL GTPase. As with

other small Gproteins, &Rl cycles between an active and inactive state regulated by GTP hydrolysis.
When &Rl is GDP bound, it is cytosolic and inacti¥dRlSs activated and recruited to EBRembranes

by the action of EA2, aguanine nucleotide exchange factor (GEF) which loads the protein with GTP
(Weissman et al., 2001). More precisely, this occurs at specialised ER subdomains defined by the
scaffolding protein, SEC16 and TFG (Watson et al., 2006)(Johnson et al., 201fgh Throarboxy
terminal domain, SEC16 binds SEC12 and enrichBs-&TP at these sites initiating COPII coat
formation (Montegna et al., 2012). TFG interacts with SEC23, a component of the inner layer of the

CORPII coat, in addition to SEC16 (Witte eRfll1)(Hanna et al., 2017)(Hanna et al., 2018).

Activated 3RL exposes an f&rminal amphipathic alphdelix that embeds into the ER membrane

and initiates coat assembly (Lee et al., 2005) which was recently visualised utilishtigncogyaphy
(Hutchingset al., 2018). The membrane boundFM can now recruit other COPIl components and the
SEC2FEC24 heterodimer is recruited via direct binding between SAR1 and SEC23 (Bi et al., 2002).
The recruitment of SECEEC24 to SAR1 not only serves a structuradtium but also a catalytic
function (Bi et al., 2002). Structurally, the SE€23attice has a positively charged surface which may
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act to stabilise the curvature of the membrane. Catalytically, SEC23 plays a @dtRaxing role for
SAR1 by providing eatalytic arginine to its active site. The SAEIC23/24 complex can now be

referred to as a prdoudding complex.

The full GTPase activity of SARL is not reached until the complete assembly of COPII coatisand this
achieved by the recruitment of the ter coat made from SECIEC31 (Bi et al., 2007). SEC31 directly
interacts with SAR1 and SEC23. The SEEC31 heterotetramers polymerize, shaping the membrane

to form a bud. Activated SAR1 shows enhanced affinity for bent membranes and highly curved
membranes have been shown to enhance the GTPase activity of SARL further (Hanna et al., 2016).
Therefore, as membrane bending increases throughout the formation of the vesidie,hding is
increased and concentrated facilitating rapid fission upon GTRolygis. There is also evidence that
SEC31promote€€2®a D¢t I &S FOGAGIGAY3a NRES o0& RANBOUG Ay
GTP hydrolysis byARL, which is needed for vesicle uncoating after fission (Sato & Nakano, 2005).
Therefore, inthe current model, the outer coat is the main driver of membrane curvature. However
recently, using Nerminal deletions of B@G1, it has been shown that the inner coat on its own can
induce membrane remodelling in settings where membranes have lessamsgsto deform, such as

lack of cargo (Hutchings et al., 2021).

adzZf GALX S YSOKFyAadaYa KIFI@S 0SSy LINRBLRASR (42 FAR /h
cargo (McCaughey & Stephens, 2018) (Hutchings & Zanetti, 2019)(Peotter et al., 2019ndhese
posttranslational modifications such as ubiquitination, COPII organising factors such as SEC16 and TFG,
and the use of receptors including TANGO1l. The existence of COPII isoforms with distinct

specialisationfiasalso been proposed to aid in cargelectivity.

1.82 COPII Paralogues and Their Roles

CORPII cargoes are quite diverse and include a range of proteins from small cytokines to collagen and
extracellular matrix proteins. One of the properties of COPII components which enables adaptation to
this complexity is the existence of COPII paralogues (Zanetti et al., 2012). Even the GTPase involved in
the budding process exist as two paralogues (A and B) which both need to be depleted to block
secretion (Winslow et al., 2010)(Cutrona et al., 20D&spite their apparent redundancy, they have

been shown to exhibit different affinities to other COPII subunits (Fromme et al., 2007)(Fromme et al.,
2008) and SarlB seems to be specifically required for formation of large COPII vesicles (Jones et al.,
2003. The inner coat complex which is most proximal to the ER membrane and acts as the cargo
capture platform consists of SEC23 and SEC24. SEC23 acts as a GTPase activating protein for SAR1
while SEC24 acts as the cargo selector. There are two paralogug@saiABEC23 and four for SEC24
(A/B/CID).
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SEC23A/B
Mammals encode two SEC23 paralogues, SEC23A and SEC23B, which are ~85% identical and are

reported to have similar functions (Khoriaty et al., 2018). However, their deficiencies cause different
diseases. BC23B is required for erythrocyte development with mutations in humans resulting in
anaemia and hyperglycosylated proteins in erythrocytes (Bianchi et al., 2009). It is also suggested to
be involved in the transport of the E&From the ER to the Golgc{traw et al., 2016). Mutations in
SEC23A cause Crateaticulo-sutural dysplasia and results in collagen accumulation in fibroblast

cultures (Boyadijiev et al., 2006).

The levels of SEC23A are regulated by the transcription factor, CREB3L2 and iisrdiaropce leads

to a similar phenotype as observed with SEC23A deficiency where collagen accumulates in the ER and
chondrogenesis is impaireGaito et al., 2009)This phenotype can be completely restored when
SEC23A is 4iatroduced in the CREB3L2 kkbndrocytes suggesting that the loss of SEC23A is the
main cause of the observed defect. The expression levels of SEC23B in chondrocytes is low, therefore
it is possible that in other cell types which have higher levels of SEC23B, the loss of CREB3YXwibul
cause a significant phenotype. In CREB3L2 KO fibroblasts which have high expression levels of SEC23B,
the distention in the ER is only slight. Therefore, it seems that the presence of either of paralogue may
enable normal SEC23 function. Moreover, lewels of SEC23B expression in calvarial osteoblasts has
been suggested to cause the phenotype seen in patients with SEC23A mutations (Fromme et al., 2007).
SEC23A has also been recently reported to rescue phenotypes of erythroid defects in SEC288B deficie
cells(King et al., 2021)

Different phenotypes observed due to differential tissue expression ¢sm lze exemplified here

where SEC23B deficient mice exhibit prenatal lethality due to pancreatic degeneration (Tao et al.,
2012), while humans exhibit anaemia (Bianchi et al., 2009). This could be explained by SEC23B being
predominantly expressed in the rase pancreas while in humans it is in the bone marrow (Khoriaty

et al., 2018). The functional redundancy between both paralogues has been further investigated,

where SEC23A could functionally replace SEC23B in mice (Khoriaty et al., 2018).

Finally, to idatify cytoskeletal related functional interactors with both paralogues, a study was carried
out using a double siRNA screen of several cytoskeleton and Extracellular Matrix (ECM) proteins with
either SEC23A or B and assaying for VSVG secretion (Jung 2824a)(Jung et al., 2022). The
knockdown of either SEC23A or B individually results in no transport defect in VSVG supporting the
idea that the paralogues are functionally redundant for its transport in this experimental context
Interestingly, knocking down a selection of SEC23 interactors which are involved in focal adhesions

and plating cells on ECM resulted in downregulation of SEC23A. Given that SEC23A has been previously
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implicated in collagen secretion and is suggested lel® regulated at a transcriptional level by ECM

and adhesion signalling, a feedback mechanism hypothesis is presented.

Taken together, the phenotypes and diseases associated with SEC23 components may be due to
differences in their transcriptional regulah. However, the need of both SEC23A and SEC23B in
zebrafish craniofacial development has been previously reported which suggested that they may not
be able to compensate for each other in zebrafish (Lang et al., 2006). SEC23B deficiency in mice has
alsobeen reported not to cause defects in collagen secretion, while SEC23A deficiency does even in
the presence of SEC28H. Zhu et al., 2015)t may be that sufficient SEC23 is needed regardless of

the paralogue, and that in these testedrditions, not enough SEC23 was available to allow proper
CORPII formation in the absence of just one. Moreover, whether SEC23B can replace SEC23A is yet to

be tested to determine if in fact SEC23A has a specific role for collagen secretion.

SEC24 The Cargo Selector Component for COPII
SEC24 is the cargo selector subunit of the COPII, and its paralogues are generally defined into groups

of SEC24A/B and SEC24C/D based on their sequence homology which is ~60% within a group and ~25%
across tem (Tang et al., 1999) (Mancias & Goldberg, 2008). The selection of cargo between the
different paralogues is broadly defined as exclusive, preferential, and redundant (Chatterjee et al.,
2021). The ability of SEC24 to select and bind cargo is mediatiiatbyinteractions between binding

sites present on SEC24 and sorting signals on the cargo proteins. Proteins without the signal sequence
can still be included in the COPII vesicle by interacting with cargo receptors/adaptor proteins (Baines

& Zhang, 200)or by passive diffusion (Thor et al., 2009).

14 sequence motifs have been identified so far to be involved in ER export of mammalian proteins
(Chatterjee et al., 2021). These signal motifs can have exclusive binding abilities depending on the
SEC24 patague. For example, the IxM signal motif found in Syntaxin 5 and membrin can bind to
SEC24C/D but not A/B as the IxM binding site is obstructed by a polypeptide in SEC24A/B as shown by
x-crystallography (Mancias & Goldberg, 2008). Other cargo examplesénitle GABAL transporter

which exhibits specificity to SEC24D (Farhan et al., 2007) and autoaxin which selectively utilises
SEC24C (Lyu et al., 2017). In addition to short peptide sequences directing ER export, some recognition
sites are conformational-or example, the export motif of SEC22 is created by the folding of two
elements of SEC22 to enable binding with SEC24A/B (Mancias & Goldberg, 2007), and Syntaxin 5 binds
SEC24C in its open conformation where th&eihinal domain is not folded back onthé SNARE

motif (Adolf et al., 2016). SlLA@sed proteomics revealed heterogeneity and differences in
compositions of COPII vesicles depending on which SEC24 paralogue was used which further

illustrated the specificity in protein sorting depending on tHeC24 paralogue (Adolf et al., 2019).
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When comparing the profile of SEC24A and C vesicles, the authors reported two types of proteins. The
first type showed no preferential sorting with the tested paralogue, for example ERGIC53. The second
type were proteirs enriched with a specific paralogue. For example, CNHI4 with SEC24A and SURF4

with SEC24C, however in general more proteins were enriched with SEC24C.

The cargo specificity and selection by SEC24 paralogues may also be different among different cell
typed @ C2NJ SEIF YLX S t/ {YdpQa aSONBilA2Y g6l a F2dzyR G2
not C/D in 293T cells which express no endogenous PCSK9 (X. W. Chen et al., 2013), while knockdown

of SEC24A/B and also C but not D in Huh7 cells significadtlge the secretion of endogenous

PCSK9 (Deng et al., 2020).

In the case of mutations in the SEC24 paralogues, a number of diseases have been identified. This can
be expected when a protein important for a certain function confers sorting specificitydaralogue

that has been mutated. For example, a loss of function mutation in SEC24B was reported to impact
neural tube closure andauseembryonic lethality (Merte et al., 2010). Vangl2, a protein important

for the process was discovered to be preferaityi sorted by SEC24B using a vesicle budding.assay
Therefore, in EQ@4B mutant miceVangl2 is not trafficked from the ER to the plasma membrane.
Another example is the hypocholesteraemia observed in SEC24A deficient mice due to impaired PCSK9

secretionwhich is important for LDL receptor degradation (X. W. Chen et al., 2013).

The distinct functions of SEC24 can also be strongly highlighted by the unique abnormalities in mouse
embryonic development. SEC24D deficiency results in early embryonic letthattycannot be

rescued by any other paralogue (Baines et al., 2013) while SEC24C deficiency results in later embryonic
lethality (Adams et al., 2014). Interestingly, knocking in the coding sequence of SEC24D into the
SEC24C locus in SEC24C deficient esoeies embryonic lethality however they do not survive after
OANILK oO6!RIYa SiG Ff®dX HAHMOZ AYRAOFGAY3A LI NLALE

compensate for each other in this context.

In humans, mutations in Sec24D have been reportedatese skeletal disorders and severe forms of
osteogenesis imperfecta (Garbes et al., 2015). Fibroblasts of patients suffering from these mutations
show a retention of procollagen in the ER and the dilation of the ER cisternae. Similar skeletal defects
were also observed in medaka (Ohisa et al., 2010) and zebrafish mutants (Sarmah et al., 2010). These
results suggest that SEC24D plays an important role in the trafficking of collagen and extracellular
matrix proteins. However, SEC24D deficient mice show vary embryonic lethality which may

suggest differences amongst species and/or differential tissue expression profiles.
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In summary, SEC23 paralogues seem to largely be able to compensate for each other with major
differences potentially being exhibited due differential tissueexpressionwhile SEC24 paralogues

exhibit more functional differences.

1.8.3SEC24D is Highly Upregulated in ASCs

In a previous study looking at human B cell differentiation and COPII coat components as part of ER
exit sites expasion, the authors reported an increase in the levels of SEC24C and SEC31A using qRT
PCR (Kirk et al., 2010). Utilising our proteogenomic study which has RNA and protein data across
human and mouse, we take a closer look at COPII vesicle components {{RA&BGan, 2019rigure

1.4). Even though these genes do show upregulation in our data, the increase is relatively weaker
compared to other components in the inner coat. Of note are SEC23B, SEC24A and SEC24D which have
the most consistently upregulated data. SEC24D clearly stoocboypared to the other components

with significance and extent of the upregulation. Therefore, we hypothesised that our data may

suggest that SEC24D plays an important role in IgM cargo selection at the ER.
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Figurel.4: SEC24D Hghly upregulated in AEs. Fold changes in mMRNA and protein expression were plotted
using the PlasmacytOMICs web resource which shows differential regulation of indicated markers between
naive B cells and ASCs. Plots are showing differential regulation of COPII componedsEmd&dars indicate
standard error of mean.

