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Résumé

L'immunité adaptative se repose sur la capacité des cellules B a générer des
anticorps spécifiques contre des antigenes étrangers. Les cellules B se développent
dans la moelle osseuse, menant a I'expression d’'un anticorps fonctionnel a leur
surface. Les cellules B ensuite migrent vers les organes lymphoides secondaires, ou
elles seront exposées a des peptides étrangers. Suite a la rencontre avec un
antigéne spécifique, les cellules B proliferent rapidement et migrent a la frontiére du
follicule B ou elles entreront en contact avec les lymphocytes T, avant de retourner au
sein du follicule pour former des centres germinatifs. Dans les centres germinatifs, les
cellules B vont effectuer deux étapes de maturation leur permettant de diversifier la
fonction des anticorps et d’augmenter leur affinité avec les antigénes : le changement
de classe des anticorps et la maturation d’affinité des immunoglobulines. Aprés ces
deux étapes, les cellules B quittent les centres germinatifs en se différenciant soit en
(i) cellules B mémoires qui peuvent étre rapidement réactivées suite a une deuxieme
rencontre avec le pathogéne soit (ii) en cellules plasma qui sécrétent des anticorps
en circulation pour neutraliser et éradiquer le pathogéne. Les modifications post-
traductionnelles régulent différents aspects de la biologie des cellules B, comme leur
développement, leur activation et leur différenciation. Ma thése investigue le role de
la méthylation des arginines dans les cellules B au cours de réponses immunitaires
dépendantes des lymphocytes T, et en particulier le réle de deux enzymes : « protein
arginine methyltransferase 1 et 5 » (PRMT1 et PRMT5), en utilisant des modéeles de
souris. Nous avons découvert que Prmt5 était nécessaire pendant le développement
des cellules B. Plus précisément, Prmt5 est requis au stade « pro-B » a travers un
mécanisme dépendant de p53, puis au stade « pre-B » d’'une maniére indépendante
de p53. De plus, Prmt5 permet I'expansion du centre germinatif en promouvant la
prolifération des cellules B et en limitant la différenciation en cellules plasma. Pour
expliquer ces fonctions, avons montré que Prmt5 était nécessaire pour I'épissage
d’ARN messagers et régulait I'expression de certains génes dans ces cellules. Nous

avons aussi découvert que Prmt1 était un important régulateur négatif de la



différenciation, particulierement suite a une stimulation du récepteur CD40. De plus,
nous avons démontré que Prmt1 et Prmt5 agissaient de fagon synergique en régulant
négativement la différenciation en cellules plasma. En effet, la méthylation des
arginines par Prmt1 et Prmt5, a travers différents mécanismes, influencent le destin
des cellules B en réprimant leur différenciation en cellules plasma, ce qui les
maintient dans le centre germinatif. De cette fagon, Prmt1 et Prmt5 promeuvent la

réponse humorale et renforcent la maturation d’affinité.

Mots-clés : Immunité humorale, destin des cellules B, centre germinatif, méthylation
des arginines, PRMT1, PRMT5.



Abstract

Adaptive immunity relies in part on the ability of B cells to generate specific antibodies
against foreign antigens. B cells develop in the bone marrow, and once they express
a functional antibody at their surface, they reach secondary lymphoid organs where
they will be exposed to foreign poly-peptides. Upon encounter with a cognate antigen,
B cells proliferate rapidly, migrate to the border of the B cell follicle to receive T cell
help and move back within the B cell follicle to form structures called germinal centers
(GC). In GCs, B cells undergo affinity maturation, which increase the affinity of the
antibodies, and antibody class switching to diversify their function. B cells exit GCs by
differentiating into (i) memory B cells that can rapidly be activated following a second
encounter with the pathogen or (ii) plasma cells that secrete antibodies in circulation
to neutralize and clear pathogens. Post-translational modifications regulate several
aspects of B cell biology such as B cell development, activation and differentiation.
My thesis investigates the role of arginine methylation in B cells during T-dependant
immune responses, focusing on two enzymes: the protein arginine
methyltransferases 1 and 5 (PRMT1 and PRMTS), using mice as models. We have
uncovered that Prmt5 is necessary during B cell development. In particular, Prmt5 is
required at the pro-B cell stage in a p53-dependant manner and at the pre-B cell
stage in a p53-independent fashion. Prmt5 is necessary for the expansion of the GC
by promoting B cell proliferation and limiting plasma cell differentiation. These
functions could originate, among other mechanisms, from the Prmt5 role in enforcing
splicing fidelity and regulating gene expression. We have also discovered that Prmt1
is a major negative regulator of plasma cell differentiation, particularly following CD40
stimulation. Furthermore, we obtained evidence that Prmt1 and Prmt5 function
synergistically to negatively regulate plasma cell differentiation. Overall arginine
methylation by Prmt1 and Prmt5, via different mechanisms, influences GC B cell fate;
by promoting B cells to remain in the GC reaction, at least in part by repressing
plasma cell differentiation, thereby supporting antibody responses and enhancing

affinity maturation.



Keywords : humoral immunity, B cell fate, germinal center, arginine methylation,
PRMT1, PRMTS5.
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1 Chapter |: INTRODUCTION

Upon an infection, the body’s initial defense is mediated by the innate immune
system. This involves different cell types (macrophages, granulocytes, mast cells),
which attempt to destroy the pathogens. These cells originate from hematopoietic
stem cells (HSC) in the bone marrow (BM). Innate immunity is rapid and can fight a
wide range of invaders, however it lacks pathogen-specificity and does not generate

immunological memory (Parkin and Cohen, 2001).

Vertebrates have developed an additional immune response based on the recognition
of pathogens by cells called lymphocytes, which also originate from HSCs. This
response is called adaptive immunity (Boehm and Swann, 2014). There are two types
of lymphocytes: T-lymphocytes and B-lymphocytes. Both can generate specificity to a
particular pathogen and can remain in circulation after the infection is cleared in order
to produce a robust response upon further exposure to the same pathogen. My thesis
will focus on B-lymphocytes, also called B cells. B cells are responsible for the
production of antibodies, which are blood-circulating molecules that specifically bind

pathogens, and promote their clearance.

1.1 B cells

1.1.1 Humoral Response

In order to clear invading pathogens, B cells underpin antibody-mediated immunity,
also called the humoral response. In most vertebrate species, B cells develop in the
bone marrow (BM), qualified as a primary lymphoid organ in the adult. Once mature,
B cells leave the BM via the blood stream in order to reach the secondary lymphoid
organs such as the lymph nodes, the spleen and the Peyer’s patches. These organs
are connected to a network of lymphatics that drain extracellular fluids containing
pathogen fragments, or antigens, from peripheral tissues. Common antigens include
proteins from invading pathogens like viruses or polysaccharides from bacterial

membranes. Every B cell expresses a unique antibody, with unique antigen



specificity. B cells constantly circulate between the blood and secondary lymphoid
organs in a quiescent state, until they encounter their cognate antigen and are

stimulated to initiate a humoral response.

1.1.1.1 Antibodies

The function of antibodies is to bind antigens, and the segment of antigen that is
recognized by a particular antibody is called an epitope. As an antigen generally
contains multiple epitopes, multiple antibodies can simultaneously bind the same

antigen as long as they recognize distinct epitopes.

Antibodies are encoded by the immunoglobulin (/g) genes, and can be expressed as
transmembrane proteins at the B-cell surface and/or as secreted proteins, depending
on the B-cell stage. Antibodies are composed of two heavy (IgH) and two light (IgL)
chains joined by disulphide bonds (Harris et al., 1992) as shown in (Fig. 1.1). The
association of light chains with the N-terminal domains of the heavy chain form the
so-called fragment antigen-binding (Fab) domain of the antibody, which contains the
variable region that binds antigen (Fig. 1.1). The dimeric structure determined by the
C-terminal domains of each IgH is referred to as the fragment crystallisable (Fc)
region, which provides functional specialization to the antibody depending on its IgH
class (Amzel and Poljak, 1979; Davies and Metzger, 1983). The different classes of
IgH, also called isotypes: IgM, IgD, IgG, IgA and IgE, determine whether the antibody
can be transported to specific sites in the body and/or promote distinct sets of effector
mechanisms (Ward and Ghetie, 1995). Indeed, in the blood, most antibodies are 1gG
and IgE, whereas IgA is secreted into the intestinal and respiratory tracts
(Brandtzaeg, 2009). IgE can also bind to mast cells, which harbour IgE-specific
receptors. Upon antigen binding to IgE, mast cells release mediators and cytokines
that can help clear an infection (Stone et al., 2010).
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Figure 1.1 - Antibody structure

Schematic of an antibody expressed at the B cell surface. Fab: Fragment antigen-binding, Fc:

Fragment crystallisable.

Recently-generated mature B cells that exit the BM only express IgM but
subsequently express IgM and IgD simultaneously in the secondary lymphoid organs.
Upon activation in the periphery, B cells can switch their IgM for another isotype. The
B cell environment, dictated by cellular interactions and cytokines released by other
immune cells will directly influence the isotype choice, promoting a context- specific

antibody response (Lutzker et al., 1988).

For the humoral immune response to be efficient, antibodies must (i) be highly
diversified in order to recognize a vast spectrum of antigens, (ii) acquire high affinity
for the antigen it recognizes, and (iii) elicit the appropriate immune response in order
to efficiently clear the infection. This diversity is generated along the B cell life, from

their development until their mature activated stage.

1.1.1.2 The B-cell receptor

Antibody molecules expressed at the B cell surface are the major subunits of the B
cell receptor (BCR). The antibody is non-covalently associated with the signalling
molecules Iga (CD79a) and IgB (CD79B), which both have cytoplasmic tails
containing immunoreceptor tyrosine activating motifs (ITAMs) (Fig. 1.2A). Binding of
an antigen to the BCR induces signalling cascades initiated with phosphorylation of



the ITAMs (Monroe, 2006) (Fig. 1.2A). Depending on the B cell stage and
environment these cascades result in different outputs, such as differentiation,

survival and/or clonal expansion (Niiro and Clark, 2002).
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Figure 1.2 - B cell receptor signalling and antigen uptake

A) Schematic of the BCR, with downstream signalling pathways induced upon BCR stimulation
(adapted from (Niiro and Clark, 2002) and (Kurosaki et al., 2010)).



B) Schematic of BCR internalization and antigen presentation to helper T cells. 1) Upon BCR
crosslinking with a cognate antigen, the BCR is internalized with the antigen. 2) The antigen-BCR
complex is targeted to MHC class llI-containing endosomes, where the antigen is processed into short
peptides that are loaded on MHCII receptors. 3) MHCII-peptide complexes are exported to the B cell
surface, where CD4+ T cells can recognize the peptide in the context of MHCII (adapted from
(Kurosaki et al., 2010)).

Developing B cells

During B cell development (explained in more detail below), cross-linking of the pre-
BCR (containing only IgH and a surrogate light chain) or the BCR ensures the
production of one functional antibody per B cell. Firstly, this signaling prevents further
lg rearrangements. Secondly, only B cells that properly rearranged their Ig will
properly signal via their BCR and survive. This mode of B cell selection is called the
BCR checkpoint.

Mature B cells

The BCR on mature B cells plays a dual role, as:

1. A signalling receptor

BCR cross-linking on mature B cells induces a signalling cascade through
phosphorylation events and Ca?* release from the endoplasmic reticulum, this in turn
modifies the B cell transcriptional program, promoting B cell activation and

subsequently antibody diversification and production (Avalos and Ploegh, 2014).

2. An endocytic receptor

In the periphery, BCR association with cognate antigen triggers internalization of the
antibody-antigen complex, cleavage of the antigen and loading of epitopes onto class
Il major histocompatibility complex (MHCII) at the B cell surface (Lanzavecchia,
1985). The display of processed antigen at the membrane is necessary for B cells to
interact with and receive activation and survival signals by T Iymphocytes
(Lanzavecchia, 1985) (Fig. 1.2B).
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1.1.1.3 Secreted antibodies: the humoral response

There are four main mechanisms by which antibodies can block and/or clear

pathogens (Murphy et al., 2012).

First, binding of antibodies to pathogens such as viruses can prevent their access and
potential infection of host cells. This mode of action is called neutralization, and

eventually results in the phagocytosis of the pathogen by macrophages.

Second, antibodies can coat the antigen, forming immune complexes. This
mechanism is named opsonisation. Macrophages and dendritic cells (DCs) express
Fc receptors at their membrane, which bind to immune complexes. Depending on the
Fc receptor type, it will either be internalized, leading to phagocytosis and destruction
of the pathogen, or stay on the membrane, remaining accessible for B cells to interact

with the native antigens via their BCR.

Third, antibodies can induce the recruitment of the complement system through their
Fc fragment. Complement is composed of a variety of different proteins, such as
proteases, that can associate to a pathogen and together promote its destruction

and/or the recruitment of immune cells such as macrophages.

Finally, antibodies developed against malignant cells can recruit and activate
cytotoxic lymphocytes such as natural killer (NK) cells, leading to the targeted cells
death. This process is called antibody-dependent cellular cytotoxicity (Wang et al.,
2015).

1.1.2 B-cell development

B cells develop in the BM from hematopoietic precursors called common lymphoid
progenitors (CLP). Each step of B cell development is characterized and defined by
the rearrangement of gene segments within the /g variable region, resulting in the

assembly of functional Ig genes and production of one random antibody specificity.
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1.1.2.1 VDJ recombination

The IgH variable region is encoded by three gene segments called V (for variable), D
(for diversity), and J (for joining). The variable region of IgL is encoded by aV and a J
segment. In germline configuration, the IgH and IgL loci are not functional, because
the V, D and J segments are separated. A functional Ig gene results from stepwise
gene segment recombination, a process termed V(D)J recombination that is initiated
by a heterodimeric recombinase composed of the Rag-1 and Rag-2 subunits. Rag-1
and Rag-2 are expressed specifically in developing B cells (as well as developing T
cells). The Rag enzyme recognizes recombination signal sequences (RSS) that are
located at each gene segment extremity. Rag, aided by additional factors, can align
the two RSS sequences and perform a cleavage at the RSS that will be then resolved
by the DNA repair machinery of the non-homologous end-joining pathway, in order to
join the two segments (Roth, 2014). The diversity of antibody specificities in the B cell
repertoire generated by the process of V(D)J recombination arises from three
components: (i) There are multiple copies of each gene segment, leading to
combinatorial V-D-J and V-J diversity. (ii)) The recombination process promotes the
addition or removal of nucleotides at the junction between two segments, leading to
junctional diversity. (iii) The antigen binding site of the antibody is formed by variable

regions of both the IgH and IgL chains, so different combinations are possible.

1.1.2.2 B cell stages in the bone marrow

There are four main stages of B cell development in the BM, characterized by the
expression of different cell surface markers originally described by Dr. Richard Hardy
(Hardy’s fractions) (Hardy and Hayakawa, 2001), as shown in Fig. 1.3. Depending on
their developmental stage, B cells dramatically alter their proliferation state, ranging
from rapid expansion to resting status.

Pre-pro B cells

Pre-pro B cells (fraction A) have not started V(D)J recombination. They arise from

CLPs, which themselves arise from HSCs.
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Figure 1.3 - B cell development

Schematic of bone marrow B cell development. The Ig rearrangement stages and BCR checkpoints
are indicated, as well as representative flow cytometry plots depicting the gating strategy to distinguish
Hardy'’s fractions: A, B, C, C’, D and E from a wild type mouse at the bottom. CLP: common lymphoid

progenitor.

Pro-B cells

This stage corresponds to the onset of the IgH rearrangement. Pro-B cells express
the Rag genes and recombine IgH D-J fragments (fraction B). Pro-B cells will then
recombine a V fragment to the previously recombined D-J segment (fraction C).
Murine pro-B cells require interleukin-7 (IL-7), produced by BM stromal cells, for their
survival and proliferation (Clark et al., 2014). Although in human, the IL-7 receptor is

dispensable for BM B cell development (Prieyl and LeBien, 1996).

Pre-B cells
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Upon productive IgH rearrangement, pro-B cells will express the recombined IgH,
which by default is IgM (Igu), assembled with a surrogate invariable light chain and
the signalling subunits Iga and IgB at the B cell surface. The surrogate light chain is a
substitute for IgL, which is not yet rearranged. This structure is called the pre-BCR
and is capable of transducing signal into the cells. The pre-BCR checkpoint stops V-
D-J rearrangement, reduces Rag genes expression and induces allelic exclusion in
order for B cells to only express a single IgH variant. Pre-BCR signalling also
promotes B cell proliferation and initiation of /gL rearrangement. Only one quarter of

pro-B cells will advance past the pre-BCR checkpoint (Osmond, 1991).

B cells that successfully undergo the pre-BCR checkpoint are called large pre-B cells
and correspond to fraction C’. They are still dependent on IL-7 signalling, which
stimulates the PI3K-AKT pathway, supporting their rapid proliferation (Clark et al.,
2014). Clonal expansion of large pre-B cells promotes the expansion of a B cell
repertoire expressing productive IgH, thus counteracting the dramatic cell loss
following the pre-BCR-checkpoint. Pre-BCR signalling antagonizes IL-7R signalling
and promotes cell cycle arrest and transition to the next stage: small resting pre-B
cells (fraction D). Small pre-B cells re-express the Rag genes to undergo
rearrangement of the V-J fragments of the IgL. There are two IgL loci, containing the
genes for the k chain and the A chain. In addition to allelic exclusion, /gL also
undergoes isotypic exclusion. In this case, Igk is rearranged first, and if this is
productive, IgA will be silenced. On the other hand, if Igk rearrangement is
unsuccessful, IgA can be rearranged. Again, these mechanisms allow B cells to

express a unique BCR.

Immature B cells

Immature B cells have successfully rearranged their IgL, express antibody molecules
on their membrane and have been selected by the BCR checkpoint, meaning that
BCR signalling is functional upon cross-linking. All immature B cells express a
functional IgM antibody, however a final checkpoint must be cleared before the B

cells can access the periphery. B cells that recognize self-antigen must be eliminated
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from the B cell repertoire because they could lead to the development of autoimmune
diseases (Murphy et al., 2012). Self-reactive B cells can either (i) undergo apoptosis,
(i) become anergic, or (ii) undergo new rounds of /gL rearrangement, a process
called receptor editing. Only 10% of BM-produced immature B cells will access the
periphery (Rolink et al., 2001).

1.1.2.3 Controlling the B cell repertoire through apoptosis

Elimination of dysfunctional BM B cells begins at the pro-BCR checkpoint (Lu and
Osmond, 2000). Indeed, pro-B cells that generate non-productive or aberrant Igu
undergo apoptosis. One of the most important regulators of the pro-BCR checkpoint,
is p53, a transcription and DNA damage response factor encoded by the Tp53 (Trp53
in mice) gene. P53, which promotes the expression of anti-proliferative and pro-
apoptotic genes (Kruse and Gu, 2009), is activated in pro-B cells that are unable to
repair Rag-induced lesions during /gL V-J recombination. Indeed, Trp537- mice show
increased pro-B cell survival compared to wild type (wt) mice (10% apoptosis in
Trp537 versus 70% in wt) (Lu et al., 1999). On the other hand, pre-B cells are
unaffected in Trp537, highlighting a specific role for p53 at the pro-B cell stage (Lu et
al., 1999). Moreover, pro-B cells from scid mice, which are lost due to DNA repair
defects during VDJ recombination, can be restored by crossing with Trp53-/- mice
(Guidos et al., 1996). As a result of the increased survival of genetically unstable
cells, Trp53-/- scid mice develop pro-B cell lymphomas. Altogether, p53-dependant
apoptosis promotes clearance of pro-B cells that have undergone faulty VDJ
rearrangement at the IgH.

1.1.3 B-cell mediated immune response

Once they exit the BM, immature IgM* B cells migrate via the blood vessels to
secondary lymphoid organs where they complete their development to become
mature B cells (Rolink et al., 1999). Lymph nodes have an organized structure, with
Follicular (FO) B cells at the periphery, forming B cell follicles, and T-lymphocytes at
the center, forming T cell zones (Fig. 1.4A). Naive FO B cells, free antigen and DCs

enter the lymph node via the bloodstream, and migrate through the T cell zones
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(Batista and Harwood, 2009). FO B cells are characterized by high expression of
CD23 and CD21, and are continuously circulating between the different secondary

lymphoid organs (Hoek et al., 2010).
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Tcell B cell follicle
zone (FO B cells)
artery : \ efferent lymphatic vessel
vein
B
Red pulp White pulp

MZ B cells
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Figure 1.4 - Secondary lymphoid organs

A) Schematic of a lymph node. Extracellular fluids from body tissues containing pathogens are drained
by lymphatic vessels, which converge to lymph nodes by the afferent lymphatic vessels and exit the
lymph node by the efferent lymphatic vessels. Lymphocytes enter the lymph node from the
bloodstream and exit via the efferent lymphatic vessels. Germinal centers (GCs) develop in the B cell

follicle, in proximity to the T cell zone.

B) Schematic of a spleen. The spleen collects antigen from the blood. The red pulp is the zone of red

blood cell destruction. Lymphocytes enter the spleen via central arterioles, where they accumulate to
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form the white pulp. The B cell follicle is composed of follicular (FO) B cells, surrounded by marginal
zone (MZ) B cells.

In the spleen, there is an additional kind of mature B cell: Marginal zone (MZ) B cells,
which are spleen-specific non-circulating cells, characterized by low expression of
CD23 and high expression of CD21 at the membrane. The spleen is composed of
many arterioles, around which lymphocytes accumulate to form the white pulp. The
white pulp contains B cell follicles, composed of FO B cells that are sequestered by a
network of stromal cells, called follicular dendritic cells (FDCs) (Cyster et al., 2000).
FDCs express the chemokine CXC-chemokine ligand 13 (CXCL13) that binds the
receptor CXC-chemokine receptor 5 (CXCR5) on B cells. MZ B cells form a ring
surrounding the B cell follicles. T cells are located in zones that are adjacent to the B

cell follicles and surround the arteriole (Fig. 1.4B).

1.1.3.1 T-independent antibody responses

MZ B cells can mount an immune response on their own, without any T cell help,
which is referred to as a T cell-independent (Tl) response. Tl responses occur
following encounter with two major types of blood-borne, usually non-protein
antigens: T-independent (Tl)-1 and TI-2 antigens. Tl antigens can be polysaccharides
or glycolipids from encapsulated bacteria. TI-1 antigens, such as lipopolysaccharides
(LPS), preferentially provide mitogenic stimuli to MZ B cells compared to FO B cells,
resulting in polyclonal activation (Genestier et al., 2007). This stimulation proceeds
via the toll-like receptors (TLRs), and therefore remains independent of BCR
specificity (Bekeredjian-Ding and Jego, 2009). TI-2 antigens, such as Ficoll, present a
repetitive epitope that can simultaneously engage multiple BCRs, thereby inducing a
clonal B cell activation and antigen-specific B cell responses (Vos et al., 2000). TI
immune responses lead to a rapid B cell activation and differentiation into antibody

secreting cells (ASCs) that produce low-affinity IgM antibodies.

For most humoral immune responses, FO B cells require interactions with T cells to

initiate antibody responses.
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1.1.3.2 T-dependent antibody responses

T cell progenitors arise from CLPs in the BM (Lai and Kondo, 2008), but migrate to
the thymus, where T cell development takes place. Like B cells, T cells recombine
their T cell receptor (TCR) genes by the mechanism of V(D)J recombination (Murphy
et al., 2012). In the end, each T cell expresses a unique TCR on its surface, which is
able to bind antigenic peptides loaded on MHC molecules. The TCR recognizes
antigen together with a co-receptor, either CD4 in the context of MHCII or CD8 in the
context of MHCI. The T cells that interact with B cells are typically CD4*. Several
types of CD4* T cells exist, each specialized for a certain type of immune response
(Zhu et al., 2010), but those most relevant for this thesis are those that can provide
activating stimuli to B cells, generally called “helper” T cells. DCs and B cells are able
to present peptides to CD4* T cells via their MHCII (Fig 1.2B). When CD4* T cells
bind antigen from DCs via their TCR, they are activated and seek B cells that can
present the same antigen on their MHCII. In the ensuing interaction, T cells provide

activating and survival signals to the B cells.

In contrast to Tl responses, T-dependent (TD) immune responses result in the
production of high-affinity and class-switched antibodies. In search of cognate
antigens, resting FO B cells are constantly circulating between secondary lymphoid
organs (Cyster, 2010). Upon BCR cross-linking, antigen will be internalized,
processed and presented at the B cell surface as peptides on MHCII. T helper cells
that were primed by DCs presenting the same cognate antigen on their MHCII, can
then recognize the MHCII-bound antigen presented by the B cells. The T cells will
deliver cytokines and co-stimulatory signals to the cognate B cell, leading to B cell

activation and the formation of structures called germinal centers (GCs).

1.1.4 Germinal Center formation

GCs are transient anatomical structures that form in the B cell follicle in response to
antigenic challenge. GCs are composed of B cells, T cells, FDCs and macrophages
and the interactions between these cell types are important for generating a high-
quality antibody response. In the GC, B cells will mutate their /g, in order to generate
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antibody variants of higher affinity for the antigen. This process, which requires a
selection step for advantageous mutations, is called affinity maturation. In addition,
another mechanism of recombination at the IgH, distinct from VDJ recombination, will
lead to antibody isotype switching from IgM to another class, diversifying the antibody

function.

1.1.4.1 GC Kkinetics

The kinetics of a GC reaction will vary depending on the type of infection or
immunization as well as the secondary lymphoid organ implicated; however, all GCs
proceed via the same steps. Broadly, after an initiation phase, a GC will rapidly
expand to create a mature GC, where B cells undergo affinity maturation and isotype
switching. Once these processes are complete, the GC will produce high affinity B
cells that have differentiated into memory B cells or antibody secreting cells, before
finally contracting and dissipating (De Silva and Klein, 2015).