1.8.4CREB3L2 Activates SEC24D

Similarlyto ASCs, hepatic stellate cells (HSCs) upregulate their ER and Golgi apparatus during their
activation into myofibroblasts in response to liver injury and inflammatory cytoKifieshoishi et al.,

2017) This biosynthetic enlargement enhances the synthasi$ deposition of extracellular matrix
components which includes collagen |. The expression of early secretory genes was analysed between
precursor and activated states in HSCs, and SEC23A and SEC24D were shown to be upregulated by the
transcription facte CREB3LZ he authors also showed using luciferase reporter assays that CREB3L2

binds and activates the Sec24d promoter between 525bp and 205bp upstream of its transcription start
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site. Importantly, CREB3L2 is highly upregulated in ASCs according toteagenomic data and has
also been identifiedby others(Shi et al., 2015).

CREB3L2 is a member of the basic leucine zipper (bZIP) transcription factor family and is upregulated
in response to ER stress mildly at the transcriptional level and strongheatranslational level
(Shinichi Kondo et al., 2007). In addition to its role in HSCs, CREB3L2 was previously implicated in
chondrogenesis and identified as a transcriptional factor for SEC23A in chondrocytes (Saito et al.,
2009). Mouse chondrocytes lang CREB3L2 show ER retention of collagen Il indicating that its
secretion was prevented in CREB3L2 deficient chondrocytes, a phenotype completely restored by
introduction of SEC23A. In fish, CREB3L2 mutants also exhibit defects in collagen secretitbe (Melv

et al., 2011)(Ishikawa et al., 2017).

1.8.5The OASIS Protein Family

CREB3L2 is part of a protein group with other ER locateestription factorseferred to as the OASIS

(old astrocyte specifically induced substaptemily. These include CRER3 CREB, CREB4 and
Luman in addition to CREB3L2, with CREB3L2 being most similar to CREB3L1 (51% amino acid identity)
(Shinichi Kondo et al., 2007) (Shinichi Kondo et al., 2011). They exhibit tissue specific expression, for
example CREB3L2 is predomithaexpressed in chondrocytes (Saito et al., 2009), while CREB3L1 is
mainly expressed in osteoblasts and astrocytes (Murakami et al., 2009) (Shinichi Kondo et al., 2005)
and CREBH in liver cells (Omori et al., 2001). These proteins reside in the ERth@ioadpha helical
transmembrane domain and have a transcriptional activation and bZIP motif in their cytoplasmic
portion (Shinichi Kondo et al., 201 Bidure1.5). In their luminal portion, they contain consensus
sequences for S1P and S2P cleavagehmtan undergo intramembrane proteolysis. The activated
cleaved cytoplasmic domain then translocates into the nucleus where it activates transcription of
target genes containing ER stress and cyclic -fddponsive elements (Shinichi Kondo et al.,
2005)(Mur&ami et al., 2006).
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Figurel.5: Schematic showing domain structures of CREB3L1, CREB3L2 (OASIS family members) and ATF6
Figure adapted from (Shinichi Kondo et al., 20148l three proteins have a transmembrane domain which
enables their ER localization. Their cytoplasmic portion contains a transcriptional activating and bZIP domain.
The luminal domains contain consensus sequences for cleavage by S1P and S2P protelaseinal demain

is distinct between CREB3L1/2 and ATF6.

Even though OASIS family members have a similar overall domain structure to ATF6 and a high
sequence identity at the transmembrane domain (31%), they are distinguishable due to distinct
luminal portbns and activation in response to stimuli. For example, ATF6 is normally bound to BiP at
the ER via its luminal domain. BiP binds misfolded proteins during ER stress allowing ATF6 to
translocate to the Golgi apparatus for cleavage by the S1P and S2Psaothse to the presence of

Golgi localization signals in its luminal portion (Shen et al., 2002)(X. Chen et al., 2002). This is unlike
OASIS members which can translocate to the Golgi apparatus in absence of those signals (Murakami
et al., 2006) and alsdhat CREB3L1/2 do not bind BiP (S. Kondo et al., 2012), indicating the presence
of a separate ER stress transduction and3oRyi apparatus translocation mechanism. In terms of ER
stress transduction, it has been proposed that ER stress stabilises CREB3L1R dzf £ f Sy 3G K Iy
protein forms (S. Kondo et al., 2012). These forms are otherwise sensitive to ubiquitin degradation
through interaction at the transmembrane region with the E3 ubiquitin ligase HRD1. This interaction

is not detected under ERrsss conditions therefore during ER stress the degradation of CREB3L1/2 is

prevented, enhancing their activation.
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1.8.6Potential Cargo Proteins of SEC24D Relevant to ASCs

We have previously carried out transcription factore@ression analysis on our multinics data to

predict which transcription factors eegulate with genes upregulated in ASCs. Of the analysed
transcription factors, CREB3L2 stood out as having theesighumber of ceexpressed proteins

related with membrane traffickinRahman, 2019)0f these is th cargo protein, CD59, which is a GPI
anchored membrane protein. Interestingly, it has been found to be selectively exported from the ER

by the SEC24 isoforms SEC24C and SEC24D (Bonnon et al., 2010). This study links a CREB3L2 co
expressed cargo protein thi SEC24D, a cargo selector which itself is regulated by CREB3L2.

Another ceexpressed protein with CREB3L2 and is of particular interest to us is FNDC3B. In a study
focusing on FNDC3B as a poor prognostic marker of cervical cancer potentially vianiewntd/eith

ER stress and the UPR, the authors report a list of thexpoessed genewith FNDC3B, which of
noteworthy includes SEC24D (Han et al., 2020). This list contained 79 gemgweassed positively

with FNDC3B, 16 of which are alseecressed Wwh CREB3L2 in ASCs according to our an@igise

1.6). Taken together, this data may suggest a possible link between CREB3L2 regulated proteins and
proteins ceexpressed with FNDC3B. As exemplified by CD59 whicteigoessed with CREB3L2 and
selectively exported by SEC24D (highly upregulated in ASCgrediet that more proteins co
expressed with CREB3L2 could be selectively trafficked by SEC24D in ASCs. Of these proteins, we pay
special interest to FNDC3B which is a potential biomarker of ASCs withxpression profile that

shares ~20% of its protesrwith CREB3L2-expressed proteins in ASCs.
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Figurel.6: Positivelyco-expressedgenes with FNDC3B (Sourde:l y S i
expressedgeneswhich areupregulated in ASCs (Sourg&®ahman, 2019)¢ Venn Diagram Created on Canva.
FNDC3B is an upregulated ASCs marker thatésmeessed with CREB3L2. ~20% of thexqgession profile of
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1.9 Aims of Thesis

ASCs have remarkable biosynthetic and secretory capacity, and therefore present a unique model for
studying constitutive secretion. A previous project in the lab identified a large number of genes which
are differentially expressed winenaive B cells differentiate into ASCs using a multi species
proteogenomic study (Rahman, 2019). As predicted, many of these proteins were involved in
trafficking suggesting that this approach will be useful for identifying novel players which act on this
pathway. We hypothesised that proteins which were consistently and significantly upregulated in
ASC:s likely play an important role in ASC physiology (e.qg., differentiation, antibody synthesis/secretion,

proteostasis). To investigate this, this thesis aims

I.  Characterise the 1.29 B cell line to determine whether it is a suitable ASC.model
II.  Validate the upregulation of our identified proteins of interest in the 1.29s cells
lll.  Develop a useful experimental platform in the 1.29s to study the roles of ouein®tof
interest in ASCs through CRISPR/Cas9 and proximity labelling systems.
IV. Investigate the role of SEC24D in ASCs by assessing antibody secretion and the regulation of
differentiation markers.
V.  Explore the regulation of SEC24Dttanscription factors of th@ASI$amily.
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Chapter 2: Materials & Methods

2.1 Molecular Biology

2.1.1 sgRNA Cloning

gRNAs against gene of interest targeting the first exon were chosen using CHOPCHOP. The
oligonucleotides comprising the gRNA and sticky ends compatible with a Bbsl cut site were ordered
from SigmaAldrich Table 2.3. 8.5ul of each complementary oligonucleotide (IR were mixed

with 2ul of ligase buffer in a 20pl reaction and annealed by heating at 95°C for 5 minutes then cooling
down to room temperature (RT). The annealed oligos were then ligated into the gRNA expression
plasmid overnight using 1l of T4 ligase at 4°@.rbdified gRNA expression vector (Addgene #50946,
RSLRAaAAGSR 068 5NWY2adzZlS ,dzal 0 ¢la 26d0FAYSR FTNRY
cloning, 5ug of plasmid was cut with 1.5l of Bbsl enzyme (NEB) in a 30ul digestion reaction for 3 hours

at 37°C.

2.1.2 Genomic DNA Extraction, TOPO Cloning and Sequencing

To purify genomic DNA, approximately 5%00St f & ¢SNB feaSR F2fft2¢Ay3 (K
(QuickDNA isolation kit, Zymo Research, Cat #: D3024). To amplify the genomic regionest,inter
t/w 6lFa LISNF2NY¥SR dzaAy3d LINKYSNBR RSahla Ay Ta (2 7Tf

polymerase (Promega, Cat #: M3001) was used and the reaction is described below:

DNA ~100ng
5x Colorless GoTaq Flexi Buffer 10ul
dNTPs (50mM) 0.5ul
SEC24Ddrward primer (10puM) 2.5ul
SEC24D Reverse primer (10uM) 2.5ul
MgCt(25mM) 4l

ddH0 To 49.75pl
GoTaq 0.25ul

Typical cycling parameters were used (35 cycles, annealing temperature at 60°C), however a 30
YAydziS SEGSyairzy adSLI Id tHcec/ 6F& FRRSR (2 Syadz
on 1% agarose DNA gel to confirm the specificity of the angpk@R product. The remaining product

was purified using QIAquick PCR purification kit (Qiagen, Cat #:28104) and ligated using a TOPO cloning
1AG F2tt26Ay3 GKS YI ydzF | © (1688RRNIT e ligdted plagntdd fvered L y @ A
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transformed intobacteria, purified and then sent for Sanger sequencing (Genewiz) using the M13R

primer.

2.1.3 Q5 SiteDirected Mutagenesis

A mouse SEC24D expression construct was obtained from Sino Biological (MGBAAkBhake the

construct resistant to Cas9 endonease, site directed mutagenesis was performed using the Q5 site

directed mutagenesis kit (NEB, Cat #: EO56u(e4.15) F2f f 26 Ay 3 G KS YI ydzFl Ol c
Primers were designed using NEBaseChang@ablé 2.2) Post mutagenesis, the plasmid was

transformed, purified, and sent for Sanger sequencing using the M13F primer.

2.1.4 Generating Lentiviral Expression Constructs

The lentiviral vectors pLMRESNeo (Takara Bio, Cat #: 632181) was used for the expression of the

following genes:

SEC24D

CRISPR/Cas9 resistant SEC24D sequence was cloned into theEPRNEO vector using EcoRI and
Notl. Post digestion, the reactions were run on a 1% agarose gel and the appropriate fragments were

purified (Omega Bid ek: Cat #D2500-01) then ligated overrght using 1ul of T4 ligase at 4°C.

ERMembrane Tagged Ascorbate Peroxidase 2 (ERREX2)

Bluntend cloning was performed to express ERREX2 using the pLNRESNeo vector. Plasmids
were linearised (Btsbl for the ERM APEX2 and EcoRlI for the RESYe0) then blunt ends generated
using the Klenow polymerase. Bleenided linear DNA was then column purified (Qiagen: Cat #:
28104). ERMAPEX2 was digested using Nhel and the gR¥ESNeo using Spel. Post digestion, the
reactions were run on a 1% agarosé ajed the appropriate fragments were purified (Omega-Béd:

Cat #:D2500-01) then ligated overnight using 1ul of T4 ligase at 4°C.

2.1.5 Transformations and Bacterial Culture

All lentiviral plasmids were transformed into STBL3 cells, and any otherofyptasmid were
transformed into DH5alpha cells. Competent cells were thawed on ice and betwgghof chilled

DNA was added to the bacteria. The bacteria and DNA were gently mixed by taping and incubated on
ice for 30 minutes. The bacteria were hesfibcked at 42 °C for 45 seconds and incubated on ice for 2
minutes. 250ul of SOC media was then added to the bacteria and they were incubated at 37°C at
220rpm for 1 hour. The bacteria were plated ontovarmed agar plates containing the appropriate

antibiotic for selection (100pg/ml of ampicillin for all described plasmids in this thesis) and incubated
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overnight at 37°C. Bacterial colonies were picked into 3ml of LB media containing antibiotics. For mini
prep plasmid isolation, they were grown for-18 haurs at 37°C (220rpm) and harvested. For maxi
prep plasmid isolation, bacteria were initially incubated for 8 hours 37°C (220rpm). They were then

diluted at 1:1000 in 250ml of LB media, incubated overnight at 37°C (220rpm) and harvested.

2.1.5 Plasmid Isol#on

Plasmid DNA was isolated using GeneJet mini (Thermo Scientific, Cat #: KO502) or maxi prep (Thermo
{OASYGAFTAOS /G 1Y YnndmOo (Ada F2fft26Ay3a GKS YI

using a nanodrop spectrophotometer and stored2Q°C.

2.2 Mammalian Cell Culture
2.2.1 Cell lines and Antibiotic Selection

HelLa, HEK293T and MEF cells were grown in DMEM media supplemented with 10% Fetal Bovine
Serum (FBS) and 1% Penicillin/Streptomycin (P/S). When cells reacBe#h8bnfluency thewere
passaged by aspirating the media, washing with PBS, and incubating at 37°C for 5 minutes with 1ml of
trypsin. The cells were then resuspended in fresh media and routinely maintained by splitting at a
ratio between 1:10 to 1:20 of cells to media. | &8s were grown in RMPI 1640 media (Gibco, Cat #:
12004997) supplemented with 10% FBS (Gibco, Cat #: 16140071), 1% Penicillin/Streptomycin and
p n > a-mefcaptoethanol. The cells were split every two days between008121G cells/ml

(approximately a 1:10 dilution).