B cell activation

In the follicle, most mature B cells are quiescent, which means they are not in the cell
cycle. B cells will enter the cell cycle only after engaging cognate antibody-antigen
interactions and receiving T cell help. B cells rapidly undergo major transcriptional
changes following mitogenic stimulation. As an example, within 2 days of incubation
with the mitogen LPS and the cytokine IL-4, ex vivo B cells will expand dramatically in
size, increase RNA levels by 10-fold, increase total histone acetylation by 3- to 7-fold
and undergo differentiation to ASCs (Kouzine et al., 2013).

FO B cells seek either free soluble antigen that arrives via the circulation, or antigens
exposed on the surface of FDCs, macrophages and DCs. FDCs (Qin et al., 2000),
macrophages (Phan et al., 2007) and DCs (Bergtold et al., 2005) can trap
unprocessed antigens by binding immune complexes via their Fc receptors. If a B cell
binds to its cognate antigen through the BCR, the antigen is captured (i.e. engulfed
together with the BCR), processed, and loaded on its surface in association with
MHCII (Fig. 1.5).
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Early GC initiation

The primed B cell then migrates to the T-B border of the follicle, where it searches for
associated T helper cells that have been activated by the same antigen. Long-lived T-
B cells interactions, which can last up to one hour (Okada et al., 2005), provide co-
stimulatory signals and secreted cytokines from the T cells. This promotes rapid B cell
proliferation at the T-B border (Coffey et al., 2009), which typically happens at day 1-2
for model antigens like NP (Kerfoot et al., 2011) (Fig. 1.5).
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Figure 1.5 - FO B cell activation

Schematic of events following an encounter with TD antigens. 1) B cells that bind to cognate antigens
get activated, present antigen peptides on their MCHII (as shown on Figure 1.2B) and migrate to the T-
B border where CD4* helper T cells provide additional stimulation upon peptide-MHCII recognition. 2) If
the B cell affinity for antigen is high, they differentiate into short-lived ASC, generating the
extrafollicular response. 3) If the B cell expresses a BCR of lower affinity, it will migrate back to the
follicle, and form a GC. Activated CD4* helper T cells differentiate into Tfh and migrate to the B cell

follicle where they participate in the GC reaction.

Late GC initiation or extrafollicular response

B cells then migrate back to the follicle, attracted by FDCs that secrete CXCL13, and
it is here that the B cells will initiate an early GC. Prolonged T-B interaction also

induces the cognate helper T cells to proliferate and differentiate into T follicular
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helper cells (Tfh). Tfh cells also express the CXCL13 receptor CXCRS5, which will

promote their migration into the follicle in order to join the GC (Vinuesa et al., 2016).

Alternatively, activated B cells at the T-B border can differentiate into short-lived ASC
that will quickly secrete low-affinity antibodies. This is explained in detail further in
section 1.1.5.2 (Fig. 1.5).

Expansion

GC B cells undergo rapid proliferation, up to one division every 6 hours; this promotes
swift GC expansion (Zhang et al., 1988). Mature GCs become polarized into two
compartments, known as the dark zone (DZ) and the light zone (LZ), which are visible
by day 7 for a typical immunization with NP (Victora et al., 2010). The DZ is a region
densely populated by highly proliferative B cells called centroblasts. Within the DZ
compartment, B cells mutate their /g variable regions by the mechanism of somatic
hypermutation (see section 1.1.4.3). B cells are called centrocytes in the LZ, where
they are more spread out and interact with FDCs, Tfth cells and macrophages. In this
compartment, a careful dynamic permits the selection of centrocytes harbouring a
BCR with higher affinity for the antigen displayed by FDCs (see GC dynamics,
section 1.1.4.2) (Fig. 1.6).

Contraction

The timing of GC termination depends on the type of immune stimulus. Prolonged GC
reactions are necessary for antibodies to reach sufficient affinity in order to effectively
fight an infection (Pappas et al., 2014). On the other hand, long-lived GCs can be
detrimental, as they can give rise to self-reactive antibodies due to extensive Ig
mutations (Vinuesa et al., 2005), or they can promote the development of GC-derived
lymphomas due to the accumulation of genomic instability intrinsic to /g diversification
(Robbiani et al., 2015).

1.1.4.2 GC Dynamics

Stromal cells in lymphoid organs form a matrix of non-hematopoietic origin that

contributes to lymphoid cell homeostasis (Aguzzi et al., 2014). For instance,
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fibroblastic reticular cells (FRCs) support the structure and function of the T cell zone
(Link et al., 2007). However FDCs promote B cell follicule formation (Cyster et al.,
2000). In the GC, B cells can migrate between the LZ and DZ, which is mediated by
the release of chemokines from stromal cells in either compartment and the
differential expression of receptors in B cells. B cells in the LZ express CXCR5, the
receptor for the chemokine CXCL13 that is secreted by FDCs (Cyster et al., 2000),
while DZ B cells express CXCR4 that binds the chemokine CXCL12, released by
CXCL12-expressing reticular cells (CRC) residing in the DZ (Allen et al., 2004; Rodda
et al., 2015).

The GC B cell traffic is bidirectional, but many more cells migrate from DZ to LZ than
vice versa (Victora et al., 2010). In the LZ, centrocytes use their BCR to acquire
antigen from the surface of FDCs. B cells can retrieve antigen by BCR internalization,
and high affinity BCRs are better at capturing antigen compared to lower affinity
BCRs (Batista and Neuberger, 2000; Victora et al., 2010). The centrocytes can then
present antigen on their MHCII to Tfh cells, with B cells that have higher affinity BCR
presenting more peptide-MHC (Victora et al., 2010). In the DZ, the class || MHC
complexes are down-regulated, allowing B cells to reset their antigen content and
prepare for a new round of antigen uptake and selection in the LZ (Bannard et al.,
2016).
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Figure 1.6 - GC B cell dynamics: balance between affinity maturation and

differentiation

GCs are separated into two compartments: the light zone (LZ) composed of centrocytes and the dark
zone (DZ) composed of centroblasts. B cells proliferate and undergo SHM in the DZ, then they migrate
to the LZ where they receive (i) signals from cognate antigens via their BCR and (ii) T cell help through
CD40 and cytokine receptors. GC B cell fate is influenced by the strength of these signals, which are
proportional to the antibody affinity and induce the expression of different markers (Krautler et al.,
2017) (Ise et al., 2018). Centrocytes that cannot bind antigen or compete for T cell help undergo
apoptosis. Centrocytes that do bind antigen and receive T cell help can be separated into two
populations that correspond to high and low affinity BCRs. Both populations are selected and induce
expression of CD69 and c-Myc (Dominguez-Sola et al., 2012) (Luo et al., 2018) (Ise et al., 2018). B
cells bearing lower affinity BCRs repress Irf4, express the pro-GC marker Bcl6 and are believed to go
back to the DZ for further rounds of affinity maturation (Ise et al., 2018). The high affinity B cells
express high levels of Irf4, reduce Bcl6 levels and experience strong T-B interactions due to the up-
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regulation of adhesion molecules such as Icam and Slam. These cells induce the plasma cell
transcriptional program and are believed to differentiate and exit the GC (Ise et al., 2018). The type of
cytokines received from Tfh also influence GC B cell fate. Tfh first express IL-21, found to support GC
maintenance, but later switch to IL-4, which promotes GC maintenance as well as B cell differentiation
(Weinstein et al., 2016).

Tfh cells provide the critical signals to centrocytes for selection (Victora et al., 2010),
resulting in either DZ re-entry or differentiation, with only 10-30% of B cells returning
to the DZ (Meyer-Hermann et al., 2012). This process promotes selection of the B
cells that express high-affinity antibodies. The extent of Tfh cell help provided to B
cells is proportional to the T-B interaction strength and determines the number of
cellular divisions that B cells can undergo in the DZ (Gitlin et al., 2014) (Bannard et
al., 2013). However, while these mechanisms would promote the expansion and
dominance of high affinity clones, studies have shown that GCs contain high intra-
and inter- clonal diversity (Tas et al., 2016) (Kuraoka et al., 2016). Indeed, when mice
are exposed to complex antigens, upon a viral infection for instance, despite overall
antibody affinity improving with time, low affinity GC B cells as well as GC clonal
diversity are still retained (Kuraoka et al., 2016). Centrocyte selection in the LZ is still

an important field of research (Bannard and Cyster, 2017).

At the molecular level, productive T-B interactions are enforced by a positive feed-
forward loop, mediated by inducible co-stimulatory molecule (ICOS) expressed on T
cells that binds its ligand (ICOSL), at the B cell surface. ICOS-ICOSL interactions up-
regulate the co-stimulatory molecule CD40 ligand (CD40L) at the T cell surface.
CDA40L binds to CD40 on B cells, and in turn promotes ICOSL expression by B cells
(Liu et al., 2015a). Selection of high affinity B cells by Tfh cells is also enforced by
secretion of cytokines IL-4 or IL-21 that support GC development (Shulman et al.,
2014; Weinstein et al., 2016). Indeed, mice depleted for either //121 or l4Ra show
altered GC formation and antibody responses (Linterman et al., 2010) (King and
Mohrs, 2009). /121-/- mice also show defective plasma cell production (Zotos et al.,
2010). Interestingly, early Tfh cells express IL-21 and then switch to IL-4 expression
as they differentiate (Weinstein et al., 2016). While both cytokines sustain the GC
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reaction, IL-4 preferentially promotes plasma cell differentiation (Weinstein et al.,
2016). Furthermore, Tfth cells express the pro-survival factor BAFF (Goenka et al.,
2014), which supports the observation that low affinity B cells are more likely to
undergo apoptosis, compared to high affinity ones (Anderson et al., 2009) (Fig. 1.6).

1.1.4.3 Antibody gene diversification in the GC

lg mutations by AID

At the molecular level, affinity maturation depends on the process of somatic
hypermutation (SHM). This entails the introduction of single point mutations at the
variable exons of both the IgH and IgL, which randomly alter the affinity of antibodies
for their cognate antigen. The mechanism is initiated by the enzyme activation
induced deaminase (AID), encoded by the Aicda gene that is expressed almost
exclusively in activated and GC B cells (Orthwein and Di Noia, 2012). AID induces

point mutations by deaminating cytosine bases in single stranded DNA.

AID is expressed predominantly in centroblasts (Cattoretti et al., 2006), thus helping
to separate mutagenesis from affinity selection, which occurs in the LZ. Thus, B cells
that are positively selected in the LZ and re-enter the DZ will undergo additional
rounds of SHM and acquire more mutations (Di Noia and Neuberger, 2007), which
can increase their chance to acquire affinity-enhancing mutations (Rajewsky, 1996).
B cells can also acquire mutations that perturb the expression of their BCR, leading to
apoptosis (discussed later in section 1.1.4.4) (Mayer et al., 2017).

AID also deaminates specialized DNA regions, called switch regions, which are
located up-stream of the IgH exons encoding each of the constant region classes.
Processing of deamination within these regions can result in double stranded DNA
breaks, triggering recombination between two switch regions. This results in a new
constant region becoming associated to the variable region. This process allows
antibodies to diversify their function and is called class switch recombination (CSR).

Environmental stimuli, such as cytokine production, influence AID targeting to
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different switch regions (Matthews et al., 2014), and thereby influence the isotype
choice for CSR.

Thus, GC B cells, in particular centroblasts, undergo constant programmed DNA
damage initiated by AID, which poses an additional challenge for their survival

(discussed later in section 1.1.4.4).

P53 levels and DNA damage tolerance

For efficient SHM and CSR during the GC reaction, B cells must down-regulate the
mechanisms that monitor for DNA-damage. Indeed, it has been shown in GC B cell
lines that p53 transcription is repressed due to the binding of the transcription factor
Bcl6 to its promoter region (Phan and Dalla-Favera, 2004). This observation is
controversial though, as another study using primary B cells, demonstrated that
reduced Bcl6 levels did not impact p53 protein but did reduce expression of Atr, a
DNA damage sensor (Ranuncolo et al., 2007). On the other hand, p53 protein
expression may still be regulated during the GC reaction, as activated B cells seem to
store p53 mRNA in translationally silent stress granules (Diaz-Munoz et al., 2017).
Stress granules are short-term repositories for mMRNAs, preventing their degradation
while limiting translation (Kedersha and Anderson, 2002), and they are induced upon
B cell activation in vitro (Diaz-Munoz et al., 2017). Though the exact nature of p53
regulation in GC B cells remains unclear, p53 is critical for surveying genomic
integrity in mature B cells; as in mice overexpressing AID, p53 depletion leads to the
development of GC-derived mature B cell lymphomas (Robbiani et al., 2009).
However, in a context of normal AID expression, p53 depletion in mature B cells
leads to the development of lymphoma arising from non-GC cells: naive mature B
cells (Gostissa et al., 2013).

1.1.4.4 Surviving the GC reaction

Even though GC B cells undergo massive proliferation, the GC size can remain
constant for several weeks (Robbiani et al., 2015), as GC homeostasis is maintained
via programmed cell death of undesirable B cells. In the DZ, around half of the
centroblasts express non-functional BCRs, resulting from AID-induced SHM, and
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undergo apoptosis (Mayer et al., 2017). In the LZ, centrocyctes undergo apoptosis by

default, unless they are positively selected by Tths (Mayer et al., 2017).

Apoptosis, can be triggered in the cell by two main pathways: the extrinsic pathway
and the intrinsic pathway (Elmore, 2007). The extrinsic pathway is mediated by
transmembrane receptors that can transmit death signals from the cell surface. These
include receptors Dr5 and Fas/CD95, which are both expressed at the GC B cell
surface (Crowder et al., 2011) (Hennino et al., 2001). Extrinsic pathway receptor
engagement leads to activation of caspase 8, triggering the downstream caspase
cascade that results in cell death (Elmore, 2007). In fact, ablating Casp8 in mice
promotes the formation of enlarged GCs and compromises antibody affinity
maturation (Boulianne et al., 2013). The intrinsic pathway is dependent on the
sensing of mitochondrial integrity and is triggered by non-receptor stimuli. The
mitochondria outer membrane contains Bcl2-family members that are either anti-
apoptotic (Bcl-2, Bel-XL, myeloid leukemia 1 (Mcl-1), A1) or pro-apoptotic (Bax, Bak,
Puma, Noxa, Bcl-2 antagonist of cell death (Bad)) (Brenner and Mak, 2009). Pro- and
anti- apoptotic proteins can associate, maintaining an inactive equilibrium. Induction
of pro-apoptotic genes, or down-regulation of anti-apoptotic genes disturbs this
equilibrium, leading to permeabilization of the mitochondrial outer membrane and
release of cytochrome-c, which activates caspases. Both the extrinsic and intrinsic

pathways ultimately lead to caspase-3 activation, which triggers cell death.

In GCs, specific receptors can positively or negatively modulate B cell survival, such
as Fas/CD95, CD40 and the BAFF receptor (BAFFR). CD95 is highly expressed at
the GC B cell surface, and as part of the extrinsic pathway, it can induce apoptosis of
B cells that have lost antigen reactivity and prevent expansion of autoreactive B cells
(Butt et al., 2015). CD40 and BAFFR are both members of the tumor necrosis factor
(TNF) receptor family and signal through the NF-kB pathway to induce expression of
genes that promote B cell survival and proliferation. NF-kB signaling involves hetero-
or homo-dimers, composed of the 5 NF-kB subunits c-Rel, Rela (p65), Relb, p52 and
p50. Dimers are normally inactive in the cytoplasm but upon activation they

translocate to the nucleus where they induce gene transcription. The canonical NF-kB
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pathway involves the c-Rel/p50 and Rela/p50 dimers and these respond to CD40
activation. The non-canonical NF-kB pathway involves the Relb/p52 dimer and
responds to CD40 and to BAFFR as well. BAFF ligand induces B cell survival through
the up regulation of Bcl-2 and Bcl-XL and down regulation of Bak (Do et al., 2000).
During the GC reaction Mcl1, and not Bcl-XL, is essential (Vikstrom et al., 2010);
however, Bcl-2, Mcl-1 and A1 contribute to the survival of activated B cell in vitro
(Carrington et al., 2017).

1.1.4.5 The GC B cell transcriptional program

In order to perform their specific functions, centrocytes and centroblasts have slightly
distinct transcriptomes (Victora et al., 2012). Centrocytes are enriched for CD40 and
BCR gene expression signatures, while DZ B cells induce proliferation genes (Victora
et al., 2010) (Victora et al., 2012). Transcriptional changes derive from the differential
expression and/or action of key transcription factors that are specific for either

centrocytes or centroblasts.

The Centrocyte program

The transcription factor c-Myc helps initiate GC formation (Calado et al., 2012), and
promotes GC maintenance by stimulating cyclic DZ re-entry (Calado et al., 2012;
Dominguez-Sola et al., 2012). c-Myc is only detected in a small subset of centrocytes
in the LZ (Calado et al., 2012; Dominguez-Sola et al., 2012) that have received
synergistic CD40 and BCR signaling (Luo et al., 2018). Mechanistically, CD40 signals
through NF-kB, inducing c-Myc transcription, while BCR activation promotes the
degradation of Forkhead box O 1 (Foxo1, discussed later) that represses c-Myc
transcription (Luo et al., 2018). The transcriptome of c-Myc* cells displays an
activated phenotype, suggesting that these cells are cycling. These c-Myc* cells are
also enriched for high-affinity /g variants compared to the c-Myc GC B cell
counterparts (Calado et al., 2012; Dominguez-Sola et al., 2012) and show a low rate
of apoptosis (Mayer et al., 2017). In the DZ, c-Myc is repressed by Bcl6 (Dominguez-
Sola et al., 2012).
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NF-kB transcription factors are found to translocate to the nucleus in a small subset of
LZ B cells (Basso et al., 2004), corresponding to the B cells that received CD40 co-
stimulatory signal (Luo et al., 2018). Deleting c-Rel reveals a role in maintaining the
GC reaction by promoting B cell proliferation. Rela on the other hand is dispensable
for the GC reaction but required for plasma cell differentiation by inducing the
expression of the pro-differentiation transcriptional repressor Prdm1 (that encodes for
Blimp-1) (Heise et al., 2014).

The Centroblast program

B-cell lymphoma 6 protein (Bcl6), is a transcriptional repressor that is critical for GC
formation and maintenance. Thus, Bcl6 is a master regulator of the GC program, and
is not only necessary for proper GC function but also for GC B cell trafficking and
survival. Indeed, Bcl6 promotes Aicda expression by limiting expression of AID
targeting micro-RNAs (Basso et al., 2012), and prevents premature B cell exit from
the GC by repressing Prdm1 (Tunyaplin et al., 2004). Bcl6 also inhibits cell cycle
arrest, by repressing Cdkn1a, which encodes p21 (Phan et al., 2005), and modulates
B cell apoptosis by repressing the anti-apoptotic gene Bcl-2 (Saito et al., 2009).
Finally, Bcl67- GC precursors are unable to migrate to the B cell follicle in mice (Kitano
et al., 2011).

Foxo1 is a transcription factor that promotes the transcription of numerous genes
involved in cell growth, differentiation and apoptosis (Greer and Brunet, 2005).
Downstream from the PI3K-AKT pathway, Foxo1 is phosphorylated by Akt promoting
its cytoplasmic localization and subsequent polyubiquitination and proteasomal
degradation (Greer and Brunet, 2005). The PI3K-AKT pathway is induced
downstream of BCR signalling (Luo et al., 2018), and is restricted to the LZ, thereby
promoting Foxo1 degradation specifically in the LZ, while permitting nuclear Foxo1 in
DZ B cells (Sander et al., 2015) (Dominguez-Sola et al., 2015). Deletion of Foxo1
results in loss of the DZ in GCs, and a de-repression of the LZ program, suggesting

that Foxo1 maintains the DZ phenotype (Sander et al., 2015) (Dominguez-Sola et al.,
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2015). In contrast, abrogating BCR signalling using Syk-/- mice enhances nuclear

Foxo1 stability and DZ expansion to the cost of LZ (Luo et al., 2018).

Interferon-regulatory factor 4 (Irf4) is a transcription factor that plays a dose-
dependent role in regulating both the LZ and the DZ GC program. Low levels of Irf4
are required for initiation of the GC, promoting Aicda and Bcl-6 expression in the DZ
(Ochiai et al., 2013); however, high levels of Irf4 repress Bcl-6, thereby promoting GC
termination (Sciammas et al., 2006). GC termination is induced by CD40 stimulation
in the LZ that boosts Irf4 expression via NF-kB (Saito et al., 2007).

It is becoming clear that GC B cell fate is influenced by the strength of BCR signaling
(Krautler et al.,, 2017) and CD40 signaling (Ise et al., 2018) in the LZ, which are
determined by the B cell antibody affinity for the antigen. As a result, high and lower
affinity centrocytes express different markers, thereby leading to plasma cell
differentiation or DZ re-entry (Ise et al., 2018) (Fig. 1.6).

1.1.5 B cell differentiation

Following antigen encounter and cognate T cell interaction, B cells can follow three
different paths: form a GC, differentiate into memory B cells, or differentiate into short-
lived ASCs. This choice is largely influenced by the B cell antibody affinity (Schwickert
et al., 2011). Some activated B cells will give rise to GCs, but a portion of lower
affinity cells will differentiate into memory B cells (Kurosaki et al., 2015), while a
proportion of B cells with higher affinity antibodies will give rise to an extra-follicular
response generating ASCs (Paus et al., 2006). During the GC reaction, LZ B cells
face a similar situation: choosing to either migrate back to the DZ, differentiate into

memory B cells or differentiate into long-lived ASCs.

1.1.5.1 Memory B cells

Despite the fact that some memory B cells arise independently of the GC, the vast
majority are GC-derived (Shinnakasu et al., 2016). These are the first cells to exit the
GC response, and are consequently of lower affinity (Weisel et al., 2016). Memory B
cell differentiation is dependent on the expression of the transcriptional repressor
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Bach2. Bach2 enforces low affinity memory responses, as its expression is reduced
following strong T-B interactions (Shinnakasu et al., 2016). The advantage of
generating low-affinity memory B cells is to promote poly-reactivity and retain the
ability to adapt to changing pathogens. Upon a second antigen encounter, memory B
cells can rapidly seed new GCs, or differentiate into ASCs (Smith et al., 1996).

1.1.5.2 Antibody secreting cells

ASCs provide humoral immunity by constantly secreting antibodies. As a result, ASCs
undergo maijor cellular changes, such as increased transcription of /g loci, and a shift
from expression of membrane-bound to secreted antibodies, for which they expand
the secretory pathway. These changes occur via Blimp-1 dependent mechanisms
(Minnich et al., 2016; Shi et al.,, 2015). Due to a massive increase in protein
synthesis, to produce secreted antibodies, ASCs induce a stress response called the
unfolded-protein response (UPR). The UPR causes morphological changes to the B
cell, in particular enlarging the endoplasmic reticulum (ER), which is the site of
antibody biosynthesis. In order to cope with antibody production, ER chaperones and
folding enzymes are up-regulated (Gass et al., 2004). Interestingly, the UPR is closely
linked to ASC differentiation, as the transcription factor X-box binding protein 1
(Xbp1), which sustains the UPR, also promotes plasma cell differentiation (Reimold et
al., 2001). As mentioned above, the transcription factors Irf4 (Mittrucker et al., 1997)
and Blimp-1 (Shapiro-Shelef et al., 2003) are two critical transcription factors required
for ASC differentiation.

The extrafollicular response

B cells that differentiate into ASCs after interacting with T cells at the T-B border are
called plasmablasts (PBs), these cells are short-lived and proliferate (Nutt et al.,
2015). In mice immunized with NP, PBs first appear 3 days after immunization and
peak at day 7, but are gone by 2 weeks (Smith et al., 1996). PBs have the ability to
undergo CSR (Meli et al., 2017); however, SHM is restricted to the GC, so PBs
generally secrete lower affinity antibodies compared to GC-derived ASCs (Jacob et
al., 1993). As PBs express the highest affinity antibodies among the pre-GC B cell
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pool (Paus et al., 2006), the extrafollicular response provides a rapid protective

response while more efficient antibodies are being produced in the GC (Fig. 1.5, 1.6).

Long lived ASCs

Long-lived ASCs, or plasma cells (PCs), differentiate from the GC LZ centrocytes
after positive selection (Weisel et al., 2016). As a result, PCs express high affinity
antibodies that have undergone SHM. A recent study showed that early-differentiated
GC-derived plasmablasts exit the GC via the DZ, at the interface with the T cell zone,
called the GC-T cell zone interface (GTI) (Zhang et al., 2018). Following lymphoid
organ egress, PCs enter the circulation and follow a CXCL12 gradient towards the
BM, due to CXCR4 expression on their surface (Tokoyoda et al., 2004). A
characteristic of PCs is their quiescent state, in part due to transcriptional repression
of c-Myc by Blimp-1 (Lin et al., 2000; Lin et al., 1997). PCs will settle in BM niches,
where they can associate with stromal cells and stay in close proximity to
haematopoietic cells that secrete pro-survival factors (Tangye, 2011). For instance,
eosinophils express April, a factor that can bind the receptor B cell maturation antigen
(Bcma), and induce the expression of Mcl-1 (Peperzak et al., 2013). PCs can persist
for over one year in the BM (Slifka et al., 1998), providing long-lasting antibody
production. At the molecular level, PCs express higher levels of Blimp-1 compared to
PBs (Kallies et al., 2004). Upon GC exit, PCs may go through an intermediate PB-like
stage, as ASCs found in the blood following immunization (most likely migrating to the
BM), express intermediate levels of Blimp-1 (Blink et al., 2005) and express the
proliferation marker Ki67 (Odendahl et al., 2005), both features of PBs.