For antibiotic selection of cells post transduction, HelLa cells were selected with 1ug/ml Puromycin,
6ug/ml Blasticidin and 400ug/ml G418. MEF cells were selected with 1ug/ml puromycin. 1.29 cells
were selected vth 1ug/ml Puromycin, 12ug/ml Blasticidin and 1mg/ml G418. When indicated, cells
were treated with 2pg/ml tunicamycin and 1pM MG132 for the specified times. For induction-of tet
inducible shRNAs, cells were incubated with 1ug/ml of doxycycline typicallg fdtays before

characterisation.

2.2.2 Transient Transfection of Cells

HelLa or HEK293T cells were seeded in 6 well, 12 well or 10cm plates depending on the scale of the
transfection. The following transfection reagents were routinely used during thik:\iREl, FUGENE
HD (Promega, Cat #: E2311) and ViaFect (Promega, Cat #: E4981) at a 3:1 ratio of reagent to DNA.

Transfection conditions and details used in this thesis are summarised below:
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Table 2.1: Summary of Transfection Conditions and Purposes

Culture = Culture Transfection = Optimem = [DNA] Purpose of experiments
Plate Volume Reagent volume
10cm 6ml PEI 800 ul 1lug Transfecting HEK293T cells a

packaging cells for viral
transductions Figure 2.}
6 well 2ml ViaFect 200 ul 219

_ Transfection of HeLa cells
12-well 1 ml ViaFect 100 pl lug

For all transfections, media was replaced at least an hour before transfection with antibiotic free

media. For PEI transfections, PEI was added to a tube of 400ul of OPTIMEM, and DNA was added to a
second tube of 400ul OPTIMEM. They were incubated seggrfde 5 minutes, then mixed and

incubated for 20 minutes at room temperature before being added drop wise to cells. For

GNI yaFSOGAz2ya dzaaAy3ad CdzASyYyS FyR Al CSOGZT GKS YI y

transfection the cells were incubated 37°C overnight.

2.2.3 Viral Transduction of Cells

To produce lentivirus, a triple transfection of HEK293T cells was perforfrigad 2.). Cells were
seeded in a 10cm dish at 0% confluency and transfected with a total of 11ug DNA using PEI. The
next day, cells were washed, and media was replaced with the media of the cells to be transduced
(e.g., RPMI for 1.29s). The collected media was inactivated before discarding. 48 hours post changing
media, viralcontaining media was harvested and filterddough a 0.45um syringe filter. The viral
supernatant was then applied to the cells to be transduced (at 50% confluency) and centrifuged at
2000rpm for 90 minutes. Post transduction, the cells were grown overnight at 37°C. The following day,
cells were catrifuged and resuspended in fresh media. Discarded media is inactivated first. Cells were

left in fresh media overnight and then antibiotic selection was started the next day.
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Figure 2.1: Schematic showing steps followed for viral transduction of cells

2.2.4 LPS differentiation of 1.29 cells

To initiate differentiation in 1.29 cells, 0.6Xklls were seeded in 2ml of RPMI media containing LPS
at 20pg/ml (Sigma, Cat #L2630) in a 6 well plate. Two days post induction, the cells were split to

0.3x10 cells/ml while maintaining the LPS concentration at 20ug/ml.

To measure IgM secretion, cells were collected (typically 2zdls) on the specified days, washed
and resuspended in fresh media. 5 hours post incubation in fresh media, the supdrneds
harvested by removing the cells with centrifugation at 1500rpm for 5 minutes, followed by filtering

the supernatant using a 0.45um syringe filter.

2.3 Cell Biology

2.3.1 Immunofluorescence Microscope

HelLa or MEF cells were seeded on glass cipei approximately 70,00000,000 cells per ml and
grown overnight. To perform immunostaining on 1.29 cells, cells were spun down onto coverslips pre
coated with fibronectin (Sigma Aldrich, Cat #: F2006). To precoat the coverslips, they were incubated
with 10ug/ml of fibronectin in media overnight at 37°C. The next day, fibronectin containing media
was aspirated, and the coverslips were air dried in the hood for at least 45 minute$. (fot16ne

well of a 24 well plate) or 2x£0.29 cells (for one webf a 12 well plate) were collected and spun

down onto the dried coverslips at 2000rpm for 15 minutes.
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Depending on the protein to be stained, cells were either fixed using 4% PFA (10 minutes at RT) or
100% methanol for 5 minutes a@20°C (methanol had beeprechilled for at least 1 hour a20°C). If

fixed by PFA, the reaction was quenched using 0.1M glycine (5 minutes at RT). Cells were
permeabilized using 0.1% saponin or 0.1% triton (10 minutes), then blocked using 1% BSA for 30
minutes. Primary antibods were diluted in 1% BSA and incubated with the coverslips for 1 hour at
RT. The unbound antibodies were removed by washing with 1% BSA. Cells were incubated with the
secondary antibodies diluted in 1% BSA for one hour. The cells were then washed teagingethe

blocking solution and once using PBS. The coverslips were mounted onto glass slides using ProLong
Gold Antifade Mounting Media (Invitrogen, Cat #: 11539306). Imaging was then performed using the
Nikon Widefield LivCell system and the imagesopessed using ImageJ. All solutions used were

made up in PBS.

2.3.2 Flow cytometry
2.3.2.1 Intracellular Protein Labelling for HeLa Cells

For the of OASIS proteioverexpression experiments, HelLa cells were harvested by trypsinization,
washedand fixed using prehilled methanol 20°C for 5 minutes). The cells were washed and
resuspended in 0.1% Triton in PBS (10 minutes) and then blocked in 1% BSA for 30 minutes. The
primary antibody was diluted in 1% BSA and incubated with the cells fourlah RT. The cells were
washed using 1% BSA and then resuspended with the secondary antibody diluted in 1% BSA for a
further hour at RT. Cells were then washed twice using blocking solution and once using PBS. The
fluorescent intensity of the cells wakdén measured using the BD LRSII flow cytometer. All solutions
used were made up in PBS. Cells were spun down at 2000rpm between each step to resuspend in the

described solutions.

2.3.2.2 Cell Surface Staining

For cell surface staining of MHC1 in HeL&cetlls were harvested using the Gibco Cell Dissociation
Buffer (Cat: 13151014) and resuspended in fresh media with the primary antibody for 1 hour on ice.
Cells were then washed using ice cold media and resuspended in media with the secondary antibody
for 1 hour on ice. To remove unbound antibodies, cells were washed three times using ice cold media

and their fluorescent intensity measured using the BD FACSCalibur flow cytometer.

2.3.2.3 Assaying GFP Expression in .29 Cells

1.29 cells were harvestedyashed using media and resuspended in ~300ul of fresh media.

Resuspended cells were then run on the BD FACSCalibur flow cytometer to measure GFP intensity.
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2.3.2.4 Sample Acquisition and Data Analysis

Live cellsvere manuallygated using forward and sidgcatter and approximately 10,000 cells were
collected. Analysis of the data acquired was performed using FlowJo softvaarguantificationthe
geometric mean fluorescent intensity for the described channel and populatiormeasured using

FlowJo

2.32.5 Single Cell Sorting

The population of cells to be sorted was collected in growth media, passed through a cell strainer and
then sorted using the BD FACSMelody cell sorter into 96 well plates containing 200ul of media. The
media used contained 280%o0f condition media which was collected from cells at-sobfluency

and filtered through a 0.45um filter.

2.4 Protein Chemistry
2.4.1 Cell lysis and Sample Preparation

For ECL based immunoblotting, equal number of cells (typically &@k1@9s) were collected by
centrifugation, washed in PBS, lysed in Laemmli sample buffer (BioRad, Cat #: 1610747) supplemented
g A U K -meyeaptoethanol and boiled for 10 minutes at 95°C. Lysates were then stor2@°a.

For immunoblotting which utilsd secondary fluorescent antibodies, equal number of cells (typically
~2x16 of 1.29s) were collected, washed, and lysed on ice using 1ml of RIPA buffer (1% Triton, 0.1%
SDS, 150mM NaCl and 50mM Tris Base) for 30 minutes. Lysates were then centrifujegedd at

4°C and the supernatant was retained. Protein concentrations were determined using the Pierce Micro
BCA kit (Thermo Scientific, Cat #: 23235). Laemmli buffer was added to the sample to a final
02y OSyYyiNr A2y 27T wmEmeacametbaiolfavidiyei tBeRsamplesibéiledmt:95°C

for 10 minutes before storing aR0°C.

For streptavidin pull down experiments, cells were lysed on ice for 30 minutes in 1ml of lysis buffer
comprising 50 mM THBICL at pH 8.0, 150mM NacCl, 1% TrXd®0, 01% SDS and 0.5% sodium
deoxycholate. Lysates were then centrifuged at full speed at 4°C and the supernatant retained. Protein

concentrations were determined using the Pierce Micro BCA kit (Thermo Scientific, Cat #: 23235).
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2.4.2 SDS PAGE

Cell lysatesvere separated using SBPAGE. Depending on the protein of interest 8%, 10% or 12%
tris-glycine acrylamide gels were used. In general, for proteins above 100kDa, 8% gels were used and
for proteins below 25kDa 2% gels were used. For streptaetiRP blotand medium sized proteins,

10% gels were used. To separate the proteins, the lysates were run at 75V for 30 minutes then at 150V
for 45 minutes to 1 hour in a gel running buffer (0.3% Tris base, 1.44% glycine and 0.1% SDS in H20).

The recipe to make 2Xf each gel is described below:

_ Gels
Solutions _
8% 10% @ 12% Stacking
ddH0 9.4ml 8.2ml 6.8ml 5.7ml

Tris pH 8.8 (resolving) /6.8(stacking)  5.0ml 5.0ml 5.0ml @ 2.5ml

30% Acrylamide 54ml 6.6ml 8.0ml  1.7ml
10% SDS 200p!  200pl  200pl 100l
10% APS 100p!  100u! 100l 50l
TEMED 10ul  10ul  10ul 10l

2.4.3 Immunoblotting

Proteins separated by SIPAGE were transferred onto Polyvinylidene fluoride (PVDF) membrane
(pre-activated by soaking in methanol) at 0.1 amps for 18 hours at 4°C in transfer {LBes Tris

base, 0.3% glycine and 20% methanol). Post transfer, membranes were blocked in blocking solution
(5% skimmed milk in PBIS(PBS with 0.1% Twe&f)) for 1 hour at RT then probed with the primary
antibody in fresh block solution overnight at 4Membranes were washed 3 times for 5 minutes in
PBST then probed with secondary antibodies in block solution for 1 hour at RT. Post 3 x 5 minutes
washes with PB3$, bands were visualised using Clarity ECL (Biorad, Cat #: 1705061) for secondary
antibodiesconjugated with horseradish peroxidase (HRP) and imaged using HRi@itGcanner.

When fluorescent secondary antibodies were used, the signal was visualised using the Licor Odyssey

Sa.Quantification was performed using Image Studio Lite software.

2.45 Enzymelinked Immunosorbent Assay (ELISA) for Measuring Secreted IgM

ELISA plates (Corning, Cat #: 3590) were coated overnight at 4°C with 100ptrobuasei IgM
antibody (Southern Biotech, Cat #: 1621) at 1:1000 dilution in PBS. Coated wells weentivashed
4 times using wash buffer (0.05% Twezhin PBS) then blocked for 1 hour at RT using 100ul of
blocking buffer (5% BSA and 0.1% Tw2enn PBS). The wells were washed a further 4 times before
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being incubated with 50ul of the following materitie samples (diluted 1:20 with blocking solution),

IgM standards (Invitrogen: Cat #:-8947065) and negative controls (blocking buffer and media). IgM
standards were used from 1 to 1:64 of standard to blocking buffer. The samples were incubated for 2
hours at RT. The wells were washed 4 times, and 100ul of detection antibodymeamse IgM
conjugated to HRP at 1:2000) (Southern Biotech, Cat #-Q9P&as added to the wells and incubated

for 1 hour at RT. The wells were washed 4x with wash buffer amdti¥BS, then 100l of substrate
solution (ThermoFisher Scientific, Cat #: 34028) was added for 20 minutes at RT in the dark. The
Reaction was quenched using 50ul of 2M sulphuric acid. The plate was then read at 492nm using the

FLUOstar Omega microplateader.

2.5 Proteomics
2.5.1 Biotin Labelling of Proteins using TurbolD

1.29 cells were typically seeded at ~1%&€lls/ml in and incubated with 0.5mM of biotin (Sigma, Cat
#: B4501) for 30 minutes at 37°C. Cells were washed 3x with cold PBS and the cell pellets collected for

downstream processing.

2.5.2 BiotinPhenol Labelling of Proteins using APEX2

1.29 cellswere seeded at ~1x2f@ells/ml in 3 wells of a-@ell plate and incubated with 2.5mM of

biotin phenol (Sigma, Cat #: SML2135) for 2 hours and 15 minutes at 37°C. The labelling was initiated
by adding 1mM of D, for 1 minute and the reaction quenched bydidg equal volume of 2x
guenching solution (10mM Trolox, 20mM sodium azide and 20mM sodium ascorblagegells were
washed 2 times usindx quenching solutiorand 2 times using PBS hey were thercollected by

centrifugationfor lysis anddownstream proessing.

2.5.3 Streptavidin Magnetic Beads Pull Down

50ul of streptavidin magnetic beads were washed 3 times with 0.5ml of cold lysis buffer. The cell lysate,
whose protein content was prgquantified using Micro BCA and normalised among samples, was
addedto the beads, and incubated overnight with end over end rotation at 4°C. The unbound protein
was removed and retained for immunoblotting. The beads were then washed for 5 minutes with the

following solutions with end over end rotation:

1. 2% SDS and 50mMigpH7.4 in H20 (2ml per tube).

2. 2% SDS in H20 (2ml per tube).

3. 2M Urea and 50mM ammonium bicarbonate in H20 (2ml per tube).
4

50mM ammonium bicarbonati® H20 (2ml per tube).
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All wash steps using the magnetic beads were performed by inserting the tubes in the magnetic rack
holder, waiting till all the beads were collected at the bottom of the tubes then aspirating the

solutions.

Following the washes, the beads were finallyusgsended in 100ul of 50mM ammonium bicarbonate.

For immunoblotting, the proteins were collected by removing the ammonium bicarbonate and boiling
the beads with sample buffer for 10 minutes at 95°C. For mass spectrometry the beads were
processed as outlirte below. If the samples were to be used for both immunoblotting and mass
spectrometry, 10ul of beads were aliquoted for immunoblotting and the remainder for mass

spectrometry.

2.6 Statistical Analysis

Graphs andtatistical analysis were performed usingraphPad Prisnttatistical comparisonssed

unpaired ttesting.

37



2.7 Materials

2.7.1 Primer and Guide Sequences

Table 2.2 Primers Sequences

Primer Sequence

SEC24DF GTCTTAAGCCATATTCAGGGGA
SEC24DR GAGATAAGTGCGTGTTTTGCTG
M13R CAGGAAACAGCTATGAC

M13F GTAAAACGACGGCCAG

SEC24D_Q5_MutF gggcatttcccctCCTCACTACGGACACTATI
SEC24D_Q5_ MutR ataccgggttgtgaCTGAGAATAAGGGGGTC

Table 2.3 Guide Sequences

Target Gene gRNA sequence
WHa 01 dzZ GGCCGAGATGTCTCGCTCCG

VAMP3 1 CACGCAGCGCGTCACTCACATTT
VAMP3 2 CACGCGCGTCACTCACATTTTGG
VAMP3 3 CACGTTTATACCTTTCAGGTCTAC
SEC24D 1 CACGCATGAGCCAACAAGGCTATG
SEC24D 2 CACGAGAGATACCCATTCCAGGC
SEC24D 3 CACGCCCCTCACTACGGACACTAT
SEC24D 4 CACGCCCCCTCACTACGGACACTA
CREB3L2 CACCCTGACAGCTCGCTCAGCTTG

The guide againsthumagn & & | f NBF Ré Of 2y SR AydG2 (GKS LIY[+x @S
group. The remaining guide sequences were designed against mouse sequences. When designing the

2t A32az /1] 6l & FI2ZRBIRR R{RkEAR gYR2TFIOKS 614 | RRS
oligo so that they can ligate with the Bbsl cut guide vector. If the guide sequence did not naturally

start with a G, a G was added to promote high expression from the human U6 promoter.

2.7.2 Enzynes

Enzymes used for any described DNA work are from New England Biolabs (NEB) unless otherwise

stated.

2.7.3 Constructs

The lentiCas®last vector was a gift from Feng Zhang (Addgene plasmid #52962). The TantdoID
the APEX2 expressing vectors were a gift from Alice Ting (Addgene plasmid #107175, #79055).
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2.7.4 Antibodies
Primary Antibodies

The following antibodies were used for immunoblotting and immunofluorescence micrascopy

Target Host Source
ATF6 Rabbit | Cell Signalling Technology (CST), 658809
BIP Rabbit | CST, 3177

CREB3L2 Rabbit | Novus Biologicals, NBB8697
CRELD2 Rabbit | Santa Cruz, 86110

ERp72 Rabbit | CST, D70D12

FLAGag Mouse | CST, 8146S

FNDC3A Rabbit | Atlas Antibodies, HPA008927
FNDC3B Rabbit | Santa Cruz, S#9895

HAtag Rabbit | Biolegend, 901502
IRElalpha | Rabbit | CST, 3294

IgM Goat Southern Biotech, 10205
MHC1 Mouse | BD Bioscience, 560169
MIST1 Rabbit | CST, 14896

NBAS Rabbit | Atlas Antibodies, HPA036817
P62 Rabbit | CST, 5114

P-P62 Rabbit | CST, 13121

RRBP1 Rabbit | Atlas Antibodies, HPA009026

SEC23A Rabbit | Kind gift from David Stephens
SEC24D Rabbit | CST, 14687

SEC31A Rabbit | CST, 13466

TMEM214 | Rabbit | Origene TA360932
TUBULIN Mouse | Proteintech, 66240

Ubiquitin Rabbit | CST, 3933

V5tag Rabbit | CST, 13202S

XBP1s Rabbit | CST, 12782

Secondary Antibodies

Immunoblotting: Horseadish Peroxidase (HR&)njugated antibodies against mouse (1036-008)

and rabbit (111035-008) antibody were obtained from Jackson ImmunoResearch. StreptdRih
(161-0380) was obtained from BioRad. Fluorescent secondary antibodies used arabdnitiAF 680
(Invitrogen, Cat #: A21109) and anibuse IRDye 800CW (Licor, Cat #-328%12)

Immunofluorescence Microscopy and Flow Cytometrplexa Fluor 488 and Alexa Fluor 594
conjugated antibodies against rabbit (Invitrogen, Cat #: A32731, A32740). Alexa88 and Alexa

Fluor 594 conjugated antibodies against mouse (Invitrogen, Cat #: A32723, A32742). StrepTactin XT
Conjugate D¥88 (IBA, Cat #:-2562050)
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Chapter 3: Characterisation of the 1.29 Cell Model

3.1 Introduction
3.1.1 Background

Previous work in the lab to attempt knockdown and overexpression of protein in primary cells proved

to be problematic with inconsistent results. From detailed literature searches it became apparent that
primary Bcells are difficult to transduce and notryewellsuited for generating stable cell lines. The
biggest potential caveat of using primary B cells for relevant tools such as CRISPR/Cas9 is the need to
activate the Bcells to achieve high transduction efficiencies with the most common applicatiog bei

screening, not generation of stable lines (Chu et al., 2016)(Pinter et al., 2022)(Xiong et al., 2023).

In addition to primary generated cells;a8ll lymphoma lines can be used as a differentiation model.
A previous student from the group looked at &l differentiation by LPS in the B cell ymphoma lines
BCL1, WEHI 231 and 1.29. His work showed that the 1.29 cell model had the most efficient
differentiation in which they increased in size and began expressing the ASC differentiation marker,

CD138 (Sion Gilbert, Unpublished Data).

3.1.2 1.29 Cell Model

1.29u+ is a monoclonal B cell lymphoma line that expresses IgM on the cell surface and differentiate

in response to LPS to become IgM secreting cells (Alberini et al., 1987). The cell line was initiall
derived from the 1.29 B cell mouse lymphoma which consisted of cells that express either membrane
bound IgM or IgA, with a smaller proportion of cells expressing both at the surface (J Stavnezer et al.,
1982). The IgM subline (1.29u+) was purified friia .29 lymphoma line by fluoresceattivating

cell sorting and adapted for in vitro growth (Janet Stavnezer et al., 1985). This cell line has been used
since in many studies as aBIll model that can differentiate into plasmablasts (Qiu & Stavne2&8)1

(M. J. Shi & Stavnezer, 1998)(J Stavnezer et al., 1999) (Romijn et al., 2005) and (Ma et al., 2010). For
SEFYLX S G2 aitdzRé GKS LRGOSYGAlIf AYYedayseiatdll YLISY A
KSNLISAGANHzZZAQ YndH LINE G Sucyodin Ight secbation inlditieredtigted .30 G2 Ol
cells potentially due to its inhibitory interaction with pERP1, a chaperone that enables efficient IgM
folding, a discovery also made using the 1.29s (Van Anken et al., 2009) (Wong et al., 2013). Notably,

this cell line was also used in one of the first studies which suggested that activation of the Unfolded
Protein Response (UPR) in ASCs preceded biosynthetic load (Van Anken et ase@&a08)(.4.2.3.

Taken together, we decided to utilise the 1.29 cel¢ Ifor this project as they have been previously

dZaSR (2 Y2RSf 1 {/34Q RAFFSNBY{IAlIGAZ2Y | OO2NRAYy3I (2
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3.1.3 Chapter Aims:

We have previously carried out a proteogenomic project on ASCs and identified diffierentially
expressed genedRahman, 201@ection 1.71.8). We hypothesised that genes thataconsistently

highly upregulated in ASCs are likely to be key factors required for ASCs physiology and/or antibody
secretion. To directly test this hypothesis, we intend to specifically perturb proteins of interest in the

1.29 cell model to investigatdeir potential functions.

In this chapter, we aim to assess and characterise the 1.29 cells as a model of B cell differentiation. We
next aim to build the experimental platform needed iavestigatethe function of upregulated

LINR G§SA Y& AY n pafticuBarve wiled derthiebwhéther the 1.29 cells appropriately
upregulate and secrete IgM, and upregulate cellular markers known to be expressed in other models
of B-cell differentiation by utilising our wekesource PlasmacytOMIOs) optimise techniques to
genetically manipulate these cells to develop approaches to deplete (ShRNA) or disrupt (CRISPR/Cas9)
protein functions, and introduce reporter systems which can be used for proximity based proteomic
approaches (APEX and BiRA).

3.2 Results
3.2.1 Validation of the 1.29 Cell Model

Before setting out to study protein functions in the context of ASCs, we first aimed to validate the
chosen cell line as a suitable model for ASC biology by inducing the differentiation of the cells and
assessing whether they appropriately upregulate ppasly identified plasma cell machinery and

secrete antibodies.

3.2.1.1 LPS Can be Used to Induce Secretion of IgM

Innate immune receptors are germline encoded and allow recognition of several molecules that are
common among multiple infectious agents, amonly known as pathogen associated molecular
patterns (PAMPSs). One of the bedtaracterisedPAMPs is lipopolysaccharides (LPS), a structurally
integral component of the outer membrane of gramgative bacteria (Farhana & Khan, 2pZhe

main receptor of LPS in immune cells is Toll Like Receptor 4 (TL4), as initially shown by a mouse strain
with a missense mutation in TL4 that exhibited resistance to endotoxin shock by LPS injection (Poltorak
et al., 1998) (Hoshino et al., 1999). Blxédave TL4 receptors and the use of LPS to induce
differentiation of Bcells toASCsn vitro is a welestablished system that is commonly ugéshss et

al., 2002(Shaffer et al., 2004).
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To induce the 1.29 cells to differentiate, the cells were seeded@well plate at a density of ~0.3x40
cells/ml and incubated with 20ug/ml of LPS. To collect differentiated cells up to 4 days post induction,
cells were subcultured back to the seeding density two days post induction to reduce cellFigatie (

3.1A). Typically, standard differentiation induced by LPS of mots#IBresult in significant cell death

at day 3 post induction due to proteostatic stress. Subculturing the cells at day 2, enabled us to have
~60% viable cells by day 4 post induction. T@psise levels of secreted IgM, 2¥idifferentiated

cells were collected, washed, and resuspended in fresh media. The cells were then incubated for a
further 5 hours and the media and cells were collected for downstremmunoblottingprocessing.
FollowingLPS induction, we observe that the cells increase in Bigere 3.1B and upregulate the

expression and secretion of IgMigure3.1Q.

A
Day0 ——> Day1 ——> Day2 ——> Day3 —> Day4
Seed cells at 0.3mil/ml Subculture cells to 0.3mil/ml
+ 20ug/ml LPS maintain 20ug/ml LPS
Count and collect cells for western blot processing
For assaying secretion, count cells, wash and resuspend

in fresh media for 5 hours before collection of media.
= +LPS
C

Day 1 Day 2 Day 3 Day 4
-+ -+ - + - 4

70 kDa =» | " . - - 8 | Secreted IgM

70 kDa = | — _— o= & | Intracellular IgM
55 kDa =»-

P-—--—-l Tubulin
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Figure 3.1: 1.2%ells can be induced to synthesise and secré&® using LPSA) Diagram outlining the steps
followed for differentiating 1.29 cellsl.29 cells were seeded (0.3X¥1@lls/ml) in a 6 well plate and induced to
differentiate using 20ug/ml of LPS (+). Two days post induction, the cells wexiuted while maintaining

the concentration of LP®) Brightfieldimages showing29 cellstwo days post LPS inductigNikon WideField
System). Cells were induced to differentiate, collected on day 2 post induction, centrifuged on fibronectin coated
coverslips and fixed with methandl)Immunoblots of intracellularand secretedgM in un/differentiated 1.29

cells. 2x1C cells were washg and transferred into fresh media. Post 5 houcglls were collected by
centrifugation for lysis andchedia collectedvasfiltered using a 0.45um syringe filter.

3.2.1.2 Expression of Transcription Factors in Response to Differentiation

ASCs have a distinct transcriptional profile compared to their precurset|8 (W. Shi et al., 2015)

FYR GKS I OljdAardazy 27F | {(TFa)@midatalS Be Bdll Gpedifidld y a O NX

transcriptional programimportantly, differentiation ofB-cells to either plasmablasts or plasma cells
are driven by the same set of transcription factors (Nutt et al., 20TBgrefore, assessing the
upregulation of some of these ASCs identity factors in differentiated 1.29s can indicate their validity as

an ASC model abese TFsodulate key pathways in ASC development.