1.1.5.3 The ASC transcriptional program

Differentiation of GC B cells into ASCs requires termination of the GC program, which
is mediated in part by transcription factors such as Irf4. Irf4 is not only involved in GC
termination by down-regulating Bcl6 (Saito et al., 2007), but it also promotes ASC
differentiation by activating Prdm1 (Kwon et al., 2009). By repressing pro-GC genes,
Blimp-1 is responsible for 40% of the gene expression changes that are observed
upon B-cell differentiation (Minnich et al., 2016). Blimp-1 also induces pro-
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differentiation genes such as Xbp1 and Irf4 (Minnich et al., 2016). Despite PCs and
PBs sharing a common transcriptional signature, including genes mediating
transcription, protein transport, and the UPR (Shi et al., 2015), PBs selectively induce
genes that promote proliferation (Shi et al., 2015). Nonetheless, B cell differentiation
to both PBs and PCs is linked to proliferation, as B cells can only acquire ASC
features (i.e. defining gene expression signatures) over the course of multiple cell
divisions (Hasbold et al., 2004) (Shi et al., 2015).

1.1.6 B cells and cancer development

B cells are subjected to endogenous DNA damage during development by the RAG
recombinases, and in mature B cells by AID expression. Such lesions are beneficial
because they promote antibody diversification and affinity maturation; however, they

can also lead to B cell transformation when affecting genes outside the /g loci.

Most B cell non-Hodgkin lymphomas (B-NHL) (lymphomas that do not present Reed-
Sternberg cells) are derived from GC B cells (Kuppers et al., 1999). Chromosomal
translocations that can fuse the Ig loci promoters or enhancers to proto-oncogenes
result in dysregulated oncogene expression; these are common abnormalities in
mature B cell lymphomas (Robbiani and Nussenzweig, 2013). Such lesions often
arise from DNA double stranded breaks induced by AID simultaneously at the Ig
locus and another off-target locus (Kuppers and Dalla-Favera, 2001). A well-studied
example is the IgH-Myc translocation that gives rise to Burkitt's lymphoma. This
translocation alleviates Bcl6 repression of c-Myc, leading to elevated c-Myc levels
that drive lymphomagenesis (Dalla-Favera, 2015). Interestingly Burkitt's lymphoma
cells resemble centroblasts, despite the fact that c-Myc is normally excluded from the
DZ (Victora et al., 2012).

Mature B cells undergo major changes during the transitions from activation and
initiation of a GC, to their differentiation, and these changes involve regulatory
networks. Altering these pathways can also result in lymphomagenesis (Dalla-Favera,

2015). The most common type of B-NHL is called diffuse large B cell lymphoma
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(DLBCL), which can either be derived from LZ B cells (referred to as GCB-DLBCL) or
cells that are committed to plasma differentiation (referred to as activated B cell type,
or ABC-DLBCL). Most of DLBCL cases are linked with epigenetic perturbation due to
inactivation of chromatin modifiers such as the acetyltransferase EP300 and the
methyltransferase MLL2. These epigenetic changes promote B cell reprogramming
and predispose to tumorigenesis (Morin et al., 2011). Other common changes involve
gain of function mutations of the lysine methyltransferase Enhancer of zeste
homologue 2 (Ezh2, discussed below), found in 20% of GCB-DLBCL cases (Morin et
al., 2010). Mouse models carrying such mutations accumulate extensive H3K27me3
marks throughout their genome. This locks the B cells in the GC program and
eventually drives development of lymphoma (Beguelin et al., 2013). Mutations
deregulating BCL6 are also found in DLBCL patients, as these will also drive
lymphomagenesis by maintaining B cells in a pro-proliferative state and preventing

their terminal differentiation (Dalla-Favera, 2015).

1.1.7 Post-translational modifications in B cell biology

Post-translational modifications (PTM) are covalent enzymatic modifications to
proteins catalyzed by specific enzymes. These include phosphorylation, methylation,
acetylation and ubiquitination of different protein residues. These modifications have
a major role in regulating dynamic processes such as signalling and epigenetics. The
addition and removal of PTMs that mediate signaling pathways and change chromatin
function are critical for B cells to respond rapidly to environmental cues, or to choose
between distinct differentiation fates. While the vast majority of the work in B cells has
been focused on dynamic changes in phosphorylation, the importance of
unconventional posttranslational modifications, such as o-glucnacylation or
methylation, is becoming increasingly clear (Mowen and David, 2014; Wu et al.,
2017).

Signaling

Signaling via various membrane receptors allows B cells to sense environmental

stimuli and induce major phenotype changes, altering transcription, metabolism, and
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proliferation rates. Signals emanating from two receptors are particularly important for

B cells:

BCR cross-linking activates protein tyrosine kinases, such as Lyn, Syk and Btk that
induce a cascade of phosphorylation events, starting with the BCR components Iga
and IgB. This cascade will lead to (i) calcium release and the activation of mitogen
activated protein kinases (MAPK) resulting in apoptosis, or (ii) activation of the
transcription factor NF-kB, promoting survival and proliferation (Niiro and Clark,
2002). Iga is methylated by the arginine methyl transferase Prmt1 at arginine 198,
which is close to its last ITAM at tyrosine 193 (Infantino et al., 2010). This modification
limits PI3K-AKT signaling downstream of the BCR, possibly by preventing Syk
binding to Iga. In GC B cells, as mentioned above, BCR signalling activates the Syk-
PI3K-AKT pathway, resulting in Foxo1 phosphorylation and its sequestration in the
cytoplasm (Luo et al., 2018).

CD40 signalling plays critical roles in B cells during activation at the T-B border, as
well as in the LZ. The interaction between CD40 in B cells and CD40L on T cells
promotes the recruitment of TNFR-associated factors (TRAFs) to the cytoplasmic
domain of CD40, these adapter proteins will promote the activation of the NF-kB
pathway. The inhibitor proteins IkBs maintain NF-kB subunits p50/Rela and p50/c-Rel
in the cytoplasm. Upon CD40 cross-linking, IkBs are phosphorylated by IkBs kinase
(IKK) complexes. IkB phosphorylation leads to their ubiquitination and proteasomal
degradation, allowing the active NF-kB heterodimer to access the nucleus and
activate target genes (Bonizzi and Karin, 2004; Klein and Heise, 2015; Luo et al.,
2018).

c-Myc is exclusively induced in GC B cells that are simultaneously stimulated in the
LZ by both the BCR and CD40 (Luo et al., 2018). In contrast, stimulating either
signaling pathway alone can increase c-Myc in naive B cells in vitro, showing that,
similar to the gene expression program, the signalling program of GC B cells is

rewired compared to resting B cells (Luo et al., 2018).

Epigenetics
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B cells undergo major transcriptional changes as they transition from mature FO to
GC activated cells and from GC cells to differentiated ASCs (Shi et al., 2015). Histone
modifications underlie these changes by enhancing or preventing recruitment of
effector proteins to the chromatin (Heinz et al., 2010). Indeed, naive resting and GC B
cells have very distinct distributions of chromatin mark (Zhang et al., 2014). Histone
modifications are PTMs added by a variety of enzymes that can fall into the
categories of histone acetyltransferases, which add acetyl groups to lysines, and
histone methyltransferases that add methyl groups to either lysine or arginine
residues. They modify the N-terminal tail of histones, thereby modulating chromatin

accessibility and gene expression.

Monocytic leukemia zinc finger protein (Moz) is an histone acetyltransferase that has
been shown to be important for the GC reaction, as its depletion results in a reduced
number of GC B cells, due to a reduction of centroblasts (Good-Jacobson et al.,
2014).

Ezh2 is a histone methyltransferase that is part of the polycomb repressive complex-2
(PRC2), which catalyzes the methylation of lysine 27 on histone 3 (H3K27me3), a
repressive mark. Ezh2 is up regulated in GC B cells, particularly in centroblasts (van
Galen et al., 2004) and maintains the GC program (Velichutina et al., 2010). This is in
part due to its repression of the proliferation checkpoint factor Cdkn1a (Beguelin et
al., 2013). Indeed, Ezh2-/- B cells fail to form GCs, which are rescued when mice are
crossed with Cdkn1a-/- mice (Beguelin et al., 2017). P21, encoded by Cdkn1a,
inhibits activity of CDK4/6 and CDK2, responsible for retinoblastoma (Rb)
phosphorylation (Lundberg and Weinberg, 1998). Rb phosphorylation leads to its
dissociation from the transcription factor E2f1, subsequent transcription of E2f1
targets genes and cell cycle progression into S-phase (Chen et al., 2009; Lundberg
and Weinberg, 1998). E2f1 is up-regulated in GCs and promotes GC B cell
proliferation in a positive feedback loop: E2f1 induces EzhZ2 transcription, which
represses Cdkn1a, leading to increased levels of Rb phosphorylation, resulting in
increased E2f1-dependent transcription (Beguelin et al., 2017). Conversely, mice

expressing an Ezh2 gain of function mutant show GC hyperplasia upon immunization
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(Beguelin et al., 2013). Ezh2 is also responsible for forming most bivalent genes in
GC B cells (Beguelin et al., 2013). Bivalent genes are poised genes, characterized by
co-localization of both the activating H3K4me3, and repressive H3K27me3 marks
(Bernstein et al., 2006). Establishment of this antagonizing mark at the genes of key
lineage transcription factors limits their expression until a final differentiation choice is
made. Indeed, the key pro-differentiation transcription factors /rf4 and Prdm1 are
among GC-specific bivalent genes (Beguelin et al., 2013). Therefore, like Bcl6, Ezh2
is a master regulator of the GC B cell phenotype, by promoting the GC program and
limiting B cell differentiation.

Protein arginine methyltransferase 7 (Prmt7) is part of the PRMT enzyme family that
is extensively discussed in the next section. Prmt7 is responsible for histone arginine
mono-methylation, particularly at arginine 3 of the histone H4 (H4R3me1) (Ying et al.,
2015). Over expression of Prmt7 in B cell lines causes the accumulation of H3R4me1
at the Bcl6 gene and down-regulation of Bcl6 expression (Ying et al., 2015).
Conversely, Prmt7 depletion in B cells leads to increased Bcl6 transcripts in GCs,
resulting in increased GC B cell numbers (Ying et al., 2015). Thus, histone arginine

methylation by Prmt7 limits GC B cell formation via Bcl6 repression.

1.2 Arginine Methylation

1.2.1 Arginine methyltransferases

In mammals, it is estimated that around 0.5% of arginine residues throughout the
proteome are methylated (Matsuoka, 1972). Arginine methylation can modify protein
structures and/or their ability to interact with DNA, RNA or other proteins (Bedford and
Richard, 2005); therefore, it can regulate protein function and cellular biology
(Bedford and Clarke, 2009; Bedford and Richard, 2005). Arginine methylation is a
post-translational modification carried out by members of the protein arginine
methyltransferase (PRMT) family, and is found in all eukaryotes (Bachand, 2007).
The PRMT family consists of nine members, which can catalyze the transfer of a
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methyl-group from S-adenosylmethionine (AdoMet, or SAM, see Fig. 1.8A) to one of
the two terminal guanidino nitrogen atoms in arginine (Gary and Clarke, 1998). This
enzymatic reaction produces a monomethylarginine (MMA) on the target protein and
S-adenosylmonocysteine as a by-product. Interestingly, only PRMT7 monomethylates
arginines (Blanc and Richard, 2017), with all other PRMTs transferring an additional
methyl group to the arginine. PRMTs that dimethylate arginines via the transfer of a
second methyl-group to the same guanidino nitrogen atom, producing asymmetric
dimethylarginine (aDMA), are classified as Type | PRMTs (PRMT1, PRMT2, PRMTS3,
PRMT4, PRMT6 and PRMT8). PRMTs that dimethylate arginine through the transfer
of a second methyl-group to the other guanidino nitrogen atom, producing symmetric
dimethylarginine (sDMA), are classified as Type Il PRMTs (PRMTS and PRMT9) (Fig.
1.7). In this thesis | have analyzed the function and relevance of PRMT1 and PRMTS
in B cell biology.

PRMT1 and PRMT5 are the major Typel and Type || PRMTs

PRMT1 and PRMT5 are responsible for the majority of aDMA and sDMA, respectively
(Blanc and Richard, 2017; Tang et al., 2000). This also seems to be the case in
activated mature B cells, as they are the two most abundant PRMT transcripts
measured by RNAseq (Fig 3.1B). Complete knock-out of either Prmt1 or Prmt5 are
embryonically lethal, suggesting that there is little functional redundancy between
these enzymes and their type | or Il counterparts, respectively (Pawlak et al., 2000)
(Tee et al.,, 2010). However, downregulation of PRMT1 can increase arginine
methylation mediated by other PRMTs, a phenomenon called substrate scavenging,
suggesting that different PRMTs can compete for the same substrates (Dhar et al.,
2013).
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Figure 1.7 - Arginine methylation

The PRMT family of enzymes can be divided into three types. Type Il PRMTs, like PRMT?7,
monomethylates arginines. Type | PRMTs, like PRMT1, PRMT2, PRMT3, PRMT4, PRMT6 and
PRMT8 perform asymmetric dimethylation. Type Il PRMTs, like PRMTS5 and PRMT6, deposit

symmetric dimethylation at arginines.

PRMT1 and PRMT5 are often upregulated in cancers, which has prompted the
development of PRMT inhibitors (Kaniskan et al., 2018). Recent developments
include a type | specific PRMT inhibitor, MS023 (Eram et al., 2016), along with a
PRMT5-specific inhibitor, EPZ015666, which is in clinical trial for treatment of mantel
cell ymphoma (Chan-Penebre et al., 2015) (Fig. 1.8). Neither EPZ015666 nor MS023
compete with SAM, nonetheless they compete with the peptide substrate (Hu et al.,
2016; Kaniskan et al., 2018).
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Figure 1.8 - Inhibitors of arginine methylation

A) Chemical structures of S-adenosylmethionine (SAM) and inhibitors of type | PRMTs and PRMTS,
MSO23 and EPZ015666 respectively. The methyl donor of SAM transferred by PRMTs to arginines is
highlighted in blue. Methylthioadenosine (MTA) is an endogenous SAM analogue, acting as a pan
PRMT inhibitor.

B) Crystal structure of PRMT5 (purple) in complex with MEP50 (grey), bound to EPZ015666 (orange)
and SAM (yellow) (PDB accession number: 4X61). Side chains of PRMTS5 residues that are in contact
with SAM and EPZ015666 are depicted.
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1.2.2 Arginine methylation, readers and erasers

Tarqget specificity

PRMTs preferentially methylate arginines within arginine- and glycine- rich motifs
called RGG/RG motifs (Palaniraja Thandapani, 2013). In addition, PRMTS methylates
substrates that harbour arginines within proline- ,glycine- and methionine- rich
regions, called PGM maotifs (Cheng et al., 2007).

Tudor-domain proteins

Methylarginine can be recognized by specific domains. The principle type is the Tudor
domain, which defines the Tudor family of proteins (Chen et al., 2011). As readers of
arginine methylation, tudor domain proteins are involved in different downstream
activities. For example, proper splicing (explained below) depends on binding of the
tudor domain protein survival of motor neuron (SMN) to methylated Sm proteins
(Friesen et al., 2001). Tudor domain proteins are also involved in regulating gene
expression, by associating with methylated histones (Gayatri and Bedford, 2014).
Indeed, PRMTs have been shown to methylate histone tails at H4R3, H3R8, H2AR2
positions, which can influence transcription (Di Lorenzo and Bedford, 2011).

However, most arginine-methylated proteins are not histones (Bremang et al., 2013).

Arqginine demethylation

Arginine methylation is involved in dynamic processes such as signalling. For
instance in B cells, the BCR is methylated by PRMT1 but is quickly demethylated,
within 2-5 minutes, upon BCR stimulation (Infantino et al., 2010). This suggests the
existence of a demethylation mechanism; however, no specific arginine demethylases
have been discovered. A recent study has demonstrated that certain lysine
demethylases (KDM3A, KDM4E, KDM5C) can have arginine demethylase activity in

vitro, but such activity has not been confirmed in vivo (Walport et al., 2016).
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1.2.3 PRMT5

1.2.3.1 Structure

The first crystal structure of PRMT5 was from Caenorhabitis elegans, and was
resolved in complex with S-adenosylmonocysteine (Sun et al., 2011). Soon
thereafter, the structure of human PRMT5 was determined in complex with the
methylosome protein 50 (MEPS0, also named WDR77), bound to SAM (Antonysamy
et al.,, 2012). PRMT5 and MEP50 have been shown to form a stable and active
hetero-octametric structure in vitro (PRMT54:MEPS504) (Antonysamy et al., 2012).
PRMT5 association with MEP50 is clearly important, as it is quite general (Friesen et
al., 2002; Guderian et al., 2011; Tee et al., 2010), enhances PRMT5
methyltransferase activity (Antonysamy et al., 2012) and is critical for PRMT5
substrate recognition in vitro (Wang et al., 2014).

1.2.3.2 Expression

PRMTS is highly expressed in several cancers, correlating with poor prognosis in B
cell ymphomas (Koh et al., 2015b), glioblastomas (Yan et al., 2014), lung cancer (Gu
et al.,, 2012a) and colorectal cancer (Zhang et al.,, 2015a). Some mechanisms
underlying PRMT5 over-expression in different tumour cells have been identified. In
the Eu-Myc mouse model of pre-B cell ymphoma, c-Myc binds to the Prmt5 promoter
and stimulates Prmt5 transcription (Koh et al., 2015b). PRMT5 expression can also
be regulated post-transcriptionally by miRNAs, as seen in mantel cell lymphoma, GC-
derived B cell ymphomas and Epstein-Barr virus (EBV)-transformed B cells (Alinari et
al., 2015a; Pal et al., 2007; Wang et al., 2008), where down-regulation of PRMT5-
specific micro-RNAs promotes PRMT5 expression.

The regulation of PRMT5 expression in normal cells has not been extensively
studied. In normal B cells, information is scarce, but it has been suggested that Prmt5
expression in mouse BM B cells is regulated post-transcriptionally, because BM B
cells have comparable Prmt5 mRNA levels with HSCs, yet protein levels are four
times higher in HSCs (Liu et al., 2015b). This could be due to miRNAs, as the Prmt5
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mMRNA contains miRNA target sequences (Alinari et al., 2015b; Pal et al., 2004; Wang
et al., 2008); however, the expression of Prmt5 throughout B cell development has
not been studied. In mature B cells, Prmt5 transcription increases upon stimulation in
vitro, along with increased protein and sDMA levels (lgarashi et al., 2009). Prmt5
transcripts, protein and activity have also been reported to be upregulated in GCs in
vivo (lgarashi et al., 2009). Of note, PRMTS is stabilized by the chaperone Hsp90

(Maloney et al., 2007), suggesting post-translational regulation as well.

1.2.3.3 Cellular processes regulated by PRMT5

Transcription

PRMTS5 activity can regulate transcription in three distinct ways (Fig 1.9).

1. Histone methylation

PRMT5 methylation of histone H3 (H3R8me2s) and/or histone H4 (H4R3mez2s) are
commonly associated with repression of target genes. Known target genes include
the transcription factors St7 and Rb/2 (Pal et al., 2007; Wang et al., 2008), the E3-
ubiquitin ligase Cula4 (Aggarwal et al., 2010), the micro-RNAs miR-96 and miR29-b
(Alinari et al., 2015b; Tarighat et al., 2016) and the cyclin-dependant kinase inhibitor
Cdkn1a (Kaushik et al., 2017; Zhang et al., 2015b). PRMT5 and its target histone
marks have been found to co-exist at St7 and Rb/2 along with the PRC2
heterochromatin complex, likely to facilitate gene silencing. This association requires

recruitment by bromodomain containing 7 (BRD7) (Tae et al., 2011).

Chromatin remodelling complexes are made of different proteins that displace
nucleosomes in an ATP-dependant manner, promoting transcriptional activation or
repression by modifying DNA accessibility. PRMT5 associates with the chromatin
remodelling complexes Brg1 associated factors (BAF) (Pal et al., 2004) and NuRD
(Le Guezennec et al., 2006). Such associations between histone modifying enzymes
and chromatin remodelling complexes can facilitate the conversion of chromatin from

an active to a repressed state and vice versa (Pal and Sif, 2007).
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Finally, the PRMT5 mark H4R3me2s recruits the DNA methyltransferase DNMT3A,

which further enforces gene silencing (Zhao et al., 2009).

2. RNA polymerase Il elongation

SPT5, a critical elongation factor that associates with RNA polymerase |l (RNAPII),
can be methylated by PRMT1 and PRMT5 (Kwak et al., 2003). SPT5 methylation by
either PRMT reduces its association with RNAPII, modulating transcription elongation
(Kwak et al., 2003). Moreover, RNAPII can be directly methylated by PRMT5 at its
carboxy-terminal domain, which allows the recruitment of the tudor domain protein
SMN to promote the resolution of RNA/DNA hybrids called R-loops (Zhao et al.,
2016). This modification and function are critical for transcription termination (Zhao et
al., 2016).

3. Methylation of transcription factors

PRMTS can methylate several transcription factors: p53 (Jansson et al., 2008; Li et
al., 2015b), the NF-kB subunit Rela (Harris et al., 2014; Wei et al., 2013), Krippel-like
factor 4 (KIf4) (Hu et al., 2015) and E2f1 (Cho et al., 2012; Zheng et al., 2013). As

discussed in the previous section, they play important roles in B cells.

PRMTS can methylate p53 (Jansson et al.,, 2008; Li et al., 2015b), which
subsequently influences p53 targeting, such as inducing CDKN1A transcription in a
human cell line (Jansson et al., 2008). Conversely, p53 methylation has been
reported to inactivate its activity in leukemic cells, making them resistant to cell death
and cell cycle arrest (Li et al., 2015b). The consequence of p53 methylation by Prmt5

is therefore context dependant.

KIf4 is also methylated by PRMTS, this prevents KIf4 poly-ubiquitination and
increases its stability (Hu et al., 2015). In B cells, KiIf4 expression is detectable during
B cell development in the BM, increases in mature resting B cells but is repressed
upon activation (Klaewsongkram et al., 2007). Klf4-depleted B cells show cell cycle
defects, associated with reduced expression of cyclinD2 protein (Klaewsongkram et

al., 2007). In humans, KLF4 is expressed in BM plasma cells and its expression
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correlates with enhanced differentiation by upregulating plasma cell programs
(Schoenhals et al., 2016). As a transcription factor, KIf4 can activate or inhibit genes
involved in different processes such as cell-cycle, apoptosis, adhesion and
metabolism, acting as both a tumour suppressor and as an oncogene, depending on
the cellular context (Rowland and Peeper, 2006). Notably, methylation of KLF4 by
PRMT5 may contribute to breast cancer development as mice implanted with human
tumour cells expressing a methylation-resistant KLF4 mutant showed reduced tumour
sizes (Hu et al., 2015).

PRMT5 methylation of E2F1 reduces its half-life, but enhances E2F1 binding capacity
to some target genes, repressing their expression (Zheng et al., 2013) (Cho et al.,
2012). E2F1 is critical for the GC reaction, as mice with E2F1-depleted B cells cannot
form GCs (Beguelin et al., 2017). Indeed, E2F1 induces Ezh2 expression in GCs

(discussed in section 1.1.7), sustaining GC-B cell proliferation (Beguelin et al., 2017).

Finally, PRMT5 methylation of the NF-kB subunit Rela promotes NF-kB association to
target genes and thereby enhances transcription activation (Wei et al., 2013). NF-kB
signalling is critical downstream of CD40 stimulation in the LZ to sustain GC-B cell
proliferation (Luo et al., 2018) as well as for inducing plasma cell differentiation (Heise
et al., 2014) (discussed in section 1.1.4.4). In particular, Rela was shown to be
critical for B cell differentiation, as depleting Rela prevented plasma cell production in
vivo (Wei et al., 2013).

RNA-metabolism

PRMTS is critical for messenger RNA (mMRNA) biology, as it is involved in pre-mRNA

splicing in the nucleus and the formation of cytoplasmic stress granules (Fig 1.9).

PRMTS is required for assembly of the spliceosome, a large complex composed of 5
small nuclear ribonucleoproteins (SnRNPs) that are assembled in the cytoplasm from
RNA and protein components: the small nuclear RNA (snRNA) and Sm proteins
(Matera and Wang, 2014). PRMT5 methylates Sm proteins within a complex called
the methylosome (Friesen et al., 2001). Sm methylation recruits the tudor protein
SMN, which assembles snRNA with Sm proteins, producing snRNP subunits in the
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cytoplasm. snRNP maturation requires the chaperone plCIn that also associates with
PRMTS (Meister et al., 2001). The SMN complex then recruits an RNA
methyltransferase that modifies the snRNAs 5’, functioning as a nuclear-localization
signal (Fischer and Luhrmann, 1990). Deleting Prmt5 leads to splicing defects in
several systems. In plants, Prmt5 is required for alternative splicing of mMRNAs coding
for circadian clock-associated genes (Sanchez et al., 2010). Prmt5-depletion in
mammalian cells was shown to alter constitutive pre-mRNA splicing (Bezzi et al.,
2013) (Koh et al., 2015b). Prmt5-/- neural stem cells showed reduced levels of
snRNP maturation, resulting in increased levels of aberrant splicing events,
particularly exon skipping and intro retention (Bezzi et al., 2013). The same pattern
has been observed in c-Myc-driven pre-B cell tumours (Koh et al.,, 2015b). Prmt5
depletion results in the accumulation of abnormal splicing events, mainly retained
introns and skipped exons with usage of weak 5 donor sites (Koh et al., 2015b).
Interestingly, the induction of aberrant splicing at targets identified in Prmt5-depleted
cells using antisense oligonucleotides could recapitulate cell growth and viability
defects observed in Prmt5-/- cells (Koh et al., 2015b), suggesting that the main role of
Prmt5, in Ep-Myc tumors, is to sustain splicing demand.

Knocking-down either PRMT1 or PRMTS, as well as inhibiting their activity, promotes
stress granule formation (Tsai et al., 2016). Since PRMT1 and PRMT5 can methylate
Ras-GAP SH3-binding protein 1 (G3BP1) (Tsai et al., 2016), an RNA-binding protein
important for stress granule assembly (Tourriere et al., 2003), it is believed that

G3BP1 methylation inhibits stress granule assembly.