Following LPS induction in the 1.29 cells, we assessed the levels of transcription factors known to be
upregulated during differentiation by immunoblotting. These are XBP1, a key TF refpir&dR
expansion and secretion of antibodies in A& (1.4.2.4 and has been previously shown to be
upregulated in differentiated 1.29s (Ma et al., 2010). We also look at another mediator of the UPR,
ATF6, and the ER stress transducer CREB&P2.85). Finally, we look at MIST1, a specific marker of
plasma cells that is induced during differentiation, which has recently been implicated in playing a
regulatory role in ASCs through in vivo studies (Woéhner et al.,, 262@)re 3.2Ashows the
Plasmacyt®™ICs differential regulation of the described transcription factors. Following LPS induction
in 1.29 cells, these TFs show upregulation suggesting that the transcriptional program of the 1.29s
adopt the expected profile of ASGadure 3.2R

3.2.1.3 Expression of Endoplasmic Reticulum Proteins in Response to Differentiation

To determine if 1.29 cells expand their ER and upregulate ER localised proteins when they differentiate,
we used immunofluorescence microscopy and immunoblotting to analyseettpression of a
selection of ER proteins. As predicted, proteins involved in protein folding such as BIP and ERP72
(protein disulphide isomerase) are dramatically upregulatéidyre 3.33.4). BiP has previously been
shown to be upregulated in differemtied 1.29s (Van Anken et al., 2003)(Romijn et al., 2005)(Ma et al.,
2010). Immunofluorescence staining of ERP72 also suggests that most of the cytoplasmic portion of
the cell is occupied by the ER compartment which is expected of a professional secedittypec

(Figure 3.3. In addition, NBAS, RBP1, TMEM214 and CREBZonfirmed to be upregulated in
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differentiated 1.29s as we have predict@dahman, 2019Figure 3.4B Other ER localised proteins
upregulated in 1.29s are FNDC3B and FNDC3A, which have recently been implicated in ER proteostasis
(Fucci et al., 2020). Finally, we confirmed the upratoh of IRElalpha, a well characterised sensor

of unfolded proteins which activates XBP1 (Chen & Brandizzi, 2013), and P115, a Golgi tethering factor
whose upregulation may indicate enhanced vesicle transport to the Golgi. The PlasmacytOMICs
profiles of hese proteins are shown Figure 3.4/and their upregulation during LPS induction in the

1.29 model is shown iRigure 3.4B
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11 .
. mSplPC.array
10 |
8 By mBMPC.array
T hPB.array
8 Il hPC.array
g 7 Il hBMPC array
G 6 mPB.rSeq
é 5 mSplPC.rSeq
E " I mBMPC rSeq
S M hPBrSeq
=) 3 Il hBMPC .rSeq
2 mPBCD93.protein
1 I mPBCD138 protein
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ATF6 BHLHA15/MIST1 CREB3L2 xBp1 2 Fold Change
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Figure 3.2: Théeranscriptional profile of differentiated!.29s is similarto in vitro generated plasmablastsTo
investigatewhether 1.29 cells behave in an expected manner as differentiating ASCs, we assessedeihe p

levels of transcription factor markers in un/differentiated ceM3Fold change in mRNA and protein expression

were plotted using the PlasmacytOMICs web tese which shows differential regulation of indicated markers
between naive B cells and ASCs. ATF6 and XBP1 are known mediators of the UPR which plays important roles in
the development of ASCs. The fold changes in XBP1 in the mouse protein levels égsgancbunderestimated

as the protein was not detected in the naivec@lls samples and values were imputed. CREB3L2 is another
regulator of the secretory apparatus that is consistently upregulated in ASCs. MIST1 is highly upregulated in ASCs
which may phy a regulatory role. The human gene chip used did not have a probe for this gene and the RNA
sequencing depth for human data was lower than mouse hence the missing human microarray and RNA Seq
data.Error bars indicate standard error of meam) ImmunoHots probed for the indicated transcription factors

using lysates of un/differentiated 1.29 cell29 Bcells were induced to differentiate using 20ug/oflLPS+)

and collected formmunoblottingprocessingn theindicated days.
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+LPS

Figure 3.3: Upregulationrof ER localised ERP72in differentiated 1.29 cells 1.29 cells were induced to
differentiate using 20ug/ml of LPS. 2 days post induction, cells were colleeteifugedon fibronectin coated
coverslips, fixed by methanol, and processed for immunofluorescence staining of ERP72. Results show that

undifferentiated Bcells have minimal staining of the H&calised protein which becomesdramatically
upregulated in the differstiated cells.
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Figure 3.41.29cells upregulate a range of ER localised proteins during differentiatibo.investigate whether

1.29 cells behave in an expected manner as differentiating ASCs, we assessed the protein levels of ER localised
markers inun/differentiated cells. A) Fold changes in mRNA and protein expression were plotted using the
PlasmacytOMICs web resource which shows differential regulation of indicated markers between naive B cells
and ASCs. Proteins shown are ER localised (excéptviiich resides in the Golgi). Plots show that FNDC3A,
FNDC3B, NBAS, RRBP1, CRELD2, BIP, TMEM214 and P115 are upregulatéd-an B&S€ndicate standard

error of mean. B) Immunoblotsprobed for the indicated ER markers using lysates of un/diffiaesd 1.29 cells.

1.29 Bcells were induced to differentiate using 20pg/ml L(Pnd collected foimmunoblottingprocessing on

the indicated days.
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3.2.1.4 Expression of SNAREs and COPII Components in Response to Differentiation

We have previously observed an upregulation in COPIl components iiRed@san, 20193.5A). To
determine whether 1.29s upregulate these components in response to differentiation, we assessed
the levels of SEC24D, SEC31A, SEC23A and &8 3.5¢ Differentiated 1.29 cells show
upregulation in all the mentioned components compared to undifféisged samples, except for

SEC13 whose levels seem to be comparable in both samples at days 3 and 4.

SNAREs are key players in the fusion of transport vesicles with target compartments and, in
accordance with upregulation of both COPII and traffickingpmmments in ASCs, are expected to be
upregulated. To determine if SNARE proteins are upregulated in ASCs, we assessed the levels of YKT6,
SEC22B, STX5 and VAMP3. We observe a consistent upregulation in YKT6 and SEC22B according to the
proteogenomic dataRigure 3.5B. They act as-8NARES involved in anterograde transport of COPII
vesicles (Daste et al., 2015). BotBMARES are also involved in retrograde transport at the Golgi. The
NRZ complex, whose components are upregulated in £&snan, 2019kaptures COPI vesicles at

the ER via association with the ER SNARE SEC22B (Tagaya et al., 2014), while YKT6 mé&slidggs intra
retrograde transport (Dste et al.,, 2015). The upregulation of these SNAREs was confirmed in
differentiated 1.29sKigure 3.5D). Finally, we also look at STX5SNARE which captures COPII vesicles

at the Golgi and patrticipates in int@olgi transport (Wang et al., 2017), wiiare both processes
predicted to be enhanced in AS@Rahman, 2019)and VAMP3 which has been impted in
constitutive secretion (Gordon et al., 2010). These two SNAREs show less consistent upregulation
according to the proteogenomic datkigure 3.5B however do seem to show an upregulation in the
differentiated 1.29 cells validating their upregutatiin ASCd-{gure 3.5

The data presented so far shows that the 1.29 cells become bigger and upregulate and secrete IgM in
response to LPS induction. They also appropriately upregulated markers of primary ASCs and
components of membrane trafficking (gherones, COPIl and SNARES), suggesting that they are

correctly reflecting the differentiation process of primary cells in these aspects.
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Figure 3.5: Upregulatiomf COPII proteins and SNARES in differentiated 1.29 cé&lisinvestigate whether 1.29

cells behave in an expected manner as differentiating ASCs, we assessed the protein @& cbmponents

and SNARES un/differentiated cells.A) Fold changes in mRNA and protein expression were plotted using the
PlasmagtOMICs web resource which shows differential regulation of indicated markers between naive B cells
and ASCs. Plots show that COPII inner coat components SEC24D and SEC23B are consistently upregulated in
ASCs compared to their precursor naivedls. Compnents of the outer coat, SEC31A and SEC13 also show
upregulation albeit to a lesser extent compared to inner coat componéfrtar bars indicate standard error

of mean.B) The RSNAREs YKT6 and SEC22B show consistent upregulation in ASC types tBsaézh SOWs
considerable upregulation importantly at the tested protein levels (green bars). VAMP3 generally shows
inconsistent dataC) Immunoblots probed for the indicated COPII proteins and SNABESsing lysates of
un/differentiated 1.29 cells. 1.2B-cells were induced to differentiate using 20ug/ml of LPS (+) and collected for
processing on the indicated days.
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3.2.2 Developing Tools to Genetically Manipulate |.28lls

We have assessed and confirmed that differentiated 1.29 cells show predicted behaviours of primary
ASCs which suggests that they are a good modelcefIRlifferentiation and antibody secretion. We
moved on next to building the experimental platform needt assess the roles of consistently
dzLINB 3dzf I G SR LINRGSAY Ay ! {/&aQ oAz2fz23eo

3.22.2 Creating an 1.29 Cell Line Stably Expressing Cas9

To study the function of genes in the 1.29 cell model we decided to take a CRISPR/Cas9 based approach.
1.29 cells have rgviously been shown to be amenable to viral transduction (Van Anken et al.,
2009)(Simon Gilbert, Unpublished Data), therefore they were transduced with a lentiviral construct
encoding the Ca9 nucleasEigure 3.6A Two days post transduction, the cellerne selected with
blasticidin at 12ug/ml. By day 6, the nomansduced cells were dead, and the viability of the
transduced cells was recovering indicating a successful transduEiguré¢ 3.6B However, the Cas9
protein was not detected by either immubéotting or immunofluorescence microscopy even after
weeks of selection (data not shown). The ability of the cells to survive Blasticidin selection suggested
that they were expressing the Blasticidin S Deaminase (BSD). Given that the BSD and Cas9
endonucleasse genes were driven by two separate promoters, we suspected that the cells were
silencing the promoter upstream of the Cas9 gene. A similar phenomenon was reported in embryonic
stem cells (Xia et al., 2007). We hypothesised then that the SEb®e(FocusForming Virup
promoter was being silenced in the cells, possibly via methylation (Herbst et al., 2012), and that PGK
promoter was resisting this silencing resulting in BSD gene expression. To investigate this, 1.29 cells
were transduced with a lentiral plasmid that expresses GFP and puromycin resistance from a PGK
promoter (Figure 3.6Cand their fluorescence measured using flow cytometry 5 days post selection
(Figure 3.6D). As predicted GFP fluorescence could be observed in these cells sugtjesting
neededto obtain another viral vector that expresses both the antibiotic resistance and the Cas9 from
the same promoterKigure 3.7A 1.29 cells were transduced with the new vector and after one week

of selection, the Cas9 protein expression wasedted and the stable cell line expressing the
endonuclease was generatelligure 3.7 This cell line was then tested for its ability to be induced

by LPS for differentiation compared to the parental lifrgg@re 3.7¢ No difference in upregulation
andsecretion of IgM could be detected between transduced andimansduced cell lines, suggesting

that Cas9 expression has no effect on the differentiation of 1.29 cells.
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Figure 3.6: Transduction of the 1.2&lls. A) Schematic of the initial lentiviral construct used for expressing

Cas9. Expression of the Cas9 (SFFV) and the BSD (PGK) are driven by different promoters-{leFRiradng
Repeat, WRPE: Woodchuck hepatitis virus posttranscriptional regulatory ele®gn2p cells were transduced

with the Cas9 construcfwo days post transduction, cells wesedected usind 2ug/ml of Blasticidin for at least

10 days. Transduced cefisrvived and recoverefost Blasticidinselection, however, id not show expression

of the Cas9 possibly due to silencing of the SFFV promBj&chematic of the lentiviral construct expressing

eGFP and puromycin resistance from the same PGK pronid}ér29 cells were transduced with the eGFP
construct Two days post transduction, celvereselected using 1pg/ml of Puromycin. Afteidays of selection,

cells were analysed on the BDFACsCalibur flow cytometer to assay for eGFP expression using the FL1 channel.
Shift in signal intensities shows GFP protein expression.
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Figure 3.7: Creatig a Cas$table expressing 1.2%ell line. A)Schematic of the lentiviral construct expressing
FLAGCas9 and Blasticidin resistance from the same EFS pron®)te?29 cells were transduced with the new
Cas9 construct. Two days post transduction, cellewelected using 12ug/ml of Blasticidin for at least 10 days.
Post selection, cell lysates were processed for immunoblotting with arFA®G antibody. Immunoblot results
indicated FLA®&as9 expression in the transduced cell [i6@The Cas9 expressingell line differentiates in
response to LREells were taken out of selection for 2 days before induction for differentiation using 20ug/mi

of LPS+). On the specified days, 2>X€léells were pelleted for processing for immunoblotting of intracellular
IgM. To measure IgM secretion, cells were washed and transferred into fresh media and incubated for 5 hours.
The media was then collected by pelleting the cells, keeping the media, and filtering it using a 0.45um syringe
filter.