Translation

PRMTS can also regulate mRNA translation via different mechanisms (Fig 1.9). First,
PRMTS is involved in ribosomal assembly by methylating ribosomal protein s10
(RPS10), which is necessary to promote proper protein synthesis (Ren et al., 2010).
Mutating the arginines that are methylated by PRMT5 destabilize RPS10 association
to ribosomes, resulting in RPS10 degradation (Ren et al., 2010).
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PRMTS also facilitates translation of mRNA containing internal ribosome entry sites
(IRES), which can have implications for GCs. In mouse embryonic fibroblasts, Prmt5
methylates the heterogenous nuclear ribonucleoprotein A1 (hnRNPA1), and facilitates
the interaction of hnRNPA1 with mRNAs containing an internal ribosome entry site
(IRES) (Gao et al., 2017). This interaction triggers IRES-dependant translation,
promoting cyclin D1 (Ccd1) and c-Myc translation, sustaining cell proliferation (Gao et
al., 2017). As explained above, c-Myc is tightly regulated in GCs, which is critical for
the GC reaction (section 1.1.4.5) (Luo et al., 2018). It remains to be explored
whether Prmt5 affects c-Myc translation in GCs.

Signalling

PRMTS can influence signal transduction by modifying receptors, co-receptors or
intracellular components of several signalling pathways. For instance, PRMTS can
methylate epidermal growth factor receptor (EGFR), which enhances its auto-
phosphorylation, but also forms a docking site for the phosphatase SHP1, thereby
limiting overall EGFR signalling (Hsu et al., 2011). By other modes of action, PRMT5
can affect signaling pathways that regulate cellular processes that are relevant for B
cell biology.

PRMT5 associates with two receptors of the Tumour necrosis factor -related
apoptosis-inducing ligand (TRAIL) pathway: death receptor 4 (DR4) and DRS5
(Tanaka et al., 2009). Engagement of DR4 or DR5 upon TRAIL binding triggers
apoptosis by the extrinsic pathway, with caspase-8 activation (Kischkel et al., 2000).
Removing PRMT5 in some cancer cells incubated with TRAIL increases apoptosis
along with reducing IkBa phosphorylation by IKK, which is characteristic of reduced
canonical NF-kB pathway activity (see section 1.1.7) (Rickert et al., 2011). As
apoptosis in PRMT5-/- cells can be rescued upon IKK overexpression, it seems that
in certain cancer cells PRMT5 can prevent TRAIL induced apoptosis by inducing NF-
KB signalling (Tanaka et al., 2009). Interestingly, although TRAIL and DR5 mRNAs
are expressed in resting and activated B cells, TRAIL-induced apoptosis was solely
seen in plasma cells and not in activated B cells (Ursini-Siegel et al., 2002).
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Moreover, incubation of in-vivo generated plasma cells with a blocking antibody
against DR5 shows increased plasma cell viability, suggesting that plasma cells
undergo apoptosis upon endogenous and exogenous TRAIL binding to DR5 (Ursini-
Siegel et al., 2002). Plasma cells also have reduced levels of CD40, suggesting that
plasma cell sensitivity to TRAIL may originate from the loss of pro-survival signals
from CD40 signaling via NF-kB (Ursini-Siegel et al., 2002). Interestingly, cells
undergoing persistent ER stress, which occurs in plasma cells (see section 1.1.5.2),
accumulate intracellular DRS and induce apoptosis through caspase-8 in a ligand-
independent manner (Lu et al., 2014). The possibility that Prmt5 promotes plasma

cells survival via NF-kB activation remains to be investigated.

PRMT5 can also negatively regulate MAPK signalling pathway, also called the RAS-
RAF-MEK-ERK pathway (Andreu-Perez et al., 2011). The MAPK pathways can
influence cell survival, proliferation and differentiation (Chung and Kondo, 2011).
MAPK signalling is initiated by cytokines or growth factors binding to receptor tyrosine
kinases that induce the activation of different sets of proteins via phosphorylation
events (Chung and Kondo, 2011). Following receptor stimulation, the small G-
proteins rat sarcoma virus (RAS) are activated, recruited to the plasma membrane
and activate kinases called rapidly accelerated fibrosarcoma (RAF). RAF proteins
then phosphorylate mitogen-activated ERK kinases (MEK1/2), which themselves
phosphorylate extracellular signal-related kinases (ERK1/2), leading to ERK1/2
translocation to the nucleus and phosphorylation of transcription factors that regulate
gene transcription. In purified naive B cells, this pathway can be activated
downstream of both BCR and CD40 signaling (Jacob et al., 2002) (Mizuno and
Rothstein, 2005), promoting B cell survival (Adem et al., 2015). However, ex vivo
activated GC B cells have recently been shown to activate the MAPK pathway mostly
upon BCR stimulation (Luo et al., 2018). PRMT5 methylates at least one member of
the RAF protein family, called CRAF (Andreu-Perez et al., 2011). This modification
induces CRAF degradation, limiting ERK1/2 phosphorylation and resulting in
enhanced proliferation. As a result, in a neuroblastoma cell line, depleting PRMTS

enhanced ERK1/2 phosphorylation and promoted differentiation (Andreu-Perez et al.,
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2011). In contrast, removing Prmt5 in HSCs reduces ERK1/2 phosphorylation (Liu et

al., 2015b), suggesting a context dependant role for Prmt5 in signal transduction.

PRMTS was first been discovered as a JAK-binding protein (Pollack et al., 1999). In B
cells, the JAK-STAT signaling pathway is induced following stimulation of cytokine
receptors such as IL-4R and IL-21R, modulating cell growth, survival and
differentiation (Jiang et al., 2000) (Avery et al., 2010). GC-associated nuclear protein
(GANP) is induced in GC B cells (Kuwahara et al., 2000) and negatively regulates
JAK-STAT signaling upon IL-4 stimulation, as phospho-STATG6 levels are increased in
stimulated GANP-/- B cells (Igarashi et al., 2009). The authors proposed that STAT6
was methylated by PRMT5, promoting JAK-STAT signaling and showed that GANP
acted as a repressor of PRMT5-dependant JAK-STAT signalling (lgarashi et al.,
2009).

This section highlights the pleiotropic functions of PRMT5, which can regulate gene
expression and signaling at multiple levels depending on the methylated substrate.
This complexity illustrates the difficulties associated with analyzing the biological roles

of PRMT5 in any system, but also the fundamental importance of this enzyme.
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Figure 1.9 — PRMTS and PRMT1 play multiple roles in the cell
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Non-exhaustive list of cellular processes affected by PRMT5 and PRMT1 methylation, with the
corresponding mechanisms and protein targets involved.

1.2.3.4 Functional regulation of PRMT5

Recruitment factors and PTM

PRMTS is part of various different complexes that regulate diverse cellular
mechanisms. These complexes contain co-factors that can determine PRMT5
substrate specificity by acting as recruiting factors.

For instance, PRMT5 associates with co-operator of PRMT5 (COPRS) in the nucleus,
which directs methylation towards histone H4 (H4R3me2) over histone H3
(H3R8me2) (Lacroix et al., 2008). It is suggested that PRMT5, in association with
COPRS5, modulates transcription levels of c-Myc targets (Mongiardi et al., 2015).
Interestingly, overexpressing c-Myc in epithelial cells increases H4R3me2s

(Mongiardi et al., 2015), which suggests a positive feedback loop.

The role of MEP50 in PRMT5 association to the spliceosome has been described
above. MEPS0 phosphorylation by CyclinD1/CDK4 enhances PRMTS
methyltransferase activity (Aggarwal et al., 2010). PRMTS itself can also be post-
translationally modified. PRMT5 phosphorylation has been shown to reduce its
interaction with MEP50 and attenuate its methyltransferase activity (Liu et al., 2011).
As also mentioned, PRMT5 associates with plCIn (Meister et al., 2001) to mediate
formation of snRNPs. Interestingly, this association can be antagonized by RIOK1,
which recruits PRMT5 to nucleolin, a methylation target (Guderian et al., 2011).
Nucleolin is important for ribosome maturation, and arginine methylation promotes its
interaction to RNA (Raman et al., 2001).

Subcellular localization

Generally, PRMTS is localized in the cytoplasm, which is enforced by three nuclear
export signals (Gu et al.,, 2012b). Nonetheless, depending on the cellular context
PRMTS can be found in both the cytoplasm and the nucleus (Koh et al., 2015a), this
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is an important mechanism to limit PRMTS activity to specific subcellular

compartments when required.

For instance, in primordial germline cells at the embryonic stage E8.5, Blimp-1
interacts with PRMTS, leading to histone symmetric dimethylation at target genes in
the nucleus. However at E11.5, the PRMT5-BLIMP-1 complex translocates to the
cytoplasm, resulting in loss of histone arginine methylation and epigenetic
reprograming (Ancelin et al., 2006). As mentioned above, Blimp-1 is required for
plasma cell differentiation (see section 1.1.5.2). In plasma cells, Blimp-1 associates
with active promoters that harbour histone lysine methylation but also acetylation:
H3K4me2, H3K4me3, H3K9ac, although it can also associate with the repressive
mark H3K27me3 at certain target genes (Minnich et al., 2016). Blimp-1 associates
with chromatin modifiers, such as the PRC2 complex via Ezh2 binding, or the
nucleosome remodelling deacetylase (NuRD) complex (Lai and Wade, 2011), which
removes acetyl-groups from histones (Minnich et al., 2016). Blimp-1 also associates
with the chromatin remodelling BAF complex (Tang et al., 2010). As PRMT5
associates with the NuRD and BAF complexes as well (see section 1.2.3.3), it is
possible that the Prmt5-Blimp-1 interaction occurs in B cells at the chromatin.

Inhibition by an endogenous metabolite

PRMTS activity can be inhibited in the cell by methylthioadenosine (MTA), an
endogenous analog of SAM (Bedford and Richard, 2005) (Fig. 1.8A). MTA inhibits
PRMTS5 activity by competing with SAM (Hu et al., 2016). MTA is cleaved by 5-
methylthioadenosine phosphatase (MTAP) for methionine synthesis. Interestingly, the
gene encoding MTAP is often deleted in human cancers, due to its close proximity
with the tumour suppressor CDKN2A. These cells accumulate MTA and are sensitive
to PRMTS depletion (Mavrakis et al., 2016) (Kryukov et al., 2016). This discovery
potentially opens the door for use of PRMT5 inhibitors in the treatment of cancers
where MTAP is lost.
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1.2.3.5 Cellular impact of PRMTS5 activity

As highlighted above, PRMT5 activity regulates many molecular processes that can
influence the state of a cell, including proliferation, survival and differentiation. PRMT5
has been studied in many different systems: muscles (Zhang et al., 2015b), nervous
system (Bezzi et al., 2013; Huang et al., 2011), germline development (Kim et al.,
2014; Li et al., 2015c), cellular reprogramming (Chu et al., 2015) (Nagamatsu et al.,
2011) and hematopoiesis (Koh et al., 2015b; Liu et al., 2015a). From these studies, it
has become clear that the role of PRMTS is not predictable, and results cannot be
directly extrapolated from one system to another. Depending on the cellular context,

PRMTS5 can either negatively or positively regulate the same process.

Proliferation

In general, PRMT5 is a positive regulator of cell proliferation. Genetic ablation or
reduced expression of Prmt5 leads to reduced cell growth in adult mouse skeletal
muscle cells (Zhang et al., 2015b), in human embryonic stem cells (Gkountela et al.,
2014), during germline development of primordial germline cells (Kim et al., 2014; Li
et al., 2015c), in neural stem cells (Bezzi et al., 2013) and in HSCs (Liu et al., 2015b).
As an example, Prmt5 promotes proliferation of adult muscle cells by repressing
Cdkn1a through H3R8me2s mark (Zhang et al., 2015b). Prmt5-/- cells therefore have
reduced proliferation, but this could be partially rescued by crossing with Cdkn1a-/-
mice (Zhang et al., 2015b). PRMTS also drives proliferation of cancer cells, for
instance of mantel cell lymphoma (Pal et al 2007), BM B cell lymphoma (Koh et al.,
2015b) and glioblastoma (Yan et al., 2014).

However, in specific contexts PRMTS can limit proliferation. Surprisingly, deleting
Prmt5 in HSCs increased short-term proliferation of the multipotent precursors (LSK
population), while the progenitors of myeloid cells (LK cells), a more differentiated cell
subset, showed reduced proliferation (Liu et al., 2015b). Similarly, reducing PRMT5

levels in human primary HSCs promotes proliferation (Liu et al., 2011).

Survival
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In most cellular systems, PRMTS promotes survival. Prmt5 depletion in muscle cells
(Zhang et al., 2015b), primordial germ cells (Kim et al., 2014) and neural stem cells

(Bezzi et al., 2013) results in cell death.

In neural stem cells, Prmt5 depletion increases apoptosis and causes early post-natal
lethality through a p53-dependant mechanism (Bezzi et al., 2013). More precisely,
Prmt5 depletion affects the splicing machinery, resulting in aberrant Mdm4 splicing.
Mdm4 can directly interact with p53, forming a complex on target gene promoters but
preventing p53 access to the transcription machinery (Kruse and Gu, 2009). The mis-
spliced variant of Mdm4 no longer inhibits p53 targeting, leading to up-regulation of
pro-apoptotic and anti-proliferative genes. Importantly, depleting Trp53 along with
Prmt5, partially rescues apoptosis observed in tissues and delays post-natal lethality
(Bezzi et al., 2013).

Many cancer cells also depend on PRMTS for their survival. For instance,
glioblastomas are heterogeneous tumours composed of undifferentiated and
differentiated cells, and these distinct cells have different requirements for PRMT5.
Indeed, Prmt5 loss induces senescence, along with increased p53 and p21 levels in
immature glioblastoma cells, while it induces apoptosis in mature cells (Banasavadi-
Siddegowda et al., 2017). Interestingly, loss of PRMT5 in glioblastoma cell lines leads
to p53-independent apotosis (Yan et al., 2014). Finally, as described above (section
1.2.3.3), in cancer cells PRMT5 antagonizes the extrinsic apoptotic pathway by
inhibiting TRAIL-dependant apoptosis via activation of NF-kB signalling (Tanaka et
al., 2009).

Differentiation

PRMTS mostly opposes cell differentiation, but again the role of PRMTS is context
dependent. In primary HSCs, PRMTS5 negatively regulates differentiation to erythroid
cells (Liu et al.,, 2011). In the same way, depleting Prmt5 in HSC-derived MLL-
leukemia promotes myeloid differentiation, in a p21-dependant manner (Kaushik et
al., 2017). Likewise, Prmt5 prevents differentiation of embryonic stem cells during
mouse development, and promotes pluripotency (Tee et al., 2010). In fact, when co-
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expressed with critical pluripotency genes, PRMT5 can drive cell reprograming and
enhance production of induced pluripotent stem cells (iPSCs) (Nagamatsu et al.,
2011).

In other systems, PRMT5 promotes differentiation. For instance, in muscle cells and
oligodendrocytes, removing Prmt5 prevents differentiation (Zhang et al., 2015b)
(Huang et al., 2011). In particular, in oligodendrocytes loss of Prmt5 causes the de-
repression of anti-differentiation genes and therefore abrogates differentiation (Huang
etal., 2011).

1.2.4 PRMT1

1.2.4.1 Expression

PRMT1 is responsible for around 85% of arginine methylation in mammalian cells and
therefore is one of the best-studied PRMTs (Tang et al., 2000). The Prmt1 gene can
actually produce up to seven isoforms (Goulet et al., 2007), with splice variants
varying in their N-terminal sequences. This N-terminal region of PRMT1 can influence
its catalytic activity as well as substrate specificity (Goulet et al., 2007).

PRMT1 expression, like PRMTS5, is increased in a variety of different cancers:
including colorectal cancer (Papadokostopoulou et al., 2009), lung cancer (Elakoum
et al., 2014) and leukemia (Zou et al., 2012). Increased PRMT1 mRNA levels are also
observed in hepatocellular carcinomas, and negatively correlate with miR-503
expression (Li et al., 2015a). This seems to have functional consequences, as re-
expression of mir-503 in PRMT1-overexpressing cells, caused a reduction in cell

invasion and migration (Li et al., 2015a).

1.2.4.2 Processes regulated by PRMT1

PRMT1 is involved in many different processes that can be relevant for B cell biology.
The following section presents a glimpse into the roles of PRMT1, as described in the
literature (Fig 1.9).

Transcription
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1. Histone methylation

PRMT1, unlike PRMT5, functions as a transcription co-activator by depositing aDMA
on H4R3 (H4R3me2a). This mark has been found to recruit the tudor domain protein
Tdrd3 to the transcription start site of multiple genes (Yang et al., 2010), acting as a
transcriptional co-activator. Indeed, at the c-Myc locus, Tdrd3 recognizes H4R3me2a
and can recruit topoisomerase |lIB, which helps resolve R-loops, thereby increasing
c-Myc transcription (Yang et al., 2014). Therefore, PRMT1 histone methylation can

trigger the recruitment of factors that facilitate transcription.

2. Methylation of transcription factors

PRMT1 can methylate RUNX1, a transcription factor involved in hematopoiesis (Zhao
et al., 2008). RUNX1 methylation by PRMT1 triggers its dissociation from the
repressor SIN3a, thus enhancing RUNX1 activity (Zhao et al., 2008). RUNX1 is
necessary for B cell development, as mice depleted for Runx1 during BM

development show a pre-B cell loss (Seo et al., 2012).

PRMT1 can also methylate Foxo1, preventing its phosphorylation by AKT and
thereby promoting its nuclear localization and activity (Yamagata et al., 2008). Foxo1
plays a critical role in GCs (described above in section 1.1.4.5), as it sustains the
centroblast program (Luo et al., 2018; Sander et al., 2015).

Translation

PRMT1 has been found to modulate mRNA translation. For instance, PRMT1
methylation of the RNA-binding protein AVEN promotes translation of the protein
mixed lineage leukemia (MLL) by increasing recruitment of ribosomes (Thandapani et
al., 2015).

DNA repair

Double stand breaks are repaired by homologous recombination in S-phase after
replication, as this mechanism uses the sister chromatid of the corresponding broken

region as a template. End-resection of DNA on opposite strands of the DNA break is
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a necessary step for repair and is mediated by the Mre11/Rad50/NBS1 (MRN)
complex. MRE11 is methylated by PRMT1, which seems to be important for its
exonuclease activity, as well as its recruitment to sites of lesions (Boisvert et al.,
2005b).

Signaling

PRMT1 has been found to directly methylate some receptors, which results in

modulating their downstream signaling.

As mentioned above (section 1.1.7), Prmt1 is involved in repressing BCR signaling
through direct methylation of Iga within the BCR, thereby promoting B cell
development in the BM (Infantino et al., 2010). PRMT1 has also been found to
methylate EGFR on its extracellular domain in colorectal cancer cells (Liao et al.,
2015). This modification enhances ligand binding, and thereby promotes downstream
EGFR signaling (Liao et al., 2015).

1.2.4.3 Functional regulation

Co-factors

PRMT1 was first discovered in a yeast two-hybrid screen for interactors of B cell
translocation gene 1 (BTG1) and BTG2 (Lin et al., 1996). Interactions with PRMT1
occur via a BoxC motif in BTG1/2 (Berthet et al., 2002), enhancing PRMT1 activity
(Lin et al., 1996). Further studies have found that BTG1/2 association with PRMT1 is
critical in different biological processes such as B cell development in the BM (Dolezal
et al., 2017). Indeed, the BTG2-PRMT1 complex is responsible for cyclin-dependent
kinase 4 (Cdk4) methylation, which dissociates Cdk4 from cyclin D3 (Ccd3),
preventing Cdk4 phosphorylation of Rb, leading to the retention of E2F transcription
factor in the cytoplasm and finally promoting cell cycle arrest and pre-B cell
differentiation (Dolezal et al., 2017). PRMT1 also associates with an interactor of
BTG1, chromatin assembly factor 1 (CAF1), modulating PRMT1 activity in different

cell lines (Robin-Lespinasse et al., 2007).
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Post-translational modification

Phosphorylation of PRMT1 at tyrosine 291 has been observed, and this was
suggested to alter PRMT1 association to and methylation of the RNA binding proteins
hnRNPA1 and hnRNPH3 (Rust et al., 2014). PRMT1 can also auto-methylate itself,

but the relevance of this modification remains unknown (Sayegh et al., 2007).

PRMT1 activity can also be reversibly inhibited by oxydation, as treatment with
hydrogen peroxide reduced methyltransferase activity of recombinant PRMT1 in a
dose-dependant manner (Morales et al., 2015). This effect could be reversed by the
reducing agent DTT, and suggests that PRMT1 may modulate oxidative stress

responses, but more studies need to be done.
1.2.4.4 Cellular impact of PRMT1 activity

Proliferation

PRMT1 enforces growth of different cancers, such as leukemia (Cheung et al., 2016),
colorectal cancer (Liao et al., 2015) and lung cancer (Elakoum et al., 2014). PRMT1
is also necessary for breast cancer proliferation by promoting ZEB1 transcription via
the H4R3me2a mark (Gao et al., 2016). In mouse embryonic fibroblasts, Prmt1
depletion results in increased genomic instability and prevents cell growth (Yu et al.,
2009). Finally, Prmt1 is required for mature B cell growth upon activation, as Prmt1
loss does not affect the resting B cell pool but compromises B cell proliferation after
stimulation ex vivo (Infantino et al., 2017). Interestingly, removal of PRMT1 in muscle

stem cells promotes their proliferation but this limits differentiation (Blanc et al., 2017).

Survival

PRMT1 seems to play an important role in regulating the intrinsic cell death pathway,
as methylation of the pro-apoptotic molecule Bad prevents its phosphorylation by Akt,
similarly to Foxo1 (Sakamaki et al., 2011). Bad methylation promotes its
mitochondrial localization and association with Bcl-XL, an anti-apoptotic protein.

Therefore, Bad methylation could potentially promote cell death. This is confirmed in
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human cell lines, where increased survival is observed after reducing levels of
PRMT1 (Sakamaki et al., 2011).

On the other hand, PRMT1 has been shown to promote survival in other systems,
such as leukemic cell lines (Cheung et al., 2016), breast cancer cells (Baldwin et al.,
2012) and B cells (Infantino et al., 2017). Following BCR stimulation Prmt1-/- mature
B cells are gradually lost, this is accompanied with decreased expression of the pro-
survival proteins Mcl-1, Bcl-2, A1 and Bcl-XL (Infantino et al., 2017). Since Prmt1-/- B
cells can be rescued by treatment with a caspase inhibitor, it would seem that Prmt1
promotes mature B cell survival downstream of BCR signaling (Infantino et al., 2017).

Differentiation

In many systems, PRMT1 positively enforces differentiation. Indeed, PRMT1 is
necessary for central nervous system development and is required for
oligodendrocyte differentiation (Hashimoto et al., 2016). Another example is the
requirement of PRMT1 for B cell differentiation into ASC, as stimulating Prmt1-/- B
cells in vitro prevents B cell differentiation (Infantino et al., 2017). Yet, in other
contexts, such as in leukemic cells (Cheung et al., 2016), epidermal progenitor cell
(Bao et al, 2017) and megakaryocytes (Jin et al., 2018), PRMT1 loss induces

differentiation.
1.2.5 Arginine methylation in lymphocytes

1.2.5.1 Tcells

Mass spectrometry analysis has revealed that arginine methylation is modulated
during human T cell activation and differentiation, suggesting that PRMTs have a role
in T cell biology (Geoghegan et al., 2015). PRMT1 is found to be highly expressed in
helper T helper cells (Mowen et al., 2004), and PRMT5 activity is required for helper T
cell expansion (Webb et al., 2017). Furthermore, engagement of the co-stimulatory
receptor CD28 induces arginine methylation in T cells (Blanchet et al., 2005), and
treatment with the global methyltransferase inhibitor, adenosine-2’, 3’-dialdehyde
(AdOXx) reduces IL-2 production in T cells.
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1.2.5.2 B cells

The role of arginine methylation in B cells was first studied using AdOx in vitro (Hata
and Mizuguchi, 2013). This revealed that global PRMT inhibition affects B cell growth
and CSR per division, without affecting Aicda transcription (Hata and Mizuguchi,
2013). Later use of mice carrying a floxed exon in different Prmt loci and crossed with
B cell specific Cre-recombinase mice has allowed dissection of the role of individual

PRMTs in B cells at specific stages in vivo (Fig. 1.10).

Monomethylation by PRMT7

Prmt7 has been found to be required for maintaining normal mature B cell populations
in the spleen, as Prmt7FF CD19-cre mice have reduced MZ B cell numbers (Ying et
al., 2015). Moreover, Prmt7 monomethylation is required to limit GC expansion, as
Prmt7F CD19-cre mice showed increased GC B cell numbers upon immunization
due to de-repression of Bcl6, generating a defective antibody response (Ying et al.,
2015).
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Figure 1.10 - Cre-driver mice used or discussed in the thesis

Scheme of B cell development in the BM and secondary lymphoid organs. Onset of expression for
every Cre-driver mouse used in my work (in black) and discussed in the thesis (in grey) are indicated
with an arrow. (Casola et al., 2006; Hobeika et al., 2006, Kraus et al., 2004, Kuhn et al., 1995, Kwon et
al., 2008; Rickert et al., 1997; Ventura et al., 2007).

Symetric dimethylation by PRMT5

The role of Prmt5 has mostly been investigated in B cell progenitors and developing B
cells in the BM. Prmt5 depletion in BM cells has been performed by two different
groups using different Cre-mice drivers. One study, which used the inducible Mx1-cre
mouse (Fig. 1.10), depleted Prmt5 in HSCs upon polyinosinic:polycytidylic acid
injections. This showed that Prmt5 deficiency leads to the loss of hematopoietic
progenitors due to reduced proliferation without inducing apoptosis (Liu et al., 2015b).
The second group reconstituted the BM of lethally irradiated mice with BM from
Prmt5FF mice crossed with a tamoxifen-inducible Cre-mouse (Rosa-cre-ER™) (Koh et

al., 2015b) (Fig. 1.10). Recipient mice treated with tamoxifen showed BM cells loss
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(Koh et al., 2015b), similarly to the previous study. However, they also performed
Prmt5 depletion in utero, which lead to a reduction in fetal liver cellularity concomitant
with an upregulation of apoptotic and p53-signalling pathways (Koh et al., 2015b).
Remaining Prmt57- fetal liver cells were unable to form colonies in vitro (Koh et al.,
2015b). Altogether, both studies show that Prmt5 is required for BM cell proliferation,

while its role for BM cell survival still needs further investigation.

In mature B cells, Prmt5 was shown to be induced upon activation in vivo and in vitro
(lgarashi et al., 2009), but its role in normal B cells has not been investigated.
However, pro—survival and pro-proliferation roles of PRMT5 have been demonstrated
in B cell lymphomas (Chung et al., 2013) (Alinari et al., 2015a) (Koh et al., 2015b) and
leukemias (Li et al., 2015b) (Kaushik et al., 2017) (Jin et al., 2016). The pro-apoptotic
and anti-proliferation effects of deleting PRMTS in B cell lymphoma may be due to
more than one pathway. For instance, in B cell lymphoma driven by c-Myc, Prmt5
was shown to promote B cell lymphoma growth and survival by maintaining normal
mMRNA splicing (see section 1.2.3.3) (Koh et al., 2015b). Furthermore, in a model of
oncogene driven leukemia, Prmt5 was shown to directly methylate p53, preventing
the up-regulation of pro-apoptotic genes, thus promoting tumour survival (Li et al.,
2015b). Finally, in non-Hodgkin lymphomas PRMT5 depletion indirectly led to
inactivation of PRC2 and thereby de-repression of pro-apoptotic genes (Chung et al.,
2013).

Although Prmt5 has been well studied in B cell lymphoma, a characterization of
PRMTS5’s role in normal B cells is missing, as there are indications that PRMT5 plays
different roles in normal and malignant B cells. Indeed, comparing the effects of
Prmt5-depletion in normal and tumoral pre-B cells, by comparing Prmt5FF
RosaERT2-cre with Prmt57F RosaERT2-cre Eu-Myc pre-B cells, showed that Prmt5
was required for pre-B cell growth and survival only in a lymphoma context (Koh et
al., 2015b).

Asymetric dimethylation by PRMT1: the most studied PRMT in B cells
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PRMT1 is important for B cell development, as Prmt17F CD19-cre mice show a B cell
development block at the pre-B cell stage (Dolezal et al., 2017) (Hata et al., 2016)
(Fig. 1.11). This block was confirmed by the limited ability of Prmt1-- pre-B cells to
differentiate and express a BCR ex vivo (Dolezal et al., 2017). Mice with Prmt1
deletion in BM B cells have reduced numbers of pre-B cells, due to a critical role of
Prmt1 in regulating pre-B cell proliferation (Dolezal et al., 2017). Prmt1, in complex
with Btg2, methylates Cdk4, leading to Cdk4 dissociation from cyclin D3 and cell
cycle arrest in G1 (Dolezal et al., 2017). Large pre-B cells are cycling and degrade
Rag2 in order to prevent gene rearrangement. Indeed, Rag?2 is phosphorylated in S-
phase, which leads to its degradation (Lee and Desiderio, 1999; Lin and Desiderio,
1994). By inducing cell cycle arrest, the Prmt1-Btg2 complex promotes large pre-B
cell differentiation into small resting pre-B cells potentially through Rag2 stabilization
in G1 (Dolezal et al., 2017). Moreover, Prmt1 methylation of Iga has also been found
to repress PI3K signalling downstream of BCR signalling, positively regulating pre-B
cell differentiation into immature B cells in vitro (Infantino et al., 2010) (see section
1.1.7 and Fig. 1.11).

Although Prmt1FF CD19-cre mice showed a B cell development block in the BM,
mature Prmt1”- B cells can populate the periphery (Hata et al., 2016). This is
explained by the weak excision efficiency of CD19-cre in the BM compared to the
periphery (Hobeika et al., 2006). Prmt17F CD19-cre mice have almost normal FO B
cell numbers but a significant decrease in MZ B cells, suggesting that Prmt1 is
dispensable for FO B cell homeostasis but required for MZ B cells (Hata et al., 2016).
This contrasts with another study that achieved Prmt1 depletion by breeding Prmt1F/F
mice with CD23-cre mice, which excise Prmt1 in mature MZ and FO B cells (Infantino
et al., 2017) (Kwon et al., 2008) (Fig. 1.10). Indeed, Prmt1FF CD23-cre mice showed
normal FO and MZ B cell populations (Infantino et al., 2017). Both studies showed
compromised antibody response against Tl-antigens, while only Prmt1¥F CD23-cre
mice showed a defective antibody response against TD-antigens (Hata et al., 2016;
Infantino et al., 2017). Another contrasting result is the differentiation potential of
Prmt1-depleted B cells using the CD19-cre or CD23-cre mice: while, Prmt17F CD19-
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cre B cells showed increased proliferation and antibody production in vitro, Prmt1F/F
CD23-cre B cells neither proliferated nor produced plasma cells in vivo and in vitro
(Hata et al., 2016; Infantino et al., 2017). The differences between the two studies
must originate from differences in Cre-excision efficiency and timing, illustrating the
multiple roles played by PRMT1 at different B cell stages. Nevertheless, further
investigations are necessary to better understand the importance or PRMT1 in
mature activated B cells. Moreover, additional systems that bypass the function of

PRMT1 in early B cell activation are required to study the role of PRMT1 in GC B

cells.
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Figure 1.11 - Role of Prmt1 in BM B cell development

Prmt1 has been found to be important at 3 stages of BM B cell development: (i) for pro-B cell
development via an unknown mechanism, (ii) in pre-B cell to promote cell cycle arrest of large pre-B

cells and (iii) for immature B cell development by repressing BCR signaling.
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2.1 Abstract

Mechanisms regulating survival and proliferation during B cell development, activation
and education in the germinal center (GC) are critical for the humoral immune
response. Protein arginine methyltransferase 5 (Prmt5), which catalyzes the maijority
of the symmetric dimethyl arginine (sDMA) protein modification, is overexpressed in B
cell lymphomas but its role in normal B cells is not well known. Here, we show that
Prmt5 is essential for B cell development, by preventing a p53 response in pro-B
cells, and again, but independently of p53, in pre-B cells. While Prmt5 dampens a
transcriptional p53 response also in mature B cells, Prmt5 is in fact necessary for
antibody responses because of multiple p53-independent functions. Thus, Prmt5
protects from apoptosis during B cell activation, promotes GC expansion and
negatively regulates plasma cell differentiation. Phenotypic and RNA-seq data
indicate that Prmt5 determines GC light zone B cell fate by regulating the
transcriptional program directly as well as by ensuring splicing fidelity of
transcriptional regulators and DNA repair factors. Thus, Prmt5 and sDMA are
essential for B cell development, B cell activation and GC dynamics by distinct

mechanisms.
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2.2 Introduction

B lymphocytes transit through multiple cellular stages on their way to acquiring
functional proficiency and producing high affinity antibodies. B cell development in the
bone marrow (BM) alternates between quiescent and replicative stages, with
checkpoints for the successful rearrangement of the immunoglobulin genes (/g) (Clark
et al.,, 2014; Melchers, 2015). Mature B cells in the periphery go through another
series of functional transformations after cognate antigen engagement: activation,
proliferation, programmed /g mutation coupled to antibody affinity-based selection in
the germinal center (GC), and differentiation into memory or plasma cells (De Silva
and Klein, 2015). Factors regulating B lymphocyte stage transitions are critical for the

immune response.

The transition of quiescent mature B cells to the activated stage after antigen
exposure and T cell stimulation entails morphological and functional changes enabled
by rapid transcriptional changes (Kouzine et al., 2013). Subsequent migration of
activated B cells to the B cell follicles and proliferation determine the formation of
GCs. This transient structure undergoes formation, expansion and attrition stages
over ~2-3 weeks after antigenic challenge (De Silva and Klein, 2015). The GC is
organized into two separate regions, the dark (DZ) and light (LZ) zones, which
contain functionally distinct B cell stages (De Silva and Klein, 2015). The centroblast
stage in the DZ is highly proliferative and undergoes /g somatic hypermutation
initiated by Activation induced deaminase (AID). Centrocytes in the LZ proliferate less
and compete for antigen and T cell help, which select those expressing high affinity
antibodies (Victora et al.,, 2012). (Kouzine et al., 2013)Transcriptional changes
dominated by master transcription factors like Bcl6 and Pax5 define a GC B cell fate,
while the induction of Irf4 and Prdm1 define plasma cell differentiation (Nutt et al.,
2015). Transcriptional differences between centrocytes and centroblasts are subtle
(Victora et al., 2010); nonetheless, additional transcriptionally defined GC B cell
subsets are emerging (Dominguez-Sola et al., 2012; Ise et al., 2018). For instance,
these new populations can distinguish high affinity from low affinity GC B cells (Ise et
al., 2018), revealing a greater level of complexity within the GC compartment.
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Post-translational modifications (PTM) can directly or indirectly regulate gene
expression. While phosphorylation has received the most attention, other abundant
PTM are less studied. Arginine methylation, catalyzed by a family of Protein arginine
methyltransferases (PRMTs), can regulate gene expression, RNA processing and
signaling (Bedford and Clarke, 2009; Blanc and Richard, 2017). The relevance of
arginine methylation in B cells has been suggested by a pan-PRMT inhibitor, which
reduces B cell proliferation ex vivo (Hata and Mizuguchi, 2013). However, each
PRMT has specific functions by modifying a non-overlapping set of proteins, as
shown by the unique phenotype of mice lacking each enzyme (Blanc and Richard,
2017), calling for enzyme-specific analyses. PRMTs can be mono- or di-
methyltransferases. The latter are divided into type I, which transfer two methyl
groups to the same nitrogen of the arginine guanidino group to produce asymmetric
dimethyl-arginine, or type Il, which produce symmetric DMA (sDMA) by modifying two
different nitrogen atoms. Recent work on two PRMTs indicate that each has unique
functions in B cells. PRMT7, a monomethyltransferase, limits GC formation (Ying et
al., 2015). On the other hand, PRMT1 promotes pre-B cell differentiation and is
necessary for GC formation and antibody responses (Dolezal et al., 2017; Hata et al.,
2016; Infantino et al., 2010; Infantino et al., 2017). The type Il enzymes, PRMT5 and
PRMT9, have been barely studied in normal B cells. The observation that Prmt5
protein and sDMA levels are increased in activated mouse B cells (lgarashi et al.,
2009) suggests at least a physiological function at this stage, which has not been

investigated.

PRMTS5 is responsible for most cellular sDMA and is not redundant with other PRMTs
(Blanc and Richard, 2017). Yet, the multiplicity of potential substrates allows PRMT5
to regulate major aspects of cell physiology (Karkhanis et al.,, 2011). PRMT5
regulates transcription, acting mainly as a transcriptional corepressor by methylating
histones but can also modulate the function of transcription factors (Karkhanis et al.,
2011; Koh et al., 2015a). PRMT5 methylates Sm and other splicing factors, whereby
it can regulate alternative splicing and/or splicing fidelity (Bezzi et al., 2013; Koh et al.,

2015b; Sanchez et al., 2010). Interestingly, very little is known about the relevance of
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splicing fidelity in normal B cells. Methylation of cytoplasmic proteins also allows
PRMTS5 to regulate signaling (Andreu-Perez et al., 2011). Additionally, PRMTS5 can
regulate DNA repair by homologous recombination (Clarke et al., 2017), a pathway of
major importance to B cells expressing AID (Hasham et al., 2010).

In contrast to normal B cells, PRMT5 has been well studied in the context of B cell
neoplasms because it is overexpressed in GC-experienced and mantle cell human
lymphomas, correlating with poor prognosis (Koh et al., 2015b; Pal et al., 2007).
Accordingly, PRMT5 promotes disease progression in mouse models of oncogene-
driven leukemia (Li et al., 2015b) and its depletion reduces proliferation of B cell
lymphoma (BCL) cells (Koh et al., 2015b; Pal et al., 2007; Wang et al., 2008). PRMT5
inhibition is emerging as a potential therapy against BCL (Chan-Penebre et al., 2015;
Kryukov et al., 2016) but enacting any therapy would require understanding the

relevance and functions of this enzyme in normal B cells.

Here, we show that Prmt5 is critical for all major proliferative B cell stages during
development in bone marrow as well as in secondary lymphoid organs, being
essential for antibody responses. Prmt5 regulates transcription and splicing fidelity in
B cells, whereby it prevents an apoptotic p53 response that otherwise hampers the
development of pro-B cells and mature B cell activation. We also uncover p53-
independent roles of Prmt5 in the differentiation of pre-B cells and in promoting GC
expansion, which is at least in part due to a role in negatively regulating plasma cell
differentiation.

2.3 Results

2.3.1 Distinct regulation of Prmt5 in proliferating B cells

To infer the B cell stages in which Prmt5 function was more relevant, we analyzed
Prmt5 gene expression. Prmt5 mRNA peaked during B cell development at the
proliferative pro-B and early pre-B cell stages (Fig. 2.1A). Most subsequent B cell

stages, including all mature B cell populations, expressed similar levels of Prmt5
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mRNA, which was only highly upregulated in B cells activated ex vivo (Fig. 2.1A).
Accordingly, Prmt5 protein reached maximum levels 48 h after stimulating purified
resting splenic B cells with LPS and IL-4, correlating with increased sDMA detected in
multiple proteins (Fig. 2.1B). Consistent with the gene expression profile, conditional
ablation of Prmt5 using the Mb1-cre mice completely blocks B cell development at the
pro-B stage, which is described below. However, using CD19-cre, which is less
efficient than Mb1-cre in the BM (Hobeika et al., 2006), permitted normal B cell
development (Supplementary Fig. 2.1A). Prmt57F CD19-cre mice had normal
numbers of resting B cell subsets in the spleen (Fig. 2.1C, Supplementary Fig.
2.1B) despite efficient Prmt5 depletion, as shown by WB (Fig. 2.1D). Prmt5 protein
and sDMA levels were also reduced in Prmt5F CD19-cre splenic B cells stimulated
ex vivo with LPS and IL-4 (Fig 2.1E). Despite interindividual variability, Prmt5 mRNA
and protein levels correlated well in activated B cells (Fig 2.1F). In contrast to
activated B cells, GC B cells expressed Prmt5 mRNA at levels similar to resting
follicular B cells (Fig. 2.1A). Yet, immunohistochemistry (IHC) in spleen sections from
immunized mice with anti-Prmt5 revealed distinct groups of strongly reactive cells
within GC, as shown by parallel PNA staining (Fig. 2.1G). Publicly available IHC
performed on human tissues also showed higher Prmt5 expression in GC versus
follicular B cells (Supplementary Fig. 2.1C). We conclude that Prmt5 is dispensable
for the homeostasis of follicular and marginal zone B cells in the spleen and is
upregulated in proliferating B cell stages. The distinct regulation of Prmt5 in activated
B cells, where it is transcriptionally induced, and GC B cells, where it is post-
transcriptionally upregulated, may reflect different functions of Prmt5 in each of these

stages.
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Figure 2.1 — Regulated Prmt5 expression in B cells

A) Prmtb transcript levels in B cell stages. For comparison, each dataset was normalized to the levels
in mature follicular (Fo) B cells. RT-qPCR data was normalized to Actin mRNA and obtained from a
pool of two mice sorted for Hardy’s BM fractions (Fr) A to E, from B220* GL7* CD95* cells sorted from
pooled splenocytes from 4 immunized mice for germinal center (GC) B cells, and from splenocytes
purified from 2 mice and stimulated ex vivo with LPS and IL-4 for 48h for activated B cells. HSC,
hematopoietic stem cells; CLP, common lymphoid progenitor; T1-T3, transitional B cells; MZ, marginal

zone B cells; PC, plasma cells; Sp, spleen.
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B) Kinetics of Prmt5 expression and sDMA-modified proteins by WB probed with anti-PRMTS5, anti-
Actin (as loading control) and two anti-sDMA antibodies (SYM11 and SYM10) in extracts of splenic B
cells from WT mice, stimulated ex vivo with LPS (5 ug/mL) and IL-4 (5 ng/mL).

C) Absolute number of B cell subpopulations in the spleen of CD19-cre (Ctrl) and Prmt57F CD19-cre

(F/F) mice. Values for individual mice (dots) and means (bars) are plotted.

D) Representative WB of resting splenic B cell extracts from CD19-cre (Ctrl) and Prmt5/F CD19-cre
(F/F) mice, probed for Prmt5 and Actin. Means + s.d. Prmt5 levels normalized to Actin quantified from

WB from n mice are shown, including Prmt5/+ CD19-cre (F/+) mice.

E) Representative WB of Prmt5, Actin and sDMA (SYM11) in extracts of splenic B cells from mice of
the same genotypes as in D) but activated with LPS (5 ug/mL) and IL-4 (5 ng/mL) for 72 h. Means +

s.d. Prmt5 levels are plotted as in D).

F) Prmt5 mRNA level (measured by RT-qPCR) as a function of Prmt5 protein level (measured by WB)
at 72 h post-stimulation, for experiments done as in E). Spearman’s test correlation coefficient (r) and

p-value (p) are indicated.

G) Representative immunohistochemical staining for Prmt5 and PNA (GC marker) on consecutive

spleen sections from one mouse at day 14 post-immunization with NP-CGG.

2.3.2 Prmt5 promotes survival of activated B cells in vivo

To assess the relevance of Prmt5 in stimulated B cells in vivo, we immunized
Prmt5FF CD19-cre mice with NP-CGG in alum and examined GC B cells 14 days
later. GC B cell numbers were reduced by ~3-fold in Prmt5/F CD19-cre compared to
control mice (Fig. 2.2A). Despite Prmt5 being hardly detectable in follicular B cells in
Prmt5FF CD19-cre mice, the GC B cells we found after immunization were
consistently Prmt5* (Fig. 2.2B). This suggested that the few B cells that had failed to

excise Prmt5 were strongly selected to form GCs in these mice.

We were intrigued by the observation that the total lymphocyte count was reduced
because of B cell loss in immunized Prmt5FF CD19-cre mice, which was not observed
in non-immunized mice (Fig. 2.2C). Alum causes some polyclonal B cell activation
(Marichal et al., 2011), as could be verified in our mice by the upregulation of the GL7

activation marker after injecting Alum alone (Fig. 2.2D). We hypothesized that Prmt5
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might be important upon B cell activation. To test this possibility in vivo, we infected
mice with Heligmosomoides polygyrus, a parasitic enteric nematode that induces
polyclonal B cell activation (McCoy et al., 2008). At day 14 post-infection total B cell
numbers in mesenteric lymph node (MLN) and spleen were significantly reduced in
Prmt5FF CD19-cre but not in control mice, whilst T cells were not affected (Fig. 2.2E).
This reduction correlated with a significant increase in apoptosis in non-GC B cells in
Prmt5FF CD19-cre mice (Fig. 2.2F). In contrast, neither T cells nor GC B cells, which
in these mice were mostly Prmt5* (see Fig. 2.2B), showed any increase in apoptosis
(Fig. 2.2F). Interestingly, most apoptosis was found in GL7-negative splenic B cells in
Prmt5FF CD19-cre mice (Fig. 2.2G), suggesting that apoptosis occurred soon after
activation and Prmt5-deficient B cells did not survive to become GL7*. We conclude

that Prmt5 protects early activated B cells from cell death.
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Figure 2.2 - Prmt5 is required for the survival of activated B cells in vivo

In all panels Prmt5FF CD19-cre (F/F) and CD19-cre (Ctrl) mice were compared.

A) Representative flow cytometry plots showing the frequency of GC B cells (B220*, GL7"d", CD95") in

the spleen 14 days after inmunization with NP-CGG. Total number of splenic GC B cells for individual

mice (symbols) and means (bars) from 2 experiments are plotted.

B) Representative confocal microscopy of IF in spleen sections of mice pre- and 14 days post-NP-

CGG immunization with anti-Prmt5, -B220, -GL7 and/or -IgD. One experiment, 2 mice per genotype.

Scale bar, 100 um.
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C) Absolute number of lymphocytes in spleens of individual mice (symbols) and means (bars) at 14

days post-immunization are plotted from 2 experiments.

D) Representative histograms of the distribution of GL7 expression in non-GC B cells (gated on B220*
CD95) from mice injected or not with Alum from one experiment with 2 mice per genotype per

treatment.

E) Absolute number of B cells (B220+) and T cells (CD3+) in mesenteric lymph node (MLN) and spleen
of individual mice (symbols) infected with H. polygyrus for 14 days, from 2 experiments, with means

(bars) indicated.

F) Representative flow cytometry plots showing the frequency of pan-caspase+ cells from non-GC B
cells (B220* CD95) and T cells (B220- CD3*) from the MLN of mice analyzed in E). Gates were set
using cells treated with etoposide (3 uM) to induce apoptosis. Means + s.d. proportion of pan-caspase+

cells from 6 mice from 2 experiments are plotted, normalized to the control average.

G) Flow cytometry gating used to define GL7* and GL7- fractions in non-GC splenic B cells and
frequency of activated pan caspase* cells in each fraction. Mean + s.d. proportion of activated pan-
caspase* cells in each non-GC B cell fraction for 6 mice from 2 experiments are plotted normalized to
the Citrl.

P-values throughout are indicated for significant differences by unpaired, two tailed Student-t tests.

2.3.3 Prmt5 prevents B cell apoptosis at the time of activation

To confirm the activation defect of Prmt5-deficient B cells, we stimulated resting
splenic B cells from Prmt5FF CD19-cre mice ex vivo with LPS and IL-4. Cell
enumeration and cell division tracking dye showed reduced expansion and
proliferation of Prmt5-deficient B cells (Fig. 2.3A). Prmt5-deficient B cells presented
normal cell cycle profile (Fig. 2.3B) but significantly increased cell death, which was
inversely correlated to Prmt5 levels (Fig. 2.3C, 2.3D). To test whether B cell survival
depended on the catalytic activity of Prmt5, we treated wt B cells with the Prmt5-
specific inhibitor EPZ015666 (EPZ) (Chan-Penebre et al., 2015), which reduced
sDMA in cell extracts (Fig. 2.3E). Inhibition of Prmt5 24 h prior to activation resulted
in an EPZ dose-dependent increase in cell death and reduced cell numbers after
activation (Fig. 2.3F). In contrast, adding EPZ simultaneously with LPS and IL-4 did
not increase apoptosis compared to control, although it still reduced proliferation (Fig.
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2.3G). This difference suggested that the anti-apoptotic function of Prmt5 was
mediated by factors that were pre-methylated in resting B cells. To confirm this, we
produced Prmt5FF Cy1-cre mice, which express the Cre-recombinase only after B cell
activation (Casola et al., 2006). We reasoned that the presence of the sDMA at the
time of activation would prevent the apoptosis observed in the sDMA-depleted
Prmt5FF CD19-cre B cells. Indeed, Prmt5//F Cy1-cre B cells stimulated with LPS and
IL-4 showed efficient Prmt5 depletion without any increase in apoptosis (Fig. 2.3H).
We conclude that Prmt5 activity has an intrinsic function protecting from apoptosis at

the time of B cell activation.
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Figure 2.3 — Prmt5 protects B cells from apoptosis and promotes
proliferation

A-D) Resting splenic B cells from CD19-cre (Ctrl) and Prmt57F CD19-cre (F/F) mice were seeded at
1.106 cells in 24-well plates with LPS (5 ug/mL) + IL-4 (5 ng/mL)

A) Cell expansion was monitored by cell counting over time. Cells were stained with CFSE and
analyzed on day 3 by flow cytometry. One experiment, 2 mice per genotype.
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B) Cell cycle profile of cell cultures pulsed with BrdU (10 uM) for 1h at day 3 before staining with anti-
BrdU and propidium iodide (Pl). Data for 3 mice (symbols) per genotype from one experiment are

plotted, with means indicated.

C) Representative histograms monitoring apoptosis by the proportion of Annexin-V* B cells at day 3
post-plating. The proportion of Annexin-V* cells for individual mice (symbols) from 5 experiments are
plotted normalized to the Ctrl mean with means shown as bars. P-value from unpaired, two tailed
Student’s t-test.

D) Proportion of Annexin-V* cells in B cells of each indicated genotype, as a function of Prmt5 protein
levels normalized to Actin (measured by WB) at 72 h post-stimulation. Spearman’s correlation

coefficient (r) and p-value (p) are indicated.

E) WB for sDMA (SYM11) and Prmt5 in extracts from wt splenic B cells stimulated with LPS (5 ug/mL)
and IL-4 (5 ng/mL) for 72 h in the presence of the indicated concentration of Prmt5 inhibitor (EPZ).

F) Experimental set up and representative flow cytometry histogram of the proportion of Annexin-V* B
cells that were plated and treated with the indicated EPZ doses for 24 h before stimulation with LPS (5
ug/mL) and IL-4 (5 ng/mL). Means + s.d. proportion of Annexin-V* B cells from n mice from 5
experiments are plotted. The rightmost plot shows means + s.d. cell counts, except for the 10 uM dose,
for which mean + s.e.m was used, of n mice from 5 experiments at 72 h post-plating. Significant P-

values by one-way ANOVA with Dunnett’s correction for multiple comparisons are indicated.

G) Experimental set up for simultaneous Prmt5 inhibition and B cell activation. Apoptosis and cell

counts from n mice from 2 experiments were measured and plotted as in F).

H) WB of Prmt5 in extracts of splenic B cells from Cy1-cre (Ctrl) and Prmt57F Cy1-cre (F/F) mice,
stimulated with LPS (5 ug/mL) and IL-4 (5 ng/mL) for 72 h. Revert protein staining serves as loading
control. The normalized proportion of Annexin-V* cells for individual mice (symbols) from 2

experiments and mean values (bars) are plotted.