3.2.2.3 Functional validatiorof Cas9

In parallel to generating the Cas9 1.29 cells we also generated a Cas9 expressing HelLa cell line as it
would allow this approach to be validated relatively easily. HeLa cells were transduced with a well
OKIF NI OGSNRAR &SR 3IdzA RS mpoieit @KMHEL (NdgarS 3.8 This guide was O 2
LINSOA2dzaf e dzaSR o6& tlhdzZ [ SKYSNRA 3INPRIzLIA. Ay R NB LJ
predicted, a similar reduction of MHClevels was achieved indicating that the Cas9 was atigare

3.8BQ. Totest its functionality in the 1.29 system, we needed to choose another target to knock out

as we lacked a good antibody against mouse MHQur lab i¢argelyfocused on studying membrane
trafficking, so we have a good collection of SNARE antibodieseaned to proceed with VAMP3 as
atarget. VAMP3 is expressed at high levels-ageBs Figure 3.50), therefore assaying for its reduction

would notrequire the induction/differentiation of the cells. CHOPCHOP was used to choose 3 guides
against mouse VAME and they were cloned into the lentiviral guide vector. Out ofttivee tested

guides, only one guide resulted in a significant reduction in VANMRRIre 3.9AB). Our results
indicated that the Cas9 is active and highlighted the importance of testiuitjhe guides for activity

when targeting a protein.
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Figure 3.8: Validating the Cagdidonucleasdunctionally in HeLaells. A)Schematic of the lentiviral construct

encoding the gRNAThe construct encodes a gRNA scaffold downstream thecRirshg site and also encodes

puromycin resistance linked to blue fluorescent protein (BFP). Guides against the proteins of interest are
designed to have compatible sticky ends with Bbsl to allow for its cloning into the cut velgba cells

expressing & 6SNB (NI yaRdzOSR gAlGK GKS O2yaidNuzOid SyO2RAy3
cells were selected with 1ug/ml of Puromycin for at least 7 days. Post selection, flow cytometry was performed

by staining MHEL. The Cas9 populationtransdi®k ¢ A 0K GKS 3FdzARS F3IFAyad i HY &K;
surface levels of the protei(B). C)Immunofluorescence (IF) imaging was also performed to stain for MHCI in
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Figure 3.9: Validating the Casthdonucleasefunctionally in .29 cells. A).29 cells expressing Cas9 were
transduced with three different guides against VAMP3 chasgngCHOPCHOP. 2 days post transduction, cells
were selected using 1pg/ml of puromycin for at least 7 days. 9 days post selection, cells were collected for
immunoblotting and probed with amVAMP3 antibody. The population transduced with guide 1 showed the
greatest reduction in VAMP3 leveB) Cells transduced with guide 1 wecentrifugedon fibronectin coated
coverslips for immunofluorescence staining with aieMP3 antibody.
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3.2.2.4 Investigating the Feasibility of Téhducible sShRNA System as a Bagliatform

As a backup platform to CRISPR/Cas9 gene disruption, we decided to investigate the feasibility of using
a tet-inducible shRNA lentiviral system to deplete the proteins of inteféigiufe 3.1@). This system

would make it possible to study théunction of essential genes and without the issues of
compensation. The described work was carried out in both the 1.29 cells and Mouse Embryonic
Fibroblasts (MEFs) with the latter used as an easier model. Both cell lines were successfully transduced
with 3 plasmids expressing shRNAs against Syntaxin 5 (STX5). As expected, cells incubated with
doxycycline expressed GHRglure 3.10Bsuggesting that the shRNA was also being expressed. In the
Lonpas GKS GNFyaRdzOSR OSft f éven indhelalisénterofi doxyagding & A 3y
(Figure 3.10E€making the results inconclusive. In the MEFs, the cells were tested for STX5 reduction
using immunofluorescence microscogyigure 3.1). Only one population of cells showed reduced
levels of STX5 aftefoxycycline incubation suggesting that this approach could potentially work. At
that stage during the project, the CRISPR/Cas9 platform established in the 1.29s already showed good
efficacy Therefore, we decided not to go ahead with further optimisatiohghe tet-inducible ShRNA

system and to proceed with the project utilising CRISPR. If we were to continue with this system,
another set of plasmids with different shRNA targets would have needed to be tested in the 1.29s.
Doxycycline concentrations andcimbation times would have also been needed to be optimised to

potentially achieve stronger protein depletions.
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Figure 3.10: Investigating utilisation of teéhducible shRNA for protein studies in the 1.29 cells. 2ghematic

of the tetinducible shRM plasmid. Expression of the T@h 3G transactivator protein and puromycin resistance

are under the control of the constitutive CMV promoter. In the presence of doxycycline, the Tet 3G promoter
(TRE3G) is bound by the transactivator protein that is ctutistely expressed, promoting the expression of the

turboGFP (tGFP) and the shRNA in a controlled mariBgt.29 cells transduced with empty shRNA plasmid

were incubated with doxycycline at 1ug/ml and were analysed for GFP expression by flow cytodstsypdst

incubation (C)1.29 cells transduced with tehducible shRNA plasmids against Syntaxin 5 were successfully
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side scatter.
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Figure 3.11MEF cells were transduced with three different ShRNAs against STX5 and selectédghithof
puromycin for at least 7 days. They were tlemeded on coverslips in 12 well plates. Expression of the turboGFP
and the shRNAs was induced by inatibn with doxycycline (1pg/ml). Two days post doxycycline incubation,
cells were assessed for STX5 expression by immunofluorescence microscopy. All three populations responded
to doxycycline treatment by expressing GFP. Cells transduced with shRNA Hshkdwetion in STX5 staining

in response to doxycycline.
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3.22.5 Generating an 1.29 Reporter Line for Studying Changes in the Proteome of the ER

BiolDis a wellrecognised proximity labelling technique that is used to identify profetein
interactions. It is based on fusing a protein of interest with the promiscuous E.coli protein ligase BirA
and was first used to identify protein interactors witkhirhan lamin A protein (Roux et al., 2012). It
was later developed to BiolD2 which has better biotin sensitivity (Kim et al., 2016). These techniques
amongst other proximity labelling methods are reviewed here (Li et al., 2017). One of the limitations
of BidD2 is the biotin labelling time which is conventionally betweer24zhours. Utilising yeast
display directed evolution, TurbolD was then developed which is capable of significantly faster

proximity labelling of just 10 minutes (Branon et al., 2018)

To sudy how the ER changes duringd@l differentiation post protein perturbation we decided it
would be useful to look at the proteomic profile of the EFe way to do this is to utilise the biotin
ligase, TurbdD localised to the ER Membrane (ERM). Waddaiced the 1.29 cells with a plasmid
which expresses a Magged TurbdD protein containing an ER localisation signal (amino ae® 1

of cytochrome P450). Post selection, the Tutbo expression was validated using
immunofluorescence microscopy whidmosved that the construct was expressed and gave a labelling
pattern consistent with its localisation at the BRglre 3.12A Cells were then treated with biotin
and the biotinylated proteins pulled down using magnetic streptavidin bedtgule 3.2B).
Sreptavidin blot analysis was performed and surprisingly we detected a significant amount of
biotinylation in the absence of added biotin. Unfortunately, RPMI media contains 0.2mg/ml biotin
(Thermofisher website) and therefore the BiRA was constitutiviglintylating proteins. To validate

this observation, the experiment was repeated, and the cells were stained with StreptaciB®Y
and analysed by flow cytometryFigure 3.20). As expected, cells expressing the Turbo ID were
constitutively biotinylatingtheir proteins. This result highlights the importance of checking media
formulation before performing these studies. To try and resolve this problem, we moved to another

labelling technique referred to as APEBX@2.6).

We observed a large upregulatiohBR proteins being biotinylated in the differentiated compared to
undifferentiated cellsKigure 3.12B)Surprisingly, TurboHY5 was also shown to be upregulated. As

an exogenous protein, this was not expected. We investigated this further by lookamgptifier
exogenous protein (Cas9) showed a similar upregulation in response to differentiation which will be

discussed later in sectidh22.7.
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Figure 3.12: Proteins in I.2&lls expressing TurbolD areonstantly biotinylated. A)1.29 cells transduced with

the TurbolD construct were selected aoentrifugedon fibronectin coated coverslips. The cells were fixed and
stained with antivV5 antibody and immunofluorescence microscopy perfornigdd.29 cells expressing TurbolD
were inculated with0.5mM biotin for 30 minutes at 37°C. Cells were washed, lysed and the biotinylated proteins
enriched using streptavidin beads. The input, elute and unbound samples were analysed by immunoblotting
with streptavidin HRP. Results show biotinylatinorabsence of added biotin due to its presence in the RPMI
media. Surprisingly, the VBurbolD also showed upregulation in response to OPIR29 cells expressing Turbo

ID were incubated with or without biotin then fixepermeabilizedand stained with septactin DY488. Samples

were run on the Attune flow cytometer to measure the amount of streptactin staining. As predicted from the

immunoblottingdata, TurbolD biotinylates the proteins in the absence of exogenous biotin due to its presence
in culturingmedia.
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3.2.2.6 APEX2 Labelling of the EndoplasiRéticulum

APEX is a 28kDa monomeasgrorbateperoxidase engineered from APX which is a class | cytosolic
plant peroxidase (Martell et al., 2012), which was initially used in Electron Micro$Edfy It was

then shortly used for proteomic mapping to identify mitochondrial matrix proteins and their topology
(Rhee et al., 2013). Using yed&play directed evolution, APEX2 was developed which has enhanced
ability for proximal protein labelling ahenrichment (Lam et al., 2014). To utilise APEX2 for proximal
mapping, APEX2 is genetically targeted to the cellular organelle/protein of interest. Cells expressing
the construct are then préncubated with Biotin Phenol (BP) and treated witkObfor 1 minute
resulting in the oxidation of biotin phenol into shdited biotinphenol radicals. The radicals
covalently biotinylate proximal proteins which allows their gdlwn for enrichment with streptavidin

beads and their analysis by mass spectrometry.

At 9. Q& NI A-phgnolSindhof biddirk ngadehityan excellent alternative for performing the
proximity based biotinylation in 1.29s which grow in bietontaining media. We therefore obtained

a plasmid encoding a V5 tagged APEX2 targeted to thesaigdface of the ER via a localization
sequence (amino acids29 of cytochrome P450). Cells were transduced with the construct and its
expression was validated post selection using immunofluorescence micros€ogyre( 3.13.
Surprisingly, simildy to the TurbolD construct, the levels of YWWEX2 were dramatically upregulated

in differentiated 1.29 cellsHigure 313). This unexpected upregulation of exogenous proteins will be

discussed in sectioB.2.2.8.

APEX2 is utilised by pnecubating the cellsvith 0.5mM of BP for 30 minutes at 37°C, treating the

cells with HO:for 1 minute and then quenching the reaction (Lam et al., 2014) (Lee et al., 2016) (Hung
et al.,, 2016). These conditions were initially followed for the 1.29s, however they did not yield
biotinylation. We note through the literature reports of poor membrane permeability of biotin phenol

in some cells (Hwang & Espenshade, 2016)(Mannix et al., 2019)(Tan et al., 2020). To enable biotin
phenol labelling in the 1.29s, BP concentrations andbation times were optimised~gure 3.14A
Surprisingly, incubating with the suggested 0.5mM of BP up to 135 minutes still resulted in no
apparent biotinylation. 2.5mM of BP resulted in better biotinylation at all tested time points with
significantly hgher levels at 135 minutes. We also tested 4mM and 5mM which were better than
2.5mM in terms of biotinylation signal. The maximum solubility of biotin phenol in DMSO to make a
stock solution is 250mM which means that a working concentration of 2.5mM seisuti% DMSO in
solution. Therefore, we decided to look at the morphology of the cells (data not shown) and viability
(Figure 3.14Bat each time point to check any obvious detrimental effects of DMSO for the tested
period. Even though there was no sighifi y it NBRdzOG A2y Ay (GKS OStfaqQ @Al
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the tested times, 2.5mM was used for 135 minutes moving forward to keep the DMSO concentration

at a maximum of 1%.

1.29 APEX2
1.29 APEX2 + LPS at Day 2

..

Figure 3.13: The APEX@nstruct isupregulated inresponse to B celifferentiation. 1.29 cells transduced with
APEX2/5 were induced to differentiate with 20ug/ml of LPS. Two days post inductions, cells were fixed and
stained for immunofluorescence microscopith an antiV5 antibody.
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Figure 3.14: Optimization obiotinylation in 1.29 cells with biotin phenol. 1.29 cells expressing APEX2 were
incubated with biotin phenol at the described concentrations and times. At each time point, cells were treated
with ImM RO; for 1 minute and the reaction quenched. The cellrevcollected, washed and processed for
immunablotting. A) Streptactinimmunoblottingshow that increasing BP concentration increases efficiency of

biotinylation.B) Trypan blue cell counting was performed using the BioR&20 automated cell counter at each
tested time point.
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3.2.2.7 Upregulation of Exogenous Proteins in Differentiated 1.29s

Following the transduction of Turbolnd APEX2 in the 1.29s, we were surprised to observe significant
upregulation of the reporter proteins in differentiated cells. This is unexpected because the expression
of these proteins is driven by exogenous promoters. To determine if this was a reasrad
phenomena, we also looked at the expression of the-Elag® in our Cas9 expressing cell line to assess
whether it also becomes upregulated during differentiation (day 2 post LPS treatment). We observed

an approximate ~8old increase in protein lat at day 2 post inductioriF{gure 3.1% (n1).
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Figure 3.15: Upregulation of Cas9 fransduced 1.29%ells duringdifferentiation. To examine whethethe
expression of the exogenous Cagfs upregulated upon differentiation in the 1.29 celiells were induced with
20pg/mlof LPS+)and collected on dag postinduction. Collected lysates were processedifomunablotting

and probed with antFLAG antibodyA) Immunoblot results show an upregulation of the Cas9 expression in the
differentiated cellsB) Western blot bands were quantified ambrmalisedagainst tubulin showing a potential
~5 fold at days 2 post LPS induct{or1)
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3.2.2.8 Are Changes iBxogenous Proteins Expression due to Changes in Transcription Factor
Expression During 1.29 Differentiation?

We and others have shown that ascBlls differentiate there are significant changes in transcription

factor expressionKigure 3.32(Rahman, 2019WV. Shi et al., 2015). We speculate that this could
potentially lead to changes in the transcriptiaaf exogenous promoters. For example, some
upregulated transcription factors could be binding to regulatory elements in the promoter regions. A
transcription factor that we know is significantly upregulated in ASCs and has a defined conserved
promoter element is CREB3L2. This TF binds to the cAMP response element which has the conserved
4S5l dzSy OGACBTeA R QO / NI ST 2y S It ®dX wnnpod . 20K GKS
by the CMV promoters, so as a very crude way to find out whether thisthgpis could stand, we
aSIFNOK FT2NJ 6KS 02y aSNIWSR NXB 3 dz Aigire NBA \EeSihddtaty OS Ay
the sequence is matched 4 times, 3 of which are within the CMV enhancer region and 1 time within

the CMV promoter region. These resusuggest that the increased levels of CREB3L2 in differentiated

1.29s can potentially bind to these sequences enhancing expression from the CMV promoter. If the
binding site of a transcription factor is not readily available, JASPAR 2022 can be usssticiotipe

binding sites of transcription factorfifure 3.16B(CastreMondragon et al., 2022).