I) Left, resting splenic B cells from Prmt5+ CD19-cre (Ctrl) and Prmt5F CD19-cre (F/F) mice were
plated onto 40LB cells with 1 ng/mL IL-4 to generate GC-like B cells (iGBs). Mean + s.e.m. cell counts
per day are plotted for 2 mice. Right, proportion of Annexin-V* iGBs for individual mice (symbols) and

means (bars) are plotted.
J) B cells from Cy1-cre (Ctrl) and Prmt57F Cy1-cre (F/F) mice plated as in |).

K) Representative cell cycle profile of Cy1-cre (Ctrl) and Prmt5FF Cy1-cre (F/F) iGBs at day 4, done as
in B). Means + s.d. of 6 mice per genotype from 3 experiments are plotted. Significant P-values by

unpaired, two tailed Student-t test.
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2.3.4 Prmt5 promotes activated B cell proliferation

independently of apoptosis

Ex vivo activation of purified resting B cells with mitogens only supports limited
proliferation (Fig. 2.3A). We therefore used a system that permits sustained B cell
proliferation, by plating resting B cells onto 40LB feeder cells, which express CD40L
and the anti-apoptotic BAFF (Nojima et al., 2011). In the presence of exogenous IL-4,
B cells expand exponentially in this system and acquire a GC-like phenotype (iGBs,
from now on) in which Prmt5 is the most highly expressed PRMT (Supplementary
Fig. 2.2A). Prmt57F CD19-cre iGB cells showed only a small sDMA reduction by day
6 post-plating (Supplementary Fig. 2.2B), likely due to inefficient excision and/or
selection, which limited the interpretation of the experiment. Yet, these cells showed
compromised expansion but no increased apoptosis, compared to controls (Fig. 2.3I),
suggesting both effects could be separated. Indeed, in Prmt5/F Cy1-cre iGBs, Prmt5
and sDMA depletion were efficient and sustained (Supplementary Fig. 2.2C, 2.2D)
and these cells had substantially compromised expansion but no increased apoptosis
(Fig. 2.3J). Cell cycle analysis revealed significant G1 arrest and reduction in the
proportion of cells in S-phase that could explain reduced proliferation (Fig 2.3K). We
conclude that Prmt5 promotes B cell proliferation by a different mechanism than it

protects B cells from apoptosis during activation.

2.3.5 Prmt5 is essential for antibody responses

To examine the pro-proliferation function of Prmt5 in normal B cells in vivo without the
confounding effect of activation-related apoptosis, we analyzed GC responses in
Prmt5F'F Cy1-cre mice, which ablate Prmt5 only after activation. Prmt5FF Cy1-cre
mice immunized with NP-CGG showed a >10-fold reduction in total anti-NP 1gG1 at
day 14 post-immunization compared to controls (Fig. 2.4A), which correlated with a
severe deficit in antibody secreting cells (Fig. 2.4B). The drastic impairment of the
antibody response in Prmt57F Cy1-cre mice was consistent at all times post-

immunization tested (Fig. 2.4C). Furthermore, Prmt57F Cy1-cre mice showed a 17-
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fold reduction in pre-immune serum IgG1, which is elicited against environmental
antigens, indicating that even chronic stimulation could not compensate for the defect
(Fig. 2.4D). Prmt5/F Cy1-cre mice immunized with NP-CGG had normal resting
splenic B cell populations but showed a 3-fold reduction in GC B cell numbers at day
14 post-immunization (Fig. 2.4E, 2.4F). Prmt57F Cy1-cre mice infected with H.
polygyrus exhibited 6-fold reduction in GC B cells in MLN, while total B and T cell
numbers were unaffected (Fig. 2.4G, 2.4H). Accordingly, IF of MLN from infected
Prmt5F Cy1-cre mice showed greatly reduced numbers of visible GC compared to
the controls (Fig. 2.4l). Thus, antigen persistence cannot moderate the GC defect
caused by Prmt5-deficiency. The number of total activated CD4* T cells, Th2 or Treg
cells was not significantly different between the groups (Supplementary Fig. 2.3A).
In addition, there was no significant difference in the absolute number or ratio of Tfh
and Tfr cells between the groups (Supplementary Fig. 2.3B). These data further
indicate a B cell-intrinsic role for Prmt5 in GC formation. We conclude that, separate
from its function during B cell activation, Prmt5 is essential for the antibody response

by promoting GC formation.
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Figure 2.4 — Antibody response and GC defects caused by Prmt5 deficiency
A-l) Cy1-cre (Ctrl) and Prmt5FF Cy1-cre (F/F) mice were used throughout.

A) Total anti-NP IgG1 in the serum of mice measured by ELISA using NPx-BSA, 14 days after
immunization with NP-CGG. Mean + s.d. OD values for serial dilutions are plotted for n mice from 3

experiments.

B) NP-specific IgG1 antibody secreting cells (ASC) were measured by ELISPOT using NP2p-BSA.
Representative pictures of ELISPOT wells are shown. The number of ASC of individual mice (symbols)

and mean values (bars) are plotted.

C) Anti-NP 1gG1 in the serum of mice at various times post-immunization. Antibodies were measured
as in A) and converted to mass using a standard curve. Mean t s.d. values for n mice at each time

point from 2 experiments are plotted.

D) Total levels of antibody isotypes in the serum of n non-immunized mice, measured by ELISA.
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E) Mean + s.d. number of lymphocytes per spleen enumerated by flow cytometry for n mice from 2

experiments.

F) Representative flow cytometry plots (gated on B220*) of splenic GC B cell proportions at 14 days
post-immunization with NP-CGG. Number of GC B cells per spleen for individual mice (symbol) and

mean values (bars) from 3 experiments are plotted.
G) As in F) for MLN of mice infected with H polygyrus for 14 days. Data from 2 experiments are plotted.
H) Mean + s.d. number of lymphocytes per MLN in the mice from G).

I) Representative IF in MLN from mice infected with H polygyrus, stained for the indicated antigens.

Scale bar, 100 um. GC number per MLN scored in individual mice (symbols) are plotted to the right.

P-values throughout are indicated for significant differences by unpaired, two tailed Student-t test.

2.3.6 Prmt5 is required for GC expansion and dynamics

To pinpoint the GC stage in which Prmt5 played a role, we analyzed GCs at different
times after immunizing Prmt5FF Cy1-cre and Cy1-cre control mice with SRBC. Both
groups showed similar nuber of GC B cells at day 5 post-immunization (Fig. 2.5A).
The number of GC per spleen section and their apparent organization was also
similar between the groups at this time (Fig. 2.5B, 2.5C), despite Prmt5 and sDMA
being efficiently depleted in Prmt57F Cy1-cre GC (Fig. 2.5D). In contrast, by day 8
post-immunization, GC B cell proportion and numbers were severely reduced and
there were fewer GCs per spleen in Prmt57F Cy1-cre mice (Fig. 2.5A, 2.5B),
although the GCs we could observe maintained overall organization (i.e. DZ proximal
to the T cell zone and CD35* LZ could be distinguished) (Fig. 2.5C). Consistent with
our ex vivo data in iGB cells, GC B cells in Prmt5/F Cy1-cre mice did not show
apoptosis (Fig. 2.5E) but were enriched in Ki67'°¥ cells (Fig. 2.5F), which indicates
less cells in S/G2/M (Endl et al., 1997).

To characterize in more detail the GC defect in Prmt5FF Cy1-cre mice, we examined
DZ and LZ B cells. The DZ/LZ ratio in Prmt57F Cy1-cre GC was apparently normal
(Fig. 2.5G), but these mice displayed a Cxcr4- Cd86'°" GC population at days 8 and

10 post-immunization that was not visible in the controls (Fig. 2.5G). This population
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was also readily visible in mice infected with H. polygyrus (Fig. 2.5H), excluding an
antigen-dependent effect, and was independent of AID expression (Fig. 2.51), further
excluding that it can be caused by reduced SHM and therefore affinity maturation.
Further analysis revealed that a large proportion of Cxcrd- Cd86'°¥ cells were Ki67'o"
(Fig. 2.5J), indicating lower proliferative potential, and that this population did not
express AID, as shown using Prmt5/F Cy1-cre Aicda-GFP mice (Fig. 2.5K). These
reporter mice revealed further alterations in Prmt5-null GC B cells, notably the loss of
an AIDY™ DZ population and there were fewer AID* cells in the LZ, presumably
because they converted to the Cxcr4- Cd86'°" subset (Fig. 2.5K).

We conclude that, after the initial requirement for B cell activation, Prmt5 is
dispensable for GC initiation but necessary for GC expansion, at least in part by
promoting cell proliferation but also by sustaining normal GC dynamics, as shown by
accumulation of abnormal Cxcr4- Cd86'°" Ki67'°" Aid- B cells in Prmt5-deficient GCs.
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Figure 2.5 — Prmt5 is necessary for GC expansion

Day 5

(Prmt5) Cy1-cre mice + SRBC (day 8)

Day 8

0
Ctrl F/F Ctrl F/F

(Prmt57F) Cy1-cre mice

A) Representative flow cytometry plots of GC B cells (%) in Cy1-cre (Ctrl) or Prmt57F Cy1-cre (F/F)

mice at various times post-immunization with SRBC. Mean +

GC B cell numbers from n mice from 7 experiments are plotted.
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B) Enumeration of GC in spleen from individual Cy1-cre (Ctrl) or Prmt5FF Cy1-cre (F/F) mice (symbols)

at days 5 and 10 post-immunization, analyzed by IF. Mean values are shown by bars.

C) Representative fluorescent microscopy images used for counting GC in B). Antibodies recognized B
cells (B220), T cells (CD3), FDCs (CD35) and activated/GC B cells (GI7). Scale bar, 100 um.

D) Representative confocal images of IF in splenic sections from immunized mice, stained for the

indicated markers as well as Prmt5 and sSDMA (SYM11). GCs are contoured. Scale bar, 100 um.

E) Representative histograms showing the frequency of activated pan-caspase* cells in splenic GC B
cells from mice analyzed in A) at day 8 post-immunization. The positive gate was set using etoposide
(3 uM) to induce apoptosis. Mean + s.d. proportion of activated pan-caspase* GC B cells for 6 mice per

group from 2 independent experiments are plotted.

F) Representative histograms of Ki67 expression in splenic GC B cells from mice as in A), at day 8,
with a Ki67'°w gate indicated. Mean + s.d. proportion of Ki67°" GC B cells for individual mice (symbols)

at days 5 and 8 post-immunization, from one experiment each.

G) Representative flow cytometry plots of DZ (CXCR4* CD86""), LZ (CXCR4- CD86"s") and a third
population (CXCR4- CD86"") of GC B cells (B220* GI7* CD95%) from Cy1-cre (Ctrl) or Prmt5FF Cy1-cre
(F/F) mice at various times post-immunization with SRBC. Mean + s.d. of DZ/LZ ratios for n mice from
6 independent experiments are plotted, as well as the proportions of (CXCR4- CD86"°*) GC B cells for

individual mice (symbols), with means (bars) indicated.

H) Representative flow cytometry plots and proportion of (CXCR4* CD86/*) GC B cells, scored as in
G), in Cy1-cre (Ctrl) or Prmt57F Cy1-cre (F/F) mice infected with H polygyrus for 14 days. Data

compiled from 2 experiments.
1) As in G) for Aicda’ Cy1-cre (Ctrl) or Aicda”- Prmt57F Cy1-cre (F/F) mice immunized with SRBC.

J) Representative histograms of Ki67 levels in different GC B cell subsets from Prmt5/F Cy1-cre (F/F)
immunized with SRBC.

K) Histograms of AID-GFP levels for individual Aicda-GFPtg Cy1-cre (Ctrl) or Aicda-GFPtg Prmt5FF
Cy1-cre (F/F) mice at 9 days post-immunization with SRBC. Gates distinguishing dim and high AID
expression are shown in LZ and DZ. The ratio of AIDY™/AIDMa" for individual mice are plotted with

(symbols) means indicated (bars).

P-values indicated throughout for significant differences by unpaired, two tailed Student-t test.
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2.3.7 Prmt5 regulates transcription and affects splicing fidelity

in B cells

Since arginine methylation regulates gene expression (Blanc and Richard, 2017), we
performed RNA-seq to gain mechanistic insight into the defects of Prmt5-deficient B
cells. Given the paucity of GC B cells in vivo, we used Prmt57F Cy1-cre and Cy1-cre
iGBs at day 4 after plating. At this time, iGB cells are largely CD95" GL7* and Prmt5
deletion and sDMA depletion are complete (Supplementary Fig. 2.4A, Fig. 2.3J).
Prmt5 ablation induced large transcriptional changes, with 1511 genes differentially
expressed in Prmt5-null versus control iGBs (P-adj <0.05, >1.5-fold change in either
direction) (Supplementary Table 2.1). Focusing on genes that changed by >2-fold
reduced the complexity to 382 genes, with a majority being upregulated and
displaying larger changes (Fig. 2.6A), in line with the predominant role of Prmt5 as
transcriptional repressor (Pal et al., 2007; Wang et al., 2008).

To identify biological processes that were affected by Prmt5 deficiency, we first used
functional annotation by gene ontology (GO). No significantly enriched (FDR<5%) GO
term was found when we analyzed the downregulated genes, regardless of the fold
change in expression (see methods). On the other hand, analyzing all upregulated
genes ranked by fold increase showed enrichment in many GO terms, mostly related
to cell adhesion and proliferation (Supplementary Figs. 2.4B, Supplementary Table
2.2). Restricting the analysis to the 257 genes upregulated by >2-fold also showed
enrichment in cell adhesion and negative regulators of cell proliferation, which
included several p53 target genes (Fig. 2.6B). Accordingly, gene set enrichment
analysis (GSEA), a more sensitive method to detect gene signatures (Subramanian et
al., 2005), revealed the upregulation of a p53 transcriptional signature in Prmt5-null B
cells (Fig. 2.6C, Supplementary Fig. 2.4C). Additional analysis of a curated gene set
composed of 346 genes upregulated by p53 (Fischer, 2017) confirmed a highly
significant upregulation of p53 target genes in Prmt5-deficient iGBs, including the cell
cycle inhibitor Cdkn1a and pro-apoptotic genes (Perp, Bbc3, Tnfrsf10b, Bax, El24,
etc) (Fig. 2.6C). Thus, in the absence of Prmt5, B cells display a p53 response but
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also undergo multiple gene expression changes that affect the proteins composition

of the plasma membrane.

Prmt5 also regulates splicing (Bezzi et al., 2013; Blanc and Richard, 2017), which we
analyzed from our RNA-seq data (see methods). Splicing of 1518 genes was
significantly altered by >10% in Prmt5-deficient B cells (Supplementary Table 2.3).
Genes affected at the splicing and transcriptional level showed little overlap (Fig.
2.6D), indicating that aberrant splicing was not causing the gene expression changes
in Prmt5-defficient B cells. There was a clear preference to exclude exons (SE
events) and include introns (Rl events) in Prmt5-null cells compared to wt (Fig. 2.6E),
but the genes affected by SE or RI did not overlap (Supplementary Fig. 2.4D). In
fact, both types of events had the same underlying cause; the skipping of weak &’
splicing donor sites in Prmt5-defficient B cells, while 3’ acceptor sites did not differ
between used and skipped sites (Fig. 2.6F, Supplementary Fig. 2.4E). Functional
annotation of the genes affected by splicing showed a predominance of GO terms
related to regulation of gene expression and RNA processing whether all or just
events with >0.25 inclusion level difference were analyzed (Fig. 2.6G,
Supplementary Fig. 2.4F, Supplementary Table 2.4). Splicing was affected for
multiple genes encoding chromatin modification factors, including several enzymes
involved in histone modification (Fig. 2.6G), which is likely to contribute to the
observed changes in gene expression. Interestingly, SE events affected several
subunits of the Tip60 complex and Hdac6 (Fig. 2.6G, Supplementary Fig. 2.4G),
both of which participate in DNA repair and regulate the p53 transcriptional response
(Ding et al., 2013; Legube et al., 2004). We also found two major SE events resulting
in multiple exon exclusions affecting a large proportion of the Mdm4 transcripts (Fig.
2.6H). These alternative Mdm4 forms cannot repress the transcriptional activity of p53
(Bezzi et al., 2013), which likely contributes to the p53 gene expression signature

observed in Prmt5-deficient B cells.

We conclude that Prmt5 maintains the normal GC transcriptional program, both
directly as well as by regulating proper RNA processing of multiple chromatin
modifiers by ensuring the use of weak 5’ donor sites.
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Figure 2.6 — Prmt5 regulates gene expression and maintains splicing fidelity

in B cells
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A) Volcano plot of gene expression changes in Prmt5FF Cy1-cre versus Cy1-cre iGB cells. The number
of genes significantly changed by =2- or =4-fold (in red), are indicated. The violin plot shows the

absolute change for the genes changing by >2-fold.

B) GO terms significantly enriched in a list of the 257 genes upregulated =2-fold in Prmt5-null iGBs, as

analyzed at the DAVID server against a background list of all expressed genes in iGBs (basemean>0).

C) Gene set enrichment analysis (GSEA) of the KEGG P53 signaling pathway from MSigDB and heat
map of genes in the leading edge. GSEA of a curated set of 346 genes that are direct targets of p53

and upregulated in response to p53.

D) Venn diagrams comparing genes differentially expressed by =>1.5-fold, to genes with at least one
splicing alteration. In both cases only significant events (P-value<0.05) and relatively well-expressed

genes (basemean >50) were included.

E) Scatter plot of inclusion level difference (ILD) in WT/KO for each significant splicing event (P<0.05,
>10% ILD) separated by category (SE, skipped exon; MXE, mutually exclusive exons; A5SS and
A3SS, altered 5 or 3’ splicing site; RI, retained intron). Violin plots for SE and RI are included to

highlight the preferential direction of the change in each.

F) Sequence logos of the splicing donor and acceptor sites around SE events of Prmt5FF Cy1-cre

iGBs. The height represents the probability of each possible letter appearing at that position.

G) Venn diagrams of partially overlapping GO terms grouping the majority of genes with significantly
affected splicing in Prmt5-null B cells. Names + (ILD) of selected genes involved in DNA repair are

indicated.

H) Mdm4 gene scheme and alignment of RNA-seq data from each sample with the aligned reads for
one SE event in each sample. Representative RT-PCR validating the same event and mean + s.d.

quantification of exon 7 exclusion for 4 mice are shown.

) Cell cycle profile of Cy1-cre (Ctrl) and Prmt57F Cy1-cre (F/F) iGBs treated or not with 100 nM
etoposide on day 3 after plating and analyzed 24 h later. Means + s.e.m of 2 mice per genotype from

one experiment are plotted.

J) Representative histograms of yH2AX staining in GC B cells (B220* GI7+ CD95*) in Cy1-cre (Ctrl)
and Prmt57F Cy1-cre (F/F) mice 10 days after SRBC immunization, and compiled data for 5 mice
(symbols) per genotype from 2 experiments. Proportion of yH2AX* and normalized yH2AX levels

estimated from mean fluorescent intensity (MFI) are plotted.

K) Number of GC B cells in the spleen of Aicda” Cy1-cre (Ctrl) and Aicda’” Prmt5FF Cy1-cre (F/F) mice

(symbols), 10 days after immunization. Data from one experiment.

P-values for significant differences by unpaired, two tailed Student-t test in J) and K).
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2.3.8 Prmt5 prevents spontaneous DNA damage in GC B cells

Prmt5 promotes homologous recombination repair in human cell lines by methylating
Rubvl1, with Prmt5 depletion sensitizing cell lines to DNA damaging agents (Clarke et
al., 2017). Since GC B cells undergo DNA damage from antibody diversification and
high replication rates, we asked if these could cause the p53 response in Prmt5-null B
cells and/or growth phenotypes. We confirmed that Prmt5-deficient B cells have an
intact G1 checkpoint after DNA damage, indicating that p53 was functional in these
cells (Fig. 2.6l1). Despite a trend towards accumulating more DNA damage in Prmt5FF
Cy1-cre iGBs, these cells were not more sensitive than controls to various DNA
damaging agents, including drugs causing replication stress (Supplementary Fig.
2.4H, 2.41). Nonetheless, in vivo there was a significant increase in the DNA damage
marker yH2AX in GC B cells of immunized Prmt57F Cy1-cre mice, which was not
seen in control or non-GC B cells (Fig. 2.6J). Homologous recombination is important
to protect B cells from DNA damage caused by off-target AID activity (Hasham et al.,
2010). However, ablating AID did not rescue GC expansion or normal populations in
Aicda”- Prmt5/F Cy1-cre mice (Figs. 2.6K, 2.5l), ruling out AID-induced DNA damage
as a cause for the GC defects. Furthermore, antibody class switching per division was
normal in Prmt5FF CD19-cre activated B cells (Supplementary Fig. 2.4J), indicating
that non-homologous end joining repair was functional in Prmt5-null B cells. Several
of the chromatin modifiers showing altered splicing also participate in DNA repair,
such as the Tip60 complex and Cdh1l. Furthermore, there were significant SE and RI
events in transcripts of many DNA damage response and repair genes, mostly from
the base excision, Fanconi and homologous recombination repair pathways and
chromatin modifiers that participate in the DNA damage response, like Tip60 and
Cdh1l (Fig. 2.6G). Since many of these genes are highly induced in GC B cells
according to Immgen, we conclude that Prmt5 prevents the accumulation of
spontaneous DNA damage in GC B cells, at least in part by maintaining the splicing
fidelity of factors belonging to several but not all DNA repair pathways.
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2.3.9 A p53 response eliminates Prmt5-deficient pro-B cells

Based on the RNA-seq analysis, we tested the contribution of the p53 response to the
phenotype of Prmt5-deficient B cells in vivo. As mentioned, efficient ablation of Prmt5
by Mb1-cre mice (Hobeika et al., 2006) resulted in the absence of mature B cells in
the spleen (Fig. 2.7A). This was due to a block of B cell development at the pro-B cell
stage (Hardy’s fraction B) (Fig. 2.7B). Progenitor cells initiate VDJ recombination,
which evokes a p53 apoptotic response that limits the number of Pro-B cells in vivo
(Guidos et al., 1996; Lu and Osmond, 2000). However, introducing the prearranged
B1-8 Vhu allele in Prmt57F Mb1-cre mice could not rescue the pro-B cell block (Fig.
2.7C), ruling out defective VDJ rearrangement or an associated DNA repair defect as
the cause. To test the role of p53, we produced Prmt5FF Mb1-cre Tpr537 mice, which
fully recovered pro-B cell numbers and substantially recovered fraction C/C’,
corresponding to late pro- and large pre-B cell stages, but not the small pre-B cell
fraction D (Fig. 2.7D). Closer examination of fraction C/C’ showed that no pre-BCR*
cells were generated in Prmt5FF Mb1-cre Tpr53”- mice (Fig. 2.7E). We conclude that
Prmt5 is essential for B cell development by dampening the p53 response in Pro-B

cells, but also has another essential but p53-independent role in large Pre-B cells.
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Figure 2.7 — Prmt5 is required for B cell development

A) BM lymphocytes and splenic B cells in MB1-cre (Ctrl) or Prmt57F MB1-cre (F/F) mice.
Representative flow cytometry plots are shown, indicating cell proportions. Mean + s.d. of absolute

lymphocyte counts for n mice from 4 experiments are plotted.

B) Representative flow cytometry plots indicating gating for Hardy fractions A to E used to quantify B
cell development in BM from 3-4 months old MB1-cre (Ctrl) and Prmt5F MB1-cre (F/F) mice. Means +
s.d. absolute cell numbers for each fraction from n of mice from 4 independent experiments are plotted.

C) As in B, for B1-8 MB1-cre (ki +/+) and B1-8 Prmt5/F MB1-cre (ki F/F) mice, from 3 experiments.

D) As in B, for Trp537 MB1-cre (pko +/+) and Trp537 Prmt57F MB1-cre (pko F/F) mice, from 3

experiments.
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E) Proportion of Large Pre-B cells in fractions C+C’ estimated by the pre-BCR expression in individual
(symbols) Trp537 MB1-cre (Ctrl) and Trp53” Prmt5F MB1-cre (F/F) mice.

P-values throughout are from unpaired, two tailed Student-t test.

2.3.10 Prmt5 prevents p53-independent apoptosis during B

cell activation

We then asked whether a p53 response might explain the increased apoptosis
observed when activating splenic B cells from Prmt57F CD19-cre mice ex vivo (Fig.
2.3D). Both p53 protein levels and activation, as verified by phosphorylation of p53 at
Ser15, were increased in these cells (Fig. 2.8A). Accordingly, the p53 targets Bax
and Cdkn1a, which were upregulated in iGBs, were also upregulated in these cells
(Fig. 2.6C, 2.8B). Despite this, Prmt5FF CD19-cre Trp537 B cells still showed
apoptosis and reduced proliferation (Fig. 2.8C), indicating that these were p53-
independent defects. We confirmed this by pharmacological inhibition of Prmt5 24 h
before activation in wt and Trp537 B cells, both of which showed increased apoptosis
(Fig. 2.8D). On the other hand, Bcl2 overexpression did rescue apoptosis induced by
Prmt5 inhibition, as shown in splenic B cells from Bcl2 transgenic mice (Fig 2.8D).
Interestingly, both p53 deficiency as well as Bcl2 overexpression prevented Bax and
Cdkn1a upregulation (Fig. 2.8E). We conclude that Prmt5 is necessary to prevent

mitochondrial apoptosis upon B cell activation independently of p53 activation.
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Figure 2.8 — Prmt5 loss induces p53-independant apoptosis

A) WB probed for the indicated proteins on extracts from CD19-cre (Ctrl) and Prmt57F CD19-cre (F/F)
splenic B cells cultured with LPS (5 ug/mL) and IL-4 (5 ng/mL) for 3 days.

B) Gene transcript levels estimated by RT-qPCR in splenic B cells as in A). Mean + s.d. mRNA level

normalized to Actin for n mice are plotted relative to the mean of Ctrl.



C) Representative histograms of Annexin V levels in CD19-cre (Ctrl) and Prmt57F CD19-cre (F/F) in
Trp53** or Trp53” background. Mean proportion of Annexin-V* for 2 mice per genotype from one

experiment are plotted. Means + s.e.m cell concentrations over time are plotted on the right.

D) Representative histograms of Annexin V levels in wt, Trp537 and Bcl-2tg B cells treated with either
DMSO or 25uM EPZ for 24 h, followed by 48 h stimulation with LPS (5 ug/mL) and IL-4 (5 ng/mL).
Means + s.e.m proportion of Annexin-V* in 2 mice per genotype from one experiment are plotted.

E) Relative Bax and Cdkn1a expression by RT-qPCR in B cells from D).

F) Representative confocal microscopy of IF for SDMA (SYM11) in iGB cells from wt mice 3 days post-
plating, treated with DMSO or 5 uM EPZ 24 h after plating. The large nuclei are from the feeder cells.
Scale bar, 10 um.

G) Expansion of iGB cells derived from wt, Trp537 and Cdkn1a” splenic B cells, treated with DMSO or

5uM EPZ 24h after plating. Means * s.e.m cell counts of 2 mice from 1 experiment are plotted.

H) Sensitivity of wt, Trp537 and Cdkn1a”- iGB cells to EPZ. Cells treated with the indicated EPZ doses
24 h after plating and counted 4 days later. Mean t s.e.m of cell numbers relative to DMSO-treated for

each genotype are plotted for 2 mice from 1 experiment.

1) Expansion of iGBs derived from splenic B cells from Cy1-cre (Ctrl) and Prmt5/F Cy1-cre (F/F) mice
(full lines) or Trp537 Cy1-cre (Ctrl) and Trp537 Prmt5FF Cy1-cre (F/F) mice (dotted lines). Mean + s.d.

(except + s.e.m for Prmt5FF Cy1-cre) cell counts for n mice are plotted per day.

J) Cell cycle profile of Trp537 Cy1-cre (Ctrl) and Trp537 Prmt5FF Cy1-cre (F/F) iGBs pulsed with BrdU
(10uM) for 1h at day 4 post plating before harvesting and staining with anti-BrdU and propidium iodide
(Pl). Means + s.d. for 3 mice per genotype from 2 independent experiments are plotted.

K) GC B cells in the spleen of Trp537 Cy1-cre (Ctrl) and Trp53+ Prmt5/F Cy1-cre (F/F) mice 10 days
after immunization with SRBC. Values for individual mice (symbols) and mean (bars) values are plotted

from 3 independent experiments.

L) Representative flow cytometry plots and proportion of Cxcr4- CD86"" cells in GC from the mice in
K).

2.3.11 Prmt5 promotes B cell proliferation independently
of p53

The RNA-seq data was obtained from Prmt57F Cy1-cre iGB cells, which do not

undergo apoptosis but still fail to expand and show a p53 transcriptional response
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with high Cdkn1alp21 expression (Figs. 2.3J, 2.3K, 2.6B, 2.6C). We therefore asked
whether the non-apoptotic proliferation defect observed in Prmt5-deficient B cells was
p53- and/or p21-dependent. Pharmacological inhibition of Prmt5 similarly reduced the
proliferation of wt, Trp537- and Cdkn1a” iGB cells, without any noticeable difference
in their sensitivity to the inhibitor (Figs. 2.8F-H). To genetically confirm this, we
produced Prmt5FF Cy1-cre Trp537 mice. Again, iGBs derived from splenic B cells
from these mice showed the same reduced expansion and cell cycle defect as
Prmt5FF Cy1-cre iGBs (Fig. 2.8l, 2.8J), demonstrating that these phenotypes were
p53-independent. Furthermore, immunized Prmt5F Cy1-cre Trp537 mice displayed
the same GC defect as Prmt57F Cy1-cre mice, including the accumulation of Cxcr4-
CD86'"" cells (Fig. 2.8K, 2.8L). Since Cdkn1a is not expressed in p53-deficient cells
(Fig. 2.8E), these results also ruled out p21 as a cause for the defects in B cell
expansion in vitro or the GC phenotypes in vivo. We conclude that Prmt5 has a p53-
and p21-independent function that promotes B cell proliferation and maintains the GC

reaction.

2.3.12 Prmt5 functions in light zone B cells

To further characterize Prmt5 in the GC, we analyzed the expression of Prmt5 in GC
B cell subsets. Gene expression data indicated a small but consistent increase in
Prmt5 in centrocytes versus centroblasts (Supplementary Fig. 2.5A). Moreover, our
IHC suggested polarization of Prmt5 expression in the GC (Fig. 2.9A,
Supplementary Fig. 2.5B). IF with the LZ marker CD35 confirmed that Prmt5 was
preferentially expressed in the LZ GC B cells (Fig. 2.9B). In line with the polarization
of Prmt5 expression in the GC, Prmt5-deficient iGBs were significantly depleted of
gene expression signatures characteristic of Cxcr4- LZ B cells (Caron et al., 2009;
Victora et al., 2010), as well as genes upregulated by CD40 engagement, while DZ-
related gene sets were not significantly affected (FDR>5%) (Fig 2.9C,
Supplementary Fig. 2.5C). We conclude that Prmt5 is regulated to favor expression

in the LZ and that it contributes to maintain the transcriptional identity of LZ B cells.
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Figure 2.9 — Prmt5 acts in the light zone to prevent B cell differentiation
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A) Representative IHC staining for Prmt5 and AID, as GC marker, on consecutive spleen sections from
wt mice 14 days post-immunization with NP-CGG. Images are representative of 3 mice from 2

experiments.

B) Representative IF on spleen from a wt mouse 10 days post-immunization with SRBC, stained for
GL7 (GC marker), CD35 (LZ marker) and Prmt5.

C) GSEA of transcriptional changes in Prmt5FF Cy1-cre (F/F) iGB cells against LZ GC B cell

signatures. Enrichment was considered significant when P<0.05 and FDR<5%.

D) Relative gene expression of Prmt5 in Myc* or positively selected (DEC-205 POS) GC B cells, using

Myc* as control.
E) GSEA for the indicated gene signatures, as in C).

F) Proportion of plasma cell-like cells (B200%m CD138%) in Cy1-cre (Ctrl) or Prmt5F Cy1-cre (F/F) iGB
cultures supplemented with 1 ng/mL IL-4 at day 7 post-plating, or upon replating at day 4 on fresh
feeder cells supplemented either with 1 ng/mL IL-4 or 10 ng/mL IL-21 and analyzed 3 days later.
Individual mice (symbols) and mean (bars) values from one experiment are plotted. The mean * s.d.

iGB cell count in secondary replating are show on the right. Data from 2 experiments.

G) WB for sDMA (SYM11) and Actin, as a loading control, in extracts from wt splenic B cells stimulated
with LPS and IL-4 for 72 h in the presence of 56 uM EPZ. The position of splicing factor Smd3 is

indicated.

H) Means % s.d. (or £ s.e.m for 0.05, 0.5, 25 and 50 uM doses) plasma cell (B200%™ CD138%)
proportion in cultures of wt splenic B cells stimulated with LPS and IL-4 and treated with various EPZ

doses, are plotted for n mice from 5 experiments.

I) Gene expression by RT-qPCR in B cells treated with 5 uM EPZ as in G), Individual mice (symbols)

and mean (bars) values are plotted.

J) Representative flow cytometry plots of plasma cells (%) from CD19-cre (Ctrl) or Prmt5FF CD19-cre
(F/F) B cells at day 4 after stimulation with LPS (5 ug/mL) and IL-4 (5 ng/mL). Plasma cell proportion
for individual mice (symbols) and mean (bars) values for 4 mice per genotype from 2 independent

experiments are plotted

K) Gene expression analysis by RT-qPCR in Prmt5FF CD19-cre (F/F) relative to CD19-cre (Ctrl)
splenic B cells cultured with LPS (5 ug/mL) and IL-4 (5 ng/mL) for 3 days. Mean + s.d. mRNA levels
normalized to Actin for n mice from 2 experiments (except for c-Myc, one experiment) are plotted

relative to Ctrl average.

L) Representative flow cytometry plots of splenic plasma cell (B200%™ CD138*) proportions in Prmt5fF
Cy1-cre (F/F) or Cy1-cre (Ctrl) at 14 days post-infection with H. polygyrus and histogram of the

97



proportion of intracellular 1gG1 staining in plasma cells. Data for individual mice (symbols) and mean
values (bars) from one experiment are plotted

M) Representative flow cytometry plots of GC B cells (IgD- GI7*) and histogram of intracellular IgG1
staining in GC B cells of the mice in L). Data for individual mice (symbols) and mean values (bars) from

one experiment are plotted.

P-values throughout by unpaired, two tailed Student-t test except for GSEA, in which statistics are
indicated.

2.3.13 Prmt5 prevents premature B cell differentiation in
the GC

To obtain insight into the dynamics of Prmt57F Cy1-cre GC B cells we analyzed
additional functional GC B cell subsets. Positively selected LZ GC B cell
subpopulations can be defined based on the transient induction of c-Myc and
mTORC1 activation (Calado et al., 2012; Dominguez-Sola et al., 2012; Ersching et
al., 2017). Not only was Prmt5 preferentially expressed in positively selected cells
(Fig. 2.9D), but the GC B cell gene signatures associated with Myc expression and
mTORC1 activation were significantly downregulated in Prmt5-null B cells (Fig. 2.9E).
Moreover, Prmt5 was preferentially expressed in the high-affinity, Myc* and Irf4*
subset of LZ B cells recently shown to be plasmablast precursors (Ise et al., 2018)

(Supplementary Fig. 2.5D), suggesting that Prmt5 was important for this B cell fate.

Additional gene expression analyses suggested that Prmt5-null cells were prone to
plasma cell differentiation. First, cross-referencing our RNA-seq data with Immgen
gene expression data in B cells subsets showed that a significant proportion of the
genes encoding cell adhesion and surface membrane proteins overexpressed in
Prmt5-null iGBs (Supplementary Figs. 2.4B, 2.4C) were normally upregulated in
memory B cells and/or plasma cells (Sell, Gbp3, Itgb7, Nid1, F11r, CD55, 1l10ra, I/2ra,
CDS5, Itga4, CD2, CD38, etc.) (Supplementary Fig. 2.5E). Second, a composite
signature made of markers found in terminally differentiated memory B and plasma
cells (Beguelin et al., 2013) was significantly enriched among the genes induced in
Prmt5-defficient B cells (Fig. 2.9E). Third, while Bcl6 signatures, typical of GC B cells,
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were not affected (Supplementary Fig. 2.5C), Prmt5-null iGB cells showed
upregulation of multiple GC-specific targets of EZH2, a transcriptional repressor that
opposes B cell differentiation (Beguelin et al., 2013) (Fig. 2.9E). More importantly,
analyzing Prmt5F Cy1-cre iGB cells at day 7 after plating revealed a higher
proportion of CD138* cells than the controls, which was clearer after re-plating with
either IL-4 or IL-21 and coincided with reduced proliferation potential, as expected
from differentiated cells (Fig. 2.9F).

To further test of whether Prmt5 regulated B cell differentiation, we used splenic B
cells stimulated ex vivo with LPS + IL-4, a well-accepted model of plasma cell
differentiation (Nutt et al., 2015). Pharmacological inhibition of Prmt5 in wt B cells
plated in LPS + IL-4, which efficiently reduced sDMA, showed a dose dependent
increase in CD138* cells that correlated with reduced proliferation upon treatment and
increased Prdm1, Irf4 and Igh expression (Fig. 2.9G-l). For genetic validation we
used B cells from Prmt57F CD19-cre mice, which also showed much higher
generation of CD138* cells and Prdm1 and Irf4 upregulation than the control cells
(Fig. 2.94, 2.9K). This effect was p53-independent as increased plasma cell
differentiation was similar in experiments using Prmt57F CD19-cre Trp537- mice, as
well as in p21-deficient B cells treated with Prmt5 inhibitor (Supplementary Figs.
2.5F, 5G)

To obtain evidence of increased plasma cell differentiation in vivo we analyzed
Prmt5FF Cy1-cre mice. These mice produce less IgG1* ASC (Fig. 2.4B), but since
class switch recombination is not affected by Prmt5-deficiency (Supplementary Fig.
2.4J), we reasoned that premature differentiation would result in a decreased
probability of plasma cells having switched compared to control mice. For this, we
analyzed splenic CD138* B cells in Prmt5FF Cy1-cre mice infected with H polygyrus
for the relative proportion of IgG1* cells. Indeed, while 90% of plasma cells in control
mice were IgG1*, this proportion was reduced to 50% in Prmt5F Cy1-cre plasma
cells (Fig. 2.9L). The reduced proportion of IgG1* cells was also found inside the GC
of these mice (Fig. 2.9M). We conclude that Prmt5 prevents premature plasma cell
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differentiation, which can partly explain the defect in GC expansion in vivo in mice

with Prmt5-null B cells.
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2.4 Discussion

We demonstrate essential roles for Prmt5 in the proliferative stages of normal B cells,
both during development as well as for functional competence. Prmt5 ensures cell
survival and proliferation at critical B cell stage transitions, strongly influencing GC B
cell dynamics and preventing early plasma cell differentiation. The effect of ablating
Prmt5 in B cells is pleiotropic, as expected for an enzyme that modifies a large
number of substrates (Karkhanis et al., 2011; Yang and Bedford, 2013). Nonetheless,
our data helps to delineate Prmt5 functions, some of which stem from the known role
of Prmt5 in dampening the p53 response (Jansson et al., 2008), but most of which
are in fact p53-independent.

We show that Prmt5 is necessary for B cell development in the BM. At variance with a
previous report analyzing the conditional deletion of Prmt5 in all hematopoietic cells,
which showed a partial block but increased mature B cells (Liu et al., 2015b), Prmt5F/F
Mb1-cre have no mature B cells. In these mice, Prmt5 is required to prevent a p53
response, thus allowing the formation of pro-B cells. Prmt5 deficiency also affects T
cell development, leading to accumulation of the DN1 stage, at the onset of VDJ
recombination (Liu et al., 2015b). We rule out the possibility that the block in B cell
development originates from defective VDJ recombination because Prmt5F Mb1-cre
B1-8 mice also fail to produce pro-B cells. Pro-B cells are especially sensitive to p53-
dependent apoptosis, as shown by their disproportionate accumulation in Trp53+
mice compared to other stages (Guidos et al., 1996; Lu and Osmond, 2000). Since
ablating p53 rescued pro-B cells in Prmt57F Mb1-cre Trp537 mice, the developmental
blockage is likely due to increased apoptosis. B cell development was subsequently
blocked at the pre-B cell stage in those mice, indicating that Prmt5 has a distinct, p53-
independent, function required for the generation or survival of pre-B cells, which
remains to be investigated. Prmt1 regulates pre-BCR signaling (Infantino et al., 2010)

and it would be interesting to determine if this is the case for Prmt5 as well.

All major functions in B cell survival and proliferation in the periphery are p53-

independent. This fact distinguishes mature B cells from most other systems in which
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the growth and survival phenotypes associated with Prmt5 ablation are to a large
extent p53-dependent (Bezzi et al., 2013; Jansson et al., 2008; Li et al., 2015b; Yang
et al., 2009). Interestingly, activating B cells that were previously depleted of Prmt5,
and therefore of sSDMA, leads to p53-independent apoptosis, as shown by combining
both deficiencies. Apoptosis independent of p53 had only been described in
glioblastoma (Yan et al., 2014) to our knowledge. This mechanism is relevant in vivo
upon polyclonal B cell activation, as we show for the Alum adjuvant, which is widely
used in human vaccines and parasitic infection. Apoptosis upon B cell activation can
be avoided by deleting Prmt5 after activation, suggesting the identification of proteins

that are premethylated in resting B cells as a way to elucidating the mechanism.

Even after bypassing apoptosis, Prmt5-null B cell proliferation is still compromised,
revealing yet another important function of Prmt5 in mature B cell expansion, which is
also p53-independent. Thus, it seems that p53 activation is secondary to another
defect in Prmt5-null cells, raising the question of what triggers this response. In
PRMT5-deficient mouse neural progenitor cells and human B cell lymphoma cells,
p53 activation is partly caused by altered splicing producing an unstable form of the
negative p53 regulator Mdm4 (Bezzi et al., 2013; Koh et al., 2015b). We have similar
findings for Mdm4 splicing in activated Prmt5-null B cells, but there is a larger effect
on splicing of DNA damage repair factors, which probably contribute to the p53
activation. Indeed, we detect accumulation of DNA damage in Prmt5-null GC and iGB
B cells, which has been observed after deletion of PRMT5 in C. elegans, mouse
primordial germ cells and human cancer cell lines (Jansson et al., 2008; Kim et al.,
2014; Yang and Bedford, 2013). We rule out that this accumulation originates from
the activity of antibody diversification and speculate that it may be due to a reduced
capacity for DNA repair, as suggested by splicing alterations in components of base
excision, Fanconi and homologous recombination pathways, as well as in chromatin
modifiers that regulated DNA repair. Interestingly, no core components of the non-
homologous end joining pathway were affected, in line with normal class switch

recombination per cell division observed in Prmt5-null B cells.
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The effect of Prmt5 deficiency in GC in Prmt57F Cy1-cre mice and transcriptome
analyses point to Prmt5 playing a major role in the GC LZ B cells. Accordingly, we
find that Prmt5 protein is polarized in LZ B cells, within which it is most highly
expressed in GC B cells undergoing positive selection (Dominguez-Sola et al., 2012;
Ersching et al., 2017). Interestingly, the phenotypic definition of these populations
overlaps with a subset of GC B cells that are plasma cell precursors (Ise et al., 2018)
and Prmt5 prevents premature plasma cell differentiation in the GC, which is
supported by in vitro differentiation data as well as by the increased ratio of IgM+ to
IgG1+ plasma cells in the spleen and inside the GC in vivo. Prmt5-null GC B cells
accumulate a population of Cxcr4- CD86'°" cells that have low proliferation potential
and do not express AID. Given the expression pattern of Prmt5 in GC B cells, these
cells may represent cells failing positive selection and/or attempting differentiation.
While the origin of these cells is uncertain, they indicate a defect in the GC dynamics
caused by Prmt5 deficiency. The role of Prmt5 in differentiation is context dependent
(Karkhanis et al., 2011; Li et al., 2015c) but Prmt5 deficiency has been shown to
cause upregulation of differentiation markers in ES cells (Tee et al., 2010) and
promote myeloid differentiation in leukemia cells driven by MLL-fusions (Kaushik et
al., 2017). Prmt5 prevents differentiation of leukemia cells by silencing Cdkn1a/p21
expression (Kaushik et al., 2017). Yet, p21-deficienty did not reduce plasma cell
differentiation of Prmt5-null B cells, suggesting another mechanism. Our data suggest
that Prmt5 represses at least part of the plasma cell program. Thus, even when RNA-
seq was done for day 4 iGBs, when there is no significant increased plasma cell
proportions, these Prmt5FF Cy1-cre iGBs already showed important transcriptional
changes associated to plasma cell differentiation, like de-repression of EZH2 targets
and upregulation of differentiation markers. At later times, deletion or pharmacological
inhibition of Prmt5 results in the expression of CD138, Irf4, Prdm1 and increased Igh
expression, which are all hallmarks of plasma cell differentiation. Nonetheless, the
paucity of plasma cells in Prmt5 deficient mice may reflect incomplete differentiation
and/or that Prmt5 has an additional function in plasma cell maintenance.
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Mechanistically, we show that Prmt5 regulates transcription but also enforces splicing
fidelity in B cells, which probably contributes to the former function. Prmt5 ablation
leads to the differential expression of a large number of genes, some of which Prmt5
probably regulates directly. The most likely candidates are those genes that are most
highly upregulated in the knockout B cells since H3R8 and H4R3 methylation by
PRMTS are typically transcription repressive marks (Karkhanis et al., 2011). Indeed,
we find that Prmt5-dependent sDMA is abundant in the nucleus of GC B cells. We
also find that Prmt5 deletion affects splicing fidelity in B cells. Prmt5 ensures
spliceosome assembly by methylating SmD proteins (Karkhanis et al., 2011; Koh et
al., 2015b), with Prmt5 depletion leading to a defect in donor splice site recognition
and usage (Bezzi et al., 2013; Koh et al., 2015b; Sanchez et al., 2010) that we find to
be the case in B cells. Since splicing of many histone modifiers is affected it is likely
that the splicing defect further contributes to the change in transcriptional program.
Dissecting the exact contribution and key players to each phenotype would require
first cataloguing those loci directly occupied and methylated by Prmt5, and the
dynamics of H3R8 and H4R3 methylation upon B cell activation and in GC B cells.
Nonetheless, even if the role of Prmt5 in splicing was known, our data demonstrates

a major role for splicing fidelity in B cells that is critical for the antibody response.

Since Prmt5 is mostly cytoplasmic in B cells, it is very likely that cytoplasmic Prmt5
substrates that are not involved in gene expression regulation or splicing, also
contribute to the phenotypes observed. Given the effect of Prmt5 in plasma cell
differentiation and the determinant role of synergistic BCR and CD40 signaling GC B
cell in positive selection (Luo et al., 2018), we speculate that Prmt5 affects these
pathways. Unlike other PTM that have long been known to regulate B cell biology,
arginine methylation has received much less attention. Our data establish the
importance of Prmt5-catalyzed sDMA in multiple normal B cell stages and provide a
framework to analyze the contribution of specific substrates to the p53-independent

Prmt5 functions in B cells.
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2.5 Material and Methods

Animals

Mice were housed at the specific pathogens free facility of the IRCM. Prmt5F mice
from EUCOMM (Bezzi et al., 2013) were backcrossed for >5 generations to
C57BL6/J. Cy1-cre (Casola et al., 2006) and B1-8 knock-in (Sonoda et al., 1997)
mice, kind gifts of Dr K Rajewsky (MDC, Berlin), were obtained from Dr Hua Gu at
IRCM. CD19-cre mice (Rickert et al., 1997) were a gift from Dr Russell Jones (McGill
University, Montreal). Mb1-cre mice (Hobeika et al., 2006) were a gift of Dr Michael
Reth (MPI, Freiburg). Trp537 mice (Jacks et al., 1994) were obtained from Jackson
labs (Bar Harbour, MN). Cdkn1a” mice (Brugarolas et al., 1995) and H2K-Bcl2 mice
(Kondo et al., 1997) were kind gifts from Dr Tarik Mérdy (IRCM, Canada). Aicda-/-
mice (Muramatsu et al., 2000) were a gift from Dr. T. Honjo (Kyoto University, Japan).
Aicda-GFP mice (Crouch et al., 2007) were a gift from Dr R Casellas (NCI Bethesda,
MD). Lines combining one or more desired alleles were generated by breeding at our
animal house. Throughout the paper, Prmt5** Cre were used as controls, except
where indicated that Prmt5*F Cre were used. Animal work was reviewed and
approved by the animal protection committee at the IRCM (protocols 2013-18 and
2017-08).