To enable further investigations of this phenomenon, we searched for a tool which can output which
transcription factors are predicted to bind to an inputt€dNA sequence, and found Ciiider (Castro
Mondragon et al., 2022). We used this software to input the sequence of CMV, and it returned 280
transcription factors predicted to bind sequences in the enhancer and promoter region. Exporting the
results also impdantly showed the sequence of the binding site and the number of times it is
predicted to bind Figure 3.17AB). This list of transcription factors can then be inputted in
PlasmacytOMICs to analyse whether they are upregulated/downregulated during difédien. For
example, MIST1, which is highly upregulated in ASCs and differentiated 1.29 cells, was identified as a
potential binding transcription factor for the CMV promoter. Taken together, the observed changes in
reporter protein expression are likelip be driven by changes in the transcriptional profile of

differentiated ASCs.
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Figure 3.16: Investigating cAMRsponseelements in CMVenhancer andpromoter regionsand predicting

/ w9 . objndinQ sequenceusing JASPER. 8freenshot is showing part of the CMV enhancer @odnoter

sequence from the APEX2 plasmid (Addgene #79055). To crudely assess whether CREB3L2, as an upregulated
transcription factor in ASCs, could potentially bind the CMV region, we searched for the cAMP response element
4S|j dzSYGAEGTEAQ |y Rhatyftavis $nRtched 4 times within the CMV regid@).n addition to well
characterised and conserved binding sites easily available to find such as the cAMP response element, we also
report that the JASPAR 2022 database can be used to predict potentdaidpsequences of transcription factors.

The output is a positiospecific sorting matrix which uses experimentally validated data of transcription factors
binding to these sequences. The screenshot is showing the predicted nucleotide sequence btedfag si
CREB3L2.
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cmy 2 Creb5 MA0840.1 57 68 1 1 0.897 ATTGACGTCAAT
cmv 2 Creb5 MA0840.1 110 121 1 1 0.897 ATTGACGTCAAT
cmv 2 Creb5 MA0840.1 193 204 1 1 0.897 ATTGACGTCAAT
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Figure 3.17: Using CiiiDER poedict transcription factor binding sites in CMVpromoter. To identify all
transcription factors predicted to bind to the CMV region, CiiiDER software wasAjddte CMV sequence was
inputted into the software and the output is a promoter panel showing visually the predicted binding sites of
the transcription factors along the sequence. On the right side is the list of all predicted transcription factors.
Hidden TB can be dragged into the displayed window to visual®eResults can be exported as an excel
worksheet. Excel sheet shows the predicted position of each TF binding site, a core match score (core region of
most conserved 5 bases is matched against thdefjoand a matrix match score (full length of the transcription
factor binding site is matched against the model). These scores must be below the selected defiitFigtire

is only showing, as an example, the top 8 rows out of 983 rows of the ezl exported from the CMV region
analysis.
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3.3 Chapter Discussion & Summary

The main aims of this chapter were to determine whether 1.29 cells are a good model for: a) studying

B-cell differentiation and antibody secretion and b) gene disiarpstudies.

1.29 Cells Appropriately Express Genes Implicated-teB Differentiation and Antibody secretion

1.29 cells have been previously used as@IBmodel that can differentiate into ASCs and showed
expression of welknown ASCs markers suati XBP1 and BLIMP1 (Ma et al., 2010). They have proved

a useful tool for the study of antibody secretion, class switching and CD138 expression (Qiu &
Stavnezer, 1998)(Stavnezer et al., 1999)(Van Anken et al., 2003)(Romijn et al., 2005)(Van Anken et al.,
2009)(Ma et al., 2010a)(Wong et al., 2013). Their proteome has been profiled during differentiation
(Van Anken et al., 2003)(Romijn et al., 2005), however the number of proteins detected was very small

RSaON

FYR Y2ald 2F GKS 1 {/ &aQ YIoNghdiNtis cipftdr Wered@ iddaiified

those studies.

We have utilised what we know from the literature and the previously generated PlasmacytOMICs
resource to directly assess the expression of proteins known to be upregulated in primary immune
cellsduring 1.29 differentiationKigures 3.23.5). Most of the proteins that we looked at behave in a
manner that one would expect based on the PlasmacytOMICs data confirming that 1.29 cells are able
to recapitulate many aspects ofdll biology. In summaryye have shown that the 1.29 cells express

key ASCs transcription factors such as XBP1 which is necessary for development of antibody secretion
and others; CREB3L2, ATF6 and MIST1. We have also shown the upregulation of biosynthetic pathway
proteins whichmay be associated witfunctions of ASCs that include ER localised prote@OpPII

components and SNAREs.

We have previously hypothesised that ASCs mainly upregulate NARES rather than thesNARES

in the early secretory pathway based on thalifferential regulation profile (Rahman, 2019)
Upregulation of SEC22B and YKT6 in differentiated |.29s08s this hypothesisHigure 3.5D.

SEC22B shows the clearest upregulation in differentiated 1.29s cells, which is interesting as it has been
recently reported to be required for plasma cell maintenance, survival, and antibody secretion
through more funtions than just vesicular transport (Bonaud et al., 2023). This exemplifies how
dzLINB 3dzf G SR LINRPGSAya Ay ! {/&a tA1Ste& NBFEtSOG GKS

biological processes in the differentiation process/state.
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One limitationof the work presented is that only one biological repeat was performed for the
immunoblotting time course experiments. To address this, we had initially planned to use mass
spectrometry data. However, due to issues with the instrument this data has notinetuded here

in the thesis. In the longer term it would be helpful to include the 1.29 data in the PlasmacytOMICs

resource so a more comprehensive comparisoprimary cellan be performed.
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upregulation was not always linear. Expression of COPII components seemed tafbiear trend

with the upregulation being linear until day 3 then dppg at day 4Kigure 3.5¢ This is with the
exception of SEC13 whose reduction was earlier at day 2, showing similar levels to undifferentiated
cells at day 3 and 4n addition to being a COPIl component, SEC13 is also a part of the nuclear pore
complex which enables trafficking of molecules between the nucleus and cytoglgsninga et al.,
2003) The presence of SEC13 in a distinct complex other than,G@ke the remaining tested
components, may potentially mask differences in i@rotein levels during differentiation. The
dynamics of expression for some proteins were distinct. For example, the ¢téW&REB3L2 and XBP1s

in differentiated cells seemed to rise at day 1, drop on day 2 and then peak at ¢rgude(3.2R

Even though initially ungeected, different expression kinetics of proteins duringel differentiation

has been reported previously through proteomic profiling in 1.29 cells (Romijn et al., 2005). Intriguingly,
some proteins within a functionally similar group (i.e.-rEfldent proteins), displayed different
expression kinetics along the days post LPS induction. It would be interesting to cdwidynamic
changes in expression of the proteins examined here with further repeats, as these differences may
reflect the finetunin2 ¥ a2YS LINRPUSAYAQ FdzyOluAzya 20%n (KS
example, the drop in XBP1s levels at day 2 may be reflecting the transition of the propossidpwo
UPR model where it is initially upregulated as part of the early diffeagan process and then as a
response to accumulated immunoglobulirseé¢ section 1.4.3) (Van Anken et al., 2003). Indeed,
while studying the UPR in 1.29 cells, slower dynamics of differentiation were observed compared with
primary splenic B cells whidne authors suggested as an advantage that may provide clearer

observations of UPR activation (Ma et al., 2010).

Challenges Faced While Genetically Manipulating the 1.29 Cells

We have faced several challenges while developing the 1.29 cell model for this project including
promoter silencing, unpredictable gene expression and issues impacting proximity based proteomic
approaches. One of the most surprising observations which awe lmade during this work is the

upregulation of exogenous proteins during differentiation.
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which is clearly impacting the expression of exogenoumpters. We have observed an upregulation

of TurbolD, APEX2 and Cas9 expression in differentiatedEigls€3.12B, 3.13, 3.16 Even though

we have described in this thesis a few tools which can aid in exploring this hypothesis, this kind of
analysis isiot straightforward and outside the scope of this project. For example, to predict whether
apromoteQ @ S E Litdpbe anhahged during differentiation we would need to consider aspects
such as a) the number of potential binding sites; b) the upreguiadr actual expression level of the
transcription factor in the differentiated vs the undifferentiated states; c) importantly the fact that
these predictions do not necessary indicate that the transcription factors will actively bind these sites.
Experimatally these observations could be confirmed by techniques such as chromatin
immunoprecipitation and luciferase reporter assays in the specific biological context tested i.e.,

differentiated 1.29 cells.

This phenomenon presents us with two opportunitieBhe first is screening the effect of
differentiation on different promoters through an easily assayable protein such as GFP by flow
cytometry. This can provide important information to ourselves and researchers on what to expect
when introducing exogenougroteins in Bcells during differentiation especially when the levels of
the protein may influence a readout. For example, when using proximity labelling techniques, the
levels of TurbolD/APEX2 directly impact the amounts of labelled proteins. This wakgdcamparing

the labelled proteome of differentiated vs undifferentiated cell states challenging. However, it may
potentially not be a problem when comparing just one state between different cell lines, assuming no
significant difference in their differaiation ability (for example comparing a differentiated 1.29 parent
line versus a differentiated 1.29 line where a protein of interest has been knocked out). The second
exciting opportunity is exploiting this phenomenon to develop a tool which indicates th
differentiation state of the cell. For example, creating a stable cell line expressing GFP and using the

changes of GFP expression in response to induction as a simple readout of differentiation.

Other challenges faced during this work included potnpromoter silencing which has been

previously reported during use of viral transductions (Xia et al., 2007)(Herbst et al., 2012)(Zufiga et

al., 2019)(Cabrera et al., 2022). For future work it may be beneficial to screen the activity of different
promoters in our system and have the selection marker and protein of interest expressed from the

same promoter. More methods can be used in the design of constructs to prevent transgene silencing
ddzOK a GFNBSGAY3 (K Barbduns ¥ dBGREsaZcyocu@soye ¥tRl) a al F ¢
2022).Later in the project we discovered that the expression of exogenous proteupagulated

during differentiation As we have assayed for FLB8&59 expressionf the initial plasmidin

undifferentiated cellsit may be useful to rule out the possibility that the cell line was expressing the
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protein at a very low level at the-&ll stage by inducing the cells to differentiate and assaying again

for its expression.

Summary

We have validated the 1.29 cell line as a useful model of ASCs which in response to a differentiation
dUAYdzZ dzA S dzLINB3Idz  1S&a I yR aSONB(GSa L3Iazr SELINBEAS
its ER and secretory apparatus to aid antibody seametiVe have also generated and validated a Cas9
based gene disruption platform which will be useful not only for our research, but other groups
interested in plasma cell biology. In addition, the ER localised APEX2 expressing line could provide
useful chaacterisation of the ER profile in response to protein perturbation. Finally, we have
described a phenomenon where exogenous proteins are upregulated during differentiation of 1.29s
that needs to be considered during experimental design and provides atingxgotential

opportunity for development of a tool to assay differentiation.
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Chapter 4Perturbing andCharacterisinggEC24D in 1.29 Cells

4.1 Chapter Aims

According to our previous data, SEC24D is the most highly upregulatedcG@pdnent in ASCs

compared to precursor B cells (Rahman, 20E®)ure 1.4, and we hypothesise that it may be playing

an important role in the functions of ASCs. To test this hypothesis, we interjdise CRISPR/Cas9 to

perturb SEC24D in 1.29 cells ablA y §Sa G A3 GS GKS SFFSOOG 2F {9/ Hnt

secretion of IgM utilising immunoblotting and ELISA.

Additionally, SEC24D has begreviouslyshown to be regulated by the transcription factor CREB3L2

in hepatic stellate cell@omoishi etl., 2017) We aim to explore the regulation of SEC24D by CREB3L2

by a) overexpressing OASIS transcription factor family members in HeLa cells and assessing the protein
levels of SEC240y) knocking out CREB3L2 in 1.29s and assessing the level of SEG24D po
differentiation andc) investigating the protein levels of other proteipsedicted to beregulated by
CREB3L2 in the absence of SEC24D such as FNDC3B, SEC31A and SEC23A.

4.2 Results

4.2.1 Transduction of 1.29s with guides against SEC24D

The mRNA angdrotein levels of SEC24D are highly upregulated when nacadl8differentiate into
ASCsHKigurel.4). Thus, to investigate its role in antibody secrefifmur guides against SEC24D were
chosen using CHOPCHOP and cloned into the guide plasmid. Thguides target the earliest
conserved exon between all validated and predicted mouse sec24d transéiigise 41). 1.29 cells
expressing Cas9 were then transduced with the guides and selected. Post selection, the generated
four populations were differetiated using LPS and SEC24D levels were assayed by western blots. All
populations showed significant levels of SEC24D, and it was unclear whether we had successfully
disrupted the gene (data not shown). To investigate this, genomic DNA was obtained et pur

from the parent population and the guideésansduced populations. The DNA was PCR amplified using
primers that flanked the targeted SEC24D exon and FO®€loned for sequencing. The sequencing
results showed that the populations did indeed have niuta2 ya y SI NJ 0 KS 3JdzA RS&aQ t
many of the clones had the wild type sequence suggesting that the population was genotypically

heterogeneousKigure 42).

4.2.2 SingleCell Clonindo Screen for SEC24D

The genomic PCR indicated that our CRISPR/Cas9 approach was resulting in successful gene editing.

However, at a population level, no significant reduction in SEC24D was being achieved. To address this,
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we proceeded to perform single cell cloning of theoptation transduced with the guide that resulted

in the highest frequency of frameshift mutations. 11 clones were picked at random and induced to
differentiate with 20ug/ml of LPS an®EC24D levels were screened by immunofluorescence
microscopy Figure 43). Clone 41 (C41) was chosen for further analysis as it shaggnificant

reduction inlevels of SEC24D two dgysst LPS induction by immunofluorescence microscopy.

Mus musculus strain C57BL/6J chromosome 3, GRCm39

NCBI Reference Sequence: NC_000069.7
GenBank  FASTA
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|5 ATGAGCCAACAAGGCTATGTGGCGACACCCCCTTATTCTCAGTCCCAGCCTGGAATGGGTATCTCTCCCCCTCACTACGGACA TATGGGGACCCGTCCCATGCATCCTCTCCACCAG ¥
CCCCCTCACTACGGACACTATGG

3’ TACTCGGTTGTTCCGATACACCGCTGTGGGGGAATAAGAGTCAGGGTCGGACCTTACCCATAGAGAGGGGGAGTGATGCCTGT ATACCCCTGGGCAGGGTACGTAGGAGAGGTGGTC &

Figure 41: Thefour guidesagainstmouse SEC24Bour guides against SEC24D were chosen using the web tool
CHOPCHOP. They were chosen to target the sad@served exon between sec24d transcripts as predicted

by NCBI. The guides are predicted to cut Base pairs upstream of the PAM sequences which are canonically
pNGGo QP ¢ KS LINBRAOGSR Odzi ydzOft S2GARS A ancelhiglliga®E R Ay
with.
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Transduced 61  CCATTCCAGGCTGGGACTGAGAATAAGGGGGTGTCGCCACATAGCCTTGTTGGCTCAT 118
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Figure 42: Populations transduced with guides are genotypically heterogeneofisguencing results from
genomic PCR TOPO clones show that transduced and selected cell populations are heterogeneous. This example
isshowingSEC2@a (G NHSGSR NBIA2Yy &aSljdzSyoO0Sa 2F (g2 Oft2ySa
4. Nucleotide circled in yellow is the predicted cut sk¢Sequence showing an unedited clone compared to

i KS LI NBy iBfs2quénelshzsing@ Bammeshiéisulting mutation of 5 nucleotide deletions compared

to the parent sequence.

4.2.3SEC24D Levels are Significantly Reducdgdiame 41 up to DaysPost LPS Induction

done 41 was induced B0ug/mILPS and collected atyl2 and 4 post induction to test SEC24D levels
by IF and immunoblottingF{gure 44). Results showsignificant reduction irprotein signal byboth

techniques.

4.2.4 Genotyping Clone 41

Toinvestigate whetherC41lis a SEC24D null, genomic PCR and sequencing from TOPO clones was
performed. 15 colonies were picked, the plasmid isolated and prepped for sequencing. All sequencing
results came back showing two types of edits, which would result in frameshift mutationating a
potential successful creation oflaock outline (Figure 45). However, as the karyotype of 1.29 cells is

not known, C41 may be hypomorplaod will not be referred to aa null
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4.2.5 Does the Loss of SEC24D Impact IgM Secretion?

Havingcorfirmed that SEC24D is significantly reducedlone C41, we proceeded to characterise the

cell line. IgM secretion was the first aspect of ASCs biology to be looked at to determine whether
SEC24D has an important role in IgM trafficking and/or secre@etis were induced by LPS for two
days and antigM ELISA performed on media collected from the cElgu¢e 460). In addition, the

levels of intracellular IgM were determined by immunoblotting to determine whethsrupting the
function of SEC24D could impact the levels of its synth&sgife 46A-B). Surprisingly, we observed

no significant reduction in the amount of intracellular or secreted IgM suggesting that SEC24D is not

required for its secretion, despite its upregulation in ASCs.
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No LPS Day 2 Post LPS Induction

Clone 39
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Figure 43: Screeninglones for a SEC24D KO line29 cell population transduced with guide 2 against SEC24D
was sorted on the Melody FACs machine to deposit single cell clones into 96 well plates. Clones were then grown
and cultured for 2 to 3 weeks. 11 clones were then picked at random and inducdeiSotolassay for SEC24D
levels. Cells were collected at day 2 LPS inducticentrifuged on fibronectin coated coverslips, fixed by
methanol and immunofluorescenc#ainingwasperformedfor SEC24Most clones seemed to have reduced
levels of SEC24D compared to the parental population (not transduced with the g0lde® 41 showed no
clearSEC24D sign&cale bar: 13um
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Figure 44: Clone 41 haslramatically reducedevels of SEC24D at day 4 post LPS inductionC@ls were
collected at day 2 and 4 post LPS inductieyand cell lysates were processed for immunoblotting and probed
with anti-SEC24D antibodymmunoblots showdramatic reduction of SEC240r clone 4lat day 2 or 4 post
differentiation. (B) Cells were collected at day 2 and 4 post LPS induatemtrifugedon fibronectin coated
coverslips, fixed by methanol and immunofluorescerstaining was performed br SEC24D. Results show
induction of SEC24D ihd parent line at day 2 and 4, with tearstaining observed for clone 41.
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Figure 45: Genomicsequencing of C41A) Genomic DNA sequence of the SEC24D exon targeted by the guide.
Guide sequence is shown in the red arrow and the nucleotide predictdoe cut by the endonuclease is
highlighted in red(B) Sequencing results from 15 genomic PCR TOPO colonies show one of the two described
frameshift causing edits: deletion at the predicted cut site (circled in red) and one baspaistreamit (top)

and a mismatch mutation one base pdownstreamthe predicted cut site and an insertion (bottom).
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Figure 46: SEC24D is not required for Igdédcretion indifferentiated 1.29s atday 2post induction. 1.29 cells
were differentiated using 20ug/ml of LK$) and collected 2 days post induction. They were washed and
resuspended in fresh media for 5 hours to assess IgM secré)aviedia and cells were collected post the 5
hours and processed for immunoliiimg. Lysates were probed for SEC24D and intracellular gl media
probedfor secreted IgMB) Immunoblotsquantification of intracellular IgM normalised to tubul@)ELISA was
performed on collected media and values were normalised against an iyMastd.Unpaired ttest performed

on data from three biological replicates (n=3). ngot significant.Error bar indicates standard deviation of the
mean.
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4.2.6 Is CREB3L2 Required for the Expression of SEC24D in 1.29 Cells?

Despite having identified SEC24D as a highly upregulated marker in ASCs, we did not observe
significant perturbations in IgM biosynthesis and secretioénSEC24D mutant clone (C48¢yond
antibody synthesiand secretion, we wondered if SEC24D has other molgee functions of ASCs. We

first wanted to investigate whether the knockout of CREB3L2, a transcription factor which has been
shown to upregulate SEC24D, would impact the expression of SEC24D in 1.29s. 1.29 cells expressing
the Cas9 were transduced withguide RNA against CREB3L2. Post selection, single cell cloning was
performed and screened using immunoblotting. Clones 36 and 38 showed the highest reduction of
CREB3L2. These clones were induced to differentiate using LPS and collected four dageqtiust. i

No noticeable reductions in the levels of SEC24D were obsdriguar€4.7). We reasoned that this

lack of effect is potentially due to redundancy with other OASIS family members expressed in 1.29 cells.
In parallel to this study, we were alswestigating whether expression of other OASIS family members

could induce the expression of SEC24D in Hela cells.
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Figure 47: CREB3L&wtant clonesdo not show reduced SEC24protein levels.l.29 cells were differentiated

using 20ug/ml of LP&)and collected 3 days post inductioBell lysates were processed for immunoblotting

and probed with aniCREB3L2, SEC24D and IgM antibodies. Results showed no reduction in SEC24D protein for
CREB3L2 mutant clones.
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4.2.7 Validation of New CREB3L2 Antibody

Due to the ability of OASIS family members to potentially manipulate the secretory capacity of cells,
the lab has previously generated cDNA constructs encoding the activated cytosolic domains of
CREB3L1, CREB3L2, CREBH and Luman with the purposdetftimariato Chinese Hamster Ovary

(CHO) cells to assess whether they increase antibody production. For my project, we utilise these
constructs in Hela cells to assess whether they can drive the expression of SEC24D, which may explain

why reduction of CRBR2 alone in the 1.29s results in no significant effect on SEC24D levels.

To validate the CREB3L2 antibody for microscopy, we transfected the CREB3L2 construct in HelLa cells
using ViaFect. ER stress was induced by treating the cells with 2ugioricémycin one day post
transfection and 1618 hours before fixation to stabilise w9 . odxpie€sion. Transfected cells
showed nuclear staining which is the expected localizatigufe4.8). Cells with higher expression

levels predominantly showed ne@r expression with some staining in the cytoplasm. The tested
antibody has previously shown bands at the right size using western blots that became enhanced in
response to LPS induction in 1.29 cefligigres 3.2, #) and has now shown expected localiaatof

the activated protein in the nucleus using immunofluorescence microscopy, indicating that it is specific

to CREB3L2. Finally, we note that cells expressing CREB3L2 may be exhibiting a larger nucleus or cell

size compared to utransfected cells.
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Figure 48. The activated form of CREB3LZ localised predominantly to the nucleuddelLa cells were
transfected with the activated form of CREB3L2 and left overnight. The next day the media was replaced with
fresh media containing 2pug/ml of tunicamycin for-18 hours. The cells were fixed with methanol and stained
with an anttCREB3L2 #body. Transfected cells show expression of the protein in the nucleus, with higher
expressing cells showing some cytoplasmic expression.
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4.28 CREB3L2 and Tunicamycin Treatment Increase Expression of SEC24D

We next wanted to investigateehether CREB3L2 and tunicamycin increase the levels of SEC24D by
immunofluorescence microscopy. HelLa cells were transfected with the CREB3L2 construct and treated
with tunicamycin one day podtansfection and 16L8 hours before fixation. We observed thdélLa

cells show a perinuclear staining pattern for SEQEdure4.9). When the cells are transfected with
CREB3L2, cells show more dispersed, enlarged, and brighter SEC24D staining. We also note that
untransfected cells treated with tunicamycin shdrighter SEC24D staining compared to untreated
OStfta 6KAOK KIF@SyQi 0SSy (NIyaFSOGSRI K2gSOSNI i
the transfected cells. Cells which have been transfected with CREB3L2 and treated with tunicamycin
show bridgiter SEC24D staining which is more spread out than the transfected untreated cells.
Therefore, the enlargement of the SEC24D structures seem to either depend on higher expression
levels of SEC24D or on the expression CREB3L2, and not the ER stressydanssahtycin. Images

were quantified and the data suggests a significant increase in SEC24D expression between
untransfected and transfected cellSigure4.9B). However, as this data is from one biological replicate
(n=1), further conclusions cannot beasivn. This increase is less significant with tunicamycin
treatment where the untransfected cells already have increased SEC24D staining. The level of SEC24D
in the transfected groups is not significant whether treated or untreated with tunicamycin suggesti

that the level of SEC24D reached with CREB3L2 transfection is not further increased in response to
further ER stress possibly as a regulatory mechanism in HelLa cells. Finally, as observed previously in

Figure 48, the transfected cells appear larger.
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SEC24D Intensity
With CREB3L2 Transfection
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Figure 49: Activated CREB3L2 atghicamycintreatmentincrease SEC24D levels in Hetlds.HeLa cells were
transfected with active CREB3L2 using ViaFect. The next day, media was replaced with or without 2ug/ml of
tunicamycin. 1618 hours post treatment, cells weffixed using methanol for immunostaining using ahé and
anti-SEC24D antibodie&) HelLa cells show perinuclear like SEC24D staining while transfected cells with CREB3L2
show more enlarged and dispersed staining. Cells treated with tunicamycin shdwebr®FC24D staining in
response to treatment. Cells transfected with CREB3L2 prior to tunicamycin treatment show more dispersed
staining however do not show significantly more SEC24D staining compared to transfected but untreated cells.
Scale bar: 17unB) Quantification(n=1)of SEC24D signal in untransfected and transfected cells using integrated
density signaldUnpaired ttesting performed between the described groups. ns; not significant. **¢pl £ dzS XX

0.01. * p-@I f dzS JError Bansjindicadstandard error of mean.
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4.2.9 Investigating Regulation of Other OASIS Protein Members on SEC24D in HelLa

We have observed thdoss of CREB3L2 alone does not impact levels of SEC24D in 1.29 cells and that
overexpressing CREB3L2 in HelLa cells results in upregulation of SEC24D. We next wanted to
investigate whether this effect is shared by other OASIS family members which may support a
hypothesis of possible redundancy. Cells were transfected with the activated forms of CREB3L1, CREB4
and Luman in addition to CREB3L2. They were fixed one day post transfection for immunostaining
with anti-HA and antSEC24D antibodiefigure 4.D). As befoe, cells transfected with CREB3L2
showed increased expression levels of SEC24D. A similar phenotype was also observed in cells
overexpressing activated CREB3L1, and Luman. Cells transfected with CREB4 seemed to have the
brightest and most enlarged SECZtBining from the constructs tested in this experiment. To more
easily investigate this, we developed a flow cytomdiased assay to measure the expression levels

of SEC24D.

4.2.10 Flow Cytometry Assay to Assess Impact on OASIS Family Members on SECZH] &ize

To quantify the impact of OASIS family members more effectively on SEC24D and cell size we
performed intracellular staining and flow cytometry. Cells were transfected as previously described
and fixed using methandFigure 4.1). Cells wittCREB3L2 expression show higher SEC24D expression
levels compared to untransfected cells (~fod increase). As previously observed, CREB4 is more
effective at driving SEC24D expression possibly due to its greater stabilitfqledi@crease). We

then gated for HApositive and HAlegative cells in the transfected population to quantify changes in

cell size. As expected, cells expressing CREB3L2 and CREB4 appear to be larger than the non

transfected controls (~1.1 and ~H#@d changes respectively).
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Figure 4.0: Transfection of active CREB3L1/2, CREB4 and Luman in HeLa cells increases SEC24D protein levels.
Cells were transfected with the mentioned constructs and fixed one day post transfection with methanol for
immunostaining using antiA and SEC24D antibodies. Results indicate a potential upregulation of SEC24D in
response to all transfected proteins. CREBand CREB4 seem to have the most pronounced impact on SEC24D
levels.
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Figure 4.1: CREB3L2 and CREBzFease celsize andexpression ofSEC24[HelLa cells were transfected with
HACREB3L2 and HBREB4 with ViaFect. 2 days post transfection, welte fixed with methanol and stained

with anti-HA and SEC24D antibodies. Cells were then run on the LRSII flow cytometer and live cells were gated
using forward and side scatter to analyse fluorescence intensities of stainedAdllst plot showing SEEP
expression in response tihe expression of activate@REB3L2 and CREB¥HApositive and negative cells

were gated in the transfected population to quantify the fluorescence signal of SE@&f#lfhe geometric mean

of the forward scatter of the cellgndicating size) in the transfected and untransfected dél)¢n=1).
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