Immunization and infection

Age- and sex-matched mice of 40-120 days of age were immunized either
intraperitoneally with 50 pg NP1s-CGG (Biosearch Technologies) in Imject Alum
adjuvant (Thermo Scientific) or intravenous with 10° SRBC in 200 ul PBS (Innovative
Research, 1C100-0210). Mice were bled and/or sacrificed at various time post-
immunization. Infections with H. polygyrus bakeri larvae were done by administering

200 L3 by gavage and mice were euthanized 14 days later.
ELISA

Sandwich ELISA for measuring pre-immune sera antibodies were done using anti-

isotype—specific antibodies (BD Pharmingen) to capture IgM, 1gG1, IgG2b or IgG3, as
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described (Zahn et al.,, 2013). Antigen-specific antibodies were captured from
immunized mice sera in ELISA plates coated with NP20-BSA (Biosearch

Technologies) followed by the detection of IgG1, as described (Zahn et al., 2013).
ELISPOT

Purified splenocytes or BM cells were added at different dilutions to a 96-well 0.45 ym
PVDF membrane (Millipore, cat#MSIPS4W10) previously coated overnight at 4°C
with 2 ug/mL NP20BSA and blocked with complete RPMI cell culture media for 2 h at
37°C. Plates with cells were incubated in a humid chamber 12 h at 37°C, 5% COg,
then washed 6 x with PBS 0.01% Tween-20, followed by incubation with goat anti-
mouse IgG1-HRP (A10551, Life Technologies, 1/2000) diluted in culture media for 2 h
at RT. Plates were washed and AEC substrate (3° amino-9-ethylcarbazole ; BD
Bioscience) was added to reveal the spots. Images were acquired in an Axiophot
MZ12 microscope and scored spots were counted from appropriate cell dilutions (2 x

108 cells after primary immunization and 0.5 x 106 cells for recall).
Cell culture

Naive primary B cells were purified from splenocytes by depleting CD43* cells using
anti-CD43 microbeads (Miltenyi, cat# 130-049-801) and an autoMACS (Miltenyi).
Primary B cells were cultured at 37°C with 5% (vol vol') CO2 in RPMI 160 media
(Wisent), supplemented with 10% fetal bovine serum (Wisent), 1%
penicillin/streptomycin  (Wisent), 0.1 mM 2-mercaptoethanol (bioshop), 10 mM
HEPES, 1 mM sodium pyruvate. Resting B cells were stimulated with
lipopolysaccharide (LPS) (5 pg/mL, Sigma) + IL-4 (5 ng/mL, PeproTech). Induced
germinal center B cells (iGBs) were generated using 40LB feeder cells (a kind gift
from Dr Daisuke Kitamura) (Nojima et al., 2011). Briefly, one day before B cell plating,
40LB cells were irradiated (120 Gy) and plated at 0.3 x 108 cells per well in 2 mL (6-
well plate) or 0.13 x 10° cells per well (24-well plate) in 0.5 mL DMEM media
supplemented with 10% fetal bovine serum (Wisent) and 1% penicillin/streptomycin
(Wisent). Purified naive B cells were plated on 40LB feeders at 10° cells per well in 4

mL of B cell media (6-well plate), or 2 x 10* cells per well in 1 mL of B cell media (24-
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well plate), supplemented with 1 ng/mL IL-4. At day 3 post-plating, the same volume
of fresh B cell media was added to the wells, supplemented with either 1 ng/mL IL-4
or 10 ng/mL IL-21 (PeproTech). On subsequent days, half of the volume per well was
removed and replaced with fresh B cell media supplemented with cytokines. When re-
plated, cells were harvested from the primary culture on day 4 and plated on fresh
40LB feeders in media supplemented with either 1 ng/mL IL-4 or 10 ng/mL IL-21. Re-
plated cells were not fed and analyzed 3 days later. The Prmt5 inhibitor EPZ015666
(cayman chemical, cat#17285) was aliquoted and resuspended for long-term storage
at -80°C at 50 mM in DMSO. Intermediate dilutions in DMSO (from 25 to 5 mM) were
kept at -20°C and frozen/thawed up to three times for individual experiments. DMSO

was always diluted 1/1000 in final volume with cells.
Flow cytometry

Mononuclear cells from mouse spleen and MLN were obtained by mashing through a
cell strainer with a syringe plunger. Bone marrow cells were obtained by opening and
flushing femur and tibia bones from one leg with PBS, using a 1 mL syringe with 23G
needle. BM and splenocytes suspensions were washed in PBS and incubated in 1
mL red blood cell lysis buffer (155 mM NH4CI, 10mM KHCO3, 0.1mM EDTA) for 5
min at room temperature to complete lysis before filtering through 40um nylon cell
strainer and resuspending in PBS 1% BSA. Single cell suspensions were stained with
combinations of antibodies listed in Supplementary table 5. To assess proliferation
in vivo, splenocytes were surface stained for GC markers and then 3x108 cells were
treated with Fixation/permeabilization solution (eBioscience, cat# 00-5123-43) for 1 h
at 4°C in the dark, washed twice in Perm buffer (eBioscience), followed by 1 h
incubation with anti-Ki67-PECY7 (eBioscience) at 4°C and resuspended in PBS+1%
BSA. If necessary, anti-biotin staining was performed following Ki67 stain. To
evaluate apoptosis in vivo, cells were treated with the FITC conjugated CaspGLOW
reagents that detects activated pan-caspases (BioVision, K180) according to the
manufacturer’s instructions. Briefly, 108 cells were treated with 2 yL FITC-VAD-FMK
antibody for 1 h at 37°C in 300 yL warm media, washed, surface stained and

analyzed immediately. To assess apoptosis 0.3 - 0.5x10° cultured cells were stained
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with 3 yL Annexin V in 100 uL Binding buffer (cat #51-66121E, BD Pharmigen) for 15
min at RT. Then 400 uL of Binding buffer and 5 uL of Propidium lodide (20 ug/mL)
were added prior to flow cytometry acquisition. To assess yH2AX levels in vivo, 3x108
splenocytes were first surface stained for GC markers then washed twice in PBS 1%
FCS 0.09% sodium azide and treated with fixation solution (BD, Cytofix #554655) for
30 min at 4°C in the dark, then washed as previously. Pre-chilled Perm buffer Ill
solution (BD#558050) was then added to the cells drop-wise under constant agitation.
Cells were incubated for 30 min on ice in the dark and washed twice as previously
before staining with anti-yH2AX (rabbit, 1/50) or anti-His control (rabbit 1/50) in wash
solution (final volume 100 pL) for 1 h at 4°C in the dark and washed as previously.
Cells were stained with the secondary antibody anti-rabbit Alexa633 (1/8000) in 100
ML wash solution for 1 h at 4°C in the dark, washed and resuspended in PBS + 1%
BSA. For intracellular 1gG1 staining, cells were stained for GC markers then
fixed/permeabilized according to the manufacturers protocol (eBioscience, cat# 00-
5123-43) before staining for IgG1. To evaluate cell cycle profile, B cells were
incubated with 10 uM BrdU for 1 h at 37°C, fixed in 70% ethanol while vortexing and
incubated on ice for 30 min. Then 2N HCI/Triton X-100 0.5% was added to the loosen
cell pellet to denature the DNA. Cells were then washed, resuspended in 0.1 M
Na2B4O7, washed again and resuspended in PBS 0.5% Tween-20 1% BSA. 1x10°
cells were then stained with anti-BrdU-FITC (1/50) for 30 min at RT in the dark and
resuspend cells in PBS 5 pg/mL PI. Data was acquired using BD LSR Fortessa (BD
biosciences) or BD Facscalibur (BD biosciences) and analyzed using FlowJo. For
sorting, cells were stained as above and passed through a BD FACSARIA Il (BD
biosciences).

Immunohistochemistry

Section of 5-um of paraffin-embedded tissues were deparaffinized in two changes of
xylene for 5 min each and then rehydrated in distilled water using graded alcohols.
Antigen retrieval was done by steaming the slides for 20 min then cooling for 20 min
in either EDTA buffer (1mM EDTA, 0.05% Tween 20, pH 8) for AID and PRMTS; or
citrate buffer (10 mM acid citric, 0.05% Tween 20 pH 6.0) for PNA. Endogenous
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peroxidase was blocked with a 0.3% hydrogen peroxide solution for 10 min. When
needed, endogenous biotin was blocked for 15 min with the blocking buffer provided
with the Avidin/Biotin System (#SP2001, Vector Laboratories; Burlingame, CA). For
protein block, we used 10% normal goat serum and 1% BSA for 60 min at room
temperature or Carbo free buffer (#SP5040, Vector Laboratories). Sections were
incubated with anti-AID (1:50, rat Mab mAID-2 eBioscience), anti-PRMT5 (1:250)
overnight at 4°C or biotinylated PNA (1:100) for 60 min at room temperature. Biotin-
conjugated secondary antibodies were mouse anti—rabbit 1gG (1:200, Vector
laboratories) to detect anti-PRMT5; mouse anti—rat IgG (1:200, Vector laboratories) to
detect anti-AID. Biotinylated reagents were detected with Vectastain ABC kit (PK-
6100, Vector laboratories). Peroxidase activity was developed using ImmPACT
NovaRED HRP substrate (Vector laboratories). Sections were counterstained with
hematoxylin (Sigma cat #MHS32-1L) for 1 min prior to dehydrating and mounting.
Antibodies are listed in Supplementary table 5.

Immunofluorescence

Tissues were frozen in OCT (VWR #95057-838). Sections of 5-um were fixed in PFA
4% for 10 min at RT, washed 3 times in PBS at RT, followed by an incubation in pre-
chilled acetone for 10 min at -20°C. Sections were permeabilized in 0.5% Triton X-
100 in PBS for 10 min at RT. Sections were then blocked in PBS 5% goat serum 1%
BSA 0.3% Triton X-100 for 1 h at RT. Incubations with primary antibodies were
performed in blocking solution overnight at 4°C in a humid chamber in the dark. Then,
when needed, a secondary antibody was added in blocking solution for 1 h at RT in a
humid chamber in the dark. Primary B cells were washed 1x with PBS and then
plated on coverslips coated with 0.1 mg/mL poly-L-lysine (Sigma). Cells were
centrifuged 5 min at 400 x g, then allowed to adhere at 37°C for 20 min, before
fixation with 3.7% formaldehyde (Sigma) for 10 min at room temperature. After 3
washes with PBS, coverslips were blocked for 1 hr with blocking solution (5% goat
serum, 1% BSA, 0.5% Triton X-100 in PBS). Cells were then incubated overnight at
4°C with anti-PRMT5 (1:100) or anti-SYM11 (1:500), diluted in blocking solution. After
3%, 5 min washes, with PBS + 0.1% Triton X-100 (PBS-T), cells were incubated for 1
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hr at room temperature with anti-Rabbit IgG Alexa-546 (1:500) diluted in blocking
solution. After 3x, 5 min washes with PBS-T, cells were incubated with 300 nM Dapi
(ThermoFisher) in PBS for 5 min at room temperature. Finally, coverslips were
washed with PBS followed by ddH20 before mounting onto slides using Lerner Aqua-

Mount (ThermoFisher). Antibodies are listed in Supplementary table 5.
Microscopy and image analysis

Prmt5 and Sym11 immunofluorescence signal in B cells was scored in Volocity
(Perkin Elmer), quantifying signal within a dilated mask generated using Dapi. For
each experiment, multiple fields were analyzed, excluding cells with saturated signal,
abnormal DNA structures or mitotic figures. Quantification of yH2AX foci was
performed on confocal images, using a series of image processing operation to
separate B-cell DNA damage from the larger feeder cells. Analysis scripts were
programmed using Matlab 2016a (Mathworks Inc.). A total of 42-48 images per
genotype per day were automatically analyzed for >900 cells per sample. Cell nuclei
were found using the DAPI channel of images, based on an Otsu intensity threshold.
Binary images were cleaned of small objects, holes were filled, and edges were
smoothed using a morphological closing operation with a 5-pixel-radius circular
kernel. Multinuclear cells were removed from this nuclear mask by computing the
convex Hull of all objects, and objects where the ratio of their area over their convex
Hull area was lower than 0.8 were discarded. Finally, big nuclei, belonging to feeder
cells were discarded by only keeping objects of area smaller than 2% of the image
size. DNA damage foci were assumed to be fluorescent puncta, most of them of sub-
diffraction-limit size. Intensity contrast was enhanced by saturating the bottom 1%
and the top1% of all pixels. Fluorescent puncta were detected using a linear band-
pass filter that preserved objects of a chosen size and suppressed noise and large
structures. After the filter, we chose elements bigger than noise up to twice the
diffraction limit. Only foci detected within B-cell nuclei were considered for statistical
purposes. In order to consider only foci brighter than in control IF, we quantified the
average foci intensity of non-treated cells, and only foci of higher-than-control

intensity were considered to compute the number of DNA damage foci per cell.
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Western blots

Protein extracts were performed by lysing cells in NP-40 lysis buffer (1% NP-40,
20mM Tris pH 8, 137mM NaCl, 10% glycerol, 2mM EDTA), containing protease and
phosphatase inhibitor (Thermo Scientific). Protein extracts were separated by SDS-
PAGE and transferred to nitrocellulose membranes (BIO-RAD). In some experiments
equal protein loading was controlled by staining the membrane after transfer using
REVERT total protein stain solution (LI-COR). Membranes were blocked in TBS 5%
milk and probed with primary antibodies overnight, washed 4 x 5 min in TBS +
0.1%Tween before incubating with secondary antibodies conjugated to
AlexaFluor680 or IRDye800 for 1 h, washed and read on Odyssey CLx imaging
system (LI-COR). Proteins were quantified using ImageStudiolite software. When
Revert staining (LI-COR) was used, Revert signal from a whole protein lane was

considered for normalization. Antibodies are listed in Supplementary table 5.
RT-gPCR

RNA isolated using TRIzol (Life Technologies) was reverse transcribed with
ProtoScriptTM M-MuLV Taq RT-PCR kit (New englandBiolabs). Quantitative PCR
using SYBR select master mix (Applied Biosystems) was performed and analyzed in
a ViiATM 7 machine and software (Life technologies). Oligos used are listed in

Supplementary table 6.
RNA-seq

Cy1-cre and Prmt5FF Cy1-cre splenic B cells plated on 40LB cells were separated
from the feeder cells by elutriation at day 4 after plating. Total RNA was extracted
using RNeasy plus Mini kit (Quiagen) and quality controlled using RNA Pico chip on
Bioanalyzer (Agilent). Samples were depleted of rRNA using Ribo-zero Gold rRNA
removal kit H/M/R (lllumina Hu Mm Rt). Libraries were constructed using the KAPA
stranded RNA-Seq kit (Roche), which included fragmentation, cDNA, dsDNA, ER,
ATL, Ligation and PCR enrichment and purified by KAPA magnetic beads (Roche).
The mean fragment size obtained was 308bp. QC validation was performed on
HSdna chip on Bioanalyzer and Q-PCR titration with NEBnext Library quant Kit for
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lllumina (NEB). Sequencing PE125 on HiSeq2500 with v4 chemistry (lllumina) at the

Genome Center (Quebec).
RNA-seq analysis

Sequencing reads were trimmed using Trimmomatic (v0.32) (Bolger et al., 2014),
removing adaptor and other lllumina-specific sequences as well as the first four bases
from the start of each read, and low-quality bases at the end of each read, using a 4
bp sliding window to trim where average window quality fell below 30 (phred33 < 30).
An additional 3bp were clipped from the start and end of a read if found of low quality.
Trimmed reads < 30 bp were discarded. The resulting clean set of reads were then
aligned to the reference mouse genome build mm10 using STAR (v2.3.0e) (Dobin et
al., 2013) with default parameters. Reads mapping to more than 10 locations in the
genome (MAPQ < 1) were discarded. Gene expression levels were estimated by
quantifying uniquely mapped reads to exonic regions (the maximal genomic locus of
each gene and its known isoforms) using featureCounts (v1.4.4) (Liao et al., 2014)
and the Ensembl gene annotation set. Normalization (mean of ratios) and variance-
stabilized transformation of the data were performed using DESeqg2 (Love et al.,
2014). Differential expression analysis was performed with DESeq2 using the Wald
test. Statistically significant (adjusted p value <0.05, Benjamini-Hochberg procedure)
genes with large expression changes (absolute fold change >1.5) that are expressed
above a threshold (average normalized expression across samples >50) were
considered as differentially expressed genes. Multiple control metrics were obtained
using FASTQC (v0.11.2), samtools (v0.1.19), BEDtools (v2.17.0) and custom scripts.
For visualization, normalized Bigwig tracks were generated using BEDtools and
UCSC tools. Integrative Genomic Viewer was used for data visualization. For splicing
analysis, we used rRMATS v3.2.5 (Shen et al., 2014) with default parameters to
identify alternative splicing (AS) events. Since rMATS requires reads of equal lengths,
we performed the analysis on untrimmed reads, using the Mus musculus GRCm38
release 87 Ensembl gtf as exon annotation file. We used both rMATS outputs for
analysis: AS events identified using reads mapping to splice junctions and reads on

target (JC+ROT), and AS events identified using reads mapped to splice junctions
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only (JC). Each of the five types of AS events (skipped exon, SE; mutually exclusive
exon, MXE; retained intron, RI; alternative 5' splice site, A5SS and alternative 3'
splice site, A3SS) was analyzed separately. A non-redundant list of genes displaying
significant AS events was generated by selecting the most statistically significant AS
event per gene with more than 10% inclusion level difference. Benjamini-Hochberg
correction was applied to this non-redundant set of events. The final list of AS
affected genes (Supplementary table 3) contains events with FDR <0.05 in genes

that pass a minimum expression threshold (normalized mean expression > 50).
Functional annotation

GO terms enrichment was performed using either DAVID (https://david.ncifcrf.gov/)

(Huang da et al., 2008) or Gorilla (http://cbl-gorilla.cs.technion.ac.il/) (Eden et al.,

2009) by providing either an unranked gene set and a background list, or a ranked
list, as follows. The list of genes differentially expressed by >2-fold in either direction
withPadj<0.05 were analyzed by DAVID, using the list of all expressed genes
(basemean>0) as background, to identify enriched GO biological process terms. A
non-redundant list of aberrantly spliced genes reaching statistical significance was
similarly analyzed at Gorilla.

GO or KEGG with FDR<25% and P<0.05 in adjusted p-value were considered
significant. Gorilla permitted the analysis of ranked lists. Two list were compiled from
differential expression analysis, ranking genes according to log2fold-change, from the
most changed to the last unchanged gene in each direction (i.e. the list with
upregulated genes excluded downregulated genes and vice versa). Each list was
uploaded to Gorilla. In all methods, GO terms with P<0.05 and FDR g-value<0.05
were considered significant. A list containing gene expression data for each sample
for genes with average basemean >20 was analyzed by Gene Set Enrichment
Analysis (GSEA) (Subramanian et al., 2005) using the interface v3.0 provided by the

Broad Institute (http://software.broadinstitute.org/gseal/index.jsp), using the default

KEGG list of gene sets at MsigDB (Liberzon et al., 2011) and gene sets from the
literature (Basso et al., 2010; Beguelin et al., 2013; Caron et al., 2009; Dominguez-
Sola et al., 2012; Liberzon et al., 2015; Shi et al., 2015; Victora et al., 2010). The

113


https://david.ncifcrf.gov/)
http://cbl-gorilla.cs.technion.ac.il/)
http://software.broadinstitute.org/gsea/index.jsp

analysis was run with 1000 permutations, excluding gene sets containing more than
1000 and less than 15 genes, ranking genes by Signal2Noise and using weighted
enrichment statistic. Specific gene expression signatures for selected candidate
pathways to analyze by GSEA were obtained from the literature, as reference in

results, and analyzed using the same input data and parameters.
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A) Left, Representative flow cytometry plots and gating strategy used to quantify BM lymphocytes
(based on FSC and SSC) and Hardy’s fractions of B cell development in CD19-cre (Ctrl) and Prmt5/F
CD19-cre (F/F) mice. Right, means + s.d. of absolute lymphocyte and B cell fractions counts for 5 mice

(3-4 months of age) per genotype from one experiment.

B) Left, Representative flow cytometry plots and gating used to quantify splenic lymphocytes and B cell
Subpopulations (immature (IgD* IgM), transitional (IgD* IgM*), mature (IgD- IgM*), follicular (CD21*
CD23*), marginal zone (CD21* CD23)) in the same mice as in A). Right, Means + s.d. of absolute

splenic lymphocyte and B cell subsets counts for the mice in A).

C) Immunohistochemistry pictures taken from a human lymph node (LN) and tonsils, stained for Prmt5
with the indicated antibodies. Data was extracted from the Human protein atlas database

(www.proteinatlas.org).
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A) Schematic for the induced GC-like B cells (iGBs) system. Resting splenic B cells are plated on 40LB
cells (3T3 cells constitutively expressing CD40L and BAFF) and the media supplemented with 1 ng/mL
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IL-4. Transcript levels by RNA-seq of each Prmt in iGBs derived from Cy1-cre C57BL6/J resting
splenic B cells at day 4 post-plating (see methods).

B) Representative immunofluorescence of sDMA (SYM11) and DAPI on CD19-cre (Ctrl) and Prmt5F/F
CD19-cre (F/F) iGBs at day 6 post-plating. The average SYM11 intensity per cell (symbols) and mean

intensity per genotype (bars) are plotted for a pool of 2 mice per genotype.

C) Representative WB of Prmt5 and Actin, as a loading control, in extracts of iGB cells from Cy1-cre
(Ctrl), Prmt5FF Cy1-cre mice (F/F), 4 days after plating on 40LB.

D) Representative immunofluorescence of sSDMA (SYM11), Prmt5 and DAPI on Cy1-cre (Ctrl) and
Prmt5FF Cy1-cre (F/F) iGBs at days 3 and 6 post-plating. The average SYM11 and Prmt5 intensity per

cell (symbols) and mean per genotype (bars) are plotted for a pool of 2 mice per genotype.
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Supplementary Figure 2.3 — T cell populations in mice infected with H.
polygyrus

A) Gating strategy for analyzing T cell subsets.
B) T cell populations in Cy1-cre (Ctrl) or Prmt57F Cy1-cre (F/F) mice 14 days after infection with H

polygyrus. Compiled absolute numbers of the indicated T cell populations stained by flow cytometry
with the indicated markers. Data from 2 experiments, individual mice (symbols) and mean values

(bars) are plotted.
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C) Tfh and Tfr populations in the same mice as in B) were measured using the indicated markers. Two
different methods, differing in the use of PD1 or BCL6 staining were used. The ration of Tth/Tfr was
calculated using the second method. Data from 2 experiments, individual mice (symbols) and mean

values (bars) are plotted.

P-values by unpaired, two tailed Student-t test.
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Supplementary Figure 2.4 — RNA-seq and p53 response additional analyses
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A) Representative flow cytometry plots showing purified resting splenic B cells and iGB cells at day 4
post-plating onto 40LB that were used as source for RNA-seq. Prmt5 transcript levels in resting wt B
cells and in iGBs derived from Cy1-cre (Ctrl) or Prmt57 Cy1-cre (F/F) measured by RT-qPCR are
plotted.

B) Functional annotation of differentially expressed genes by GO terms describing biological
processes. A list of all genes ranked by fold-change (from f.c. 20) was analyzed at the GOrilla server.

GO terms with P<0.05 and FDRq value <0.05 were considered significant.

C) Pathways significantly enriched or depleted in Prmt5-null iGBs by Gene set enrichment analysis
(GSEA) against the MsigDB of KEGG pathways. Normalized enrichment score (NES) of pathways with
P-value<0.05 and false discovery rate <6% (FDRq-value <0.05) are shown. Gene sets related to cell
adhesion are in purple. The fold-change of genes in the leading edge (symbols) and the median fold

change (bars) of each gene set are plotted.
D) Venn diagram of significant skipped exon (SE) and retained intron (RI) events

E) Sequence logos of the 5’ splicing donor sites at introns retained (RI) in Prmt5-defficient iGBs,
compared to the next site in the same genes, which conforms to the canonical consensus. The aligned
sequences showing two examples of retained introns are shown for Chd1l and Dvl1 below the

corresponding gene scheme.

F) Functional annotation for molecular function of the genes showing at least one significant splicing
event with >0.25 inclusion level difference (ILD) in Prmt5 knockout versus Ctrl iGBs. The unranked list

of genes was compared against the background list of all expressed genes at the GOrilla server.
G) Scheme of selected genes with SE, indicating the inclusion level difference of significant events.

H) Mean + s.d. proportion iGB cells with >5 yH2AX foci determined by IF at days 4 and 5 after plating.
Cells derive from Cy1-cre (Ctrl) and Prmt57F Cy1-cre (F/F) mice, 4 mice per genotype from 2
experiments. The number of cells analyzed and P-values by unpaired, two tailed Student-t test are
indicated.

I) DNA damage sensitivity of iGB cells derived from Cy1-cre (Ctrl) and Prmt5/F Cy1-cre (F/F) B cells.
Cells were treated with different doses of DNA damaging agents at day 3 and counted at day 4
(caffeine and UV) or 5 (other treatments) and normalized to untreated cell numbers. Means + s.e.m
relative cell numbers from 4 (etoposide) or 2 (others) mice per genotype are plotted.

J) Representative flow cytometry plots showing Cy1-cre (Ctrl) or Prmt5FF CD19-cre (F/F) B cells
activated ex vivo, stained with CFSE and IgG1. Means + s.d. proportions of IgG1* cells per division,

determined from CFSE peaks, are plotted from n mice from 2 experiments.
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Supplementary Figure 2.5 — Expression of Prmt5 in GC light zone B cells
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A) Relative Prmt5 transcript expression between GC light zone (LZ) and dark zone (DZ) in microarray

data obtained from the indicated sources. Fo, follicular; and naive B cell data is shown for comparison.

B) Additional IHC of consecutive splenic sections stained with anti-AID and anti-Prmt5, from
immunized C57BL6/J mice.

C) Additional GSEA of transcriptional changes in Prmt5F Cy1-cre (F/F) iGB cells obtained from the

indicated references. Enrichment was considered significant when P<0.05 and FDR<5%.

D) Relative transcript levels of Prmts and other genes between GC subsets obtained from RNA-seq

data from the indicated source.

E) Heat map of the top expressed genes (basemean >100) included in the cell adhesion category
significantly enriched in Prmt57F Cy1-cre (F/F) compared to Cy1-cre (Ctrl) iGB cells by Gorilla (F) or
leading-edge genes included in the hematopoietic cell lineage KEGG pathway gene set from GSEA
MsigDB (G) (see Figure 6C and supplementary table 2). Genes that are induced in plasma cells (PC)
and/or memory cells (MC) compared to GC cells according to Immgen microarray data are indicated by

a Cross.

F) Plasma cell proportion in cultures of splenic B cells from individual mice (symbols) of the indicated

genotypes and mean (bars) from 1 experiments are plotted

G) Mean + s.d. of plasma cell proportion in cultures of splenic B cells from wt or p21-deficient mice
treated with DMSO or doses of Prmt5 inhibitor EZH.
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Supplementary Table 2.5 - Antibodies

Antibodies for flow cytometry

Anti- TAG CATLOGUE  CLONE VENDOR DILUTION
CD45R (B220) APC 553092 RA3EB2 BD Phamingen 1/200
CD45R (B220) PercP- 552711 RA36B2 BD Phamingen 1450

Cy5.5 1/200

CD45R (B220) Alexa 103232 RA3-EB2 BioLegend 1/50

Fluor 700 1450

CD45R (B220) FITC 110452-85 RA3EB2 Invitrogen 1/200

CD3e PE 553063 145-2C11  BD Pharmmingen 1/150

1/200

CD3e bioctin 553239 5S00-A2 BD Phamingen 11130

18 ul

CcD4 biotin 553045 RM4-5 BD Phamingen 18 pl

IgD bictin 13-5993-81 11-26c eBioscience 18 ul

GLT Bv421 562967 GLT BD Pharmingen 1/200

11130

GLT Alexa 561529 GLT BD Pharmingen 1/200
Fluor 647

Fas (CD95) FITC 554257 Jo2 BD Pharmingen 1/200

1/130

Fas (CDA5) BW421 562633 Jo2 BD Phamingen 1/200

CXCR4 (CD184) PE 12-9991 2B11 eBioscience 1/100

CDa6 biotin 130862 GL1 eBioscience 1/100

Streptavidin BVB0S 405229 - BioLegend 1/100

IgD FITC 553439 11-26c2a BD Pharmingen 11150

1/200

gD BVE0S 563003 11-26c2a BD Phammingen 1450

IgM Bv421 562595 RE6-602  BD Phamingen 1450

1/200

CD21/CD35 APC 558658 TGE BD Phamingen 1/200

CD23 PE-CyT 562825 B3B4 BD Pharmingen 1/200

CD138 APC 561705 281-2 BD Phamingen 1/150

1/130

Ki&T PE-CyT 25-5698-82 Solai1s eBioscience 1/1000

CD24 FITC 11-0241-82 30-F1 eBioscience 1/50

BP-1 PE 553735 BP-1 BD Phamingen 1450

CD43 PE-Cy7 562866 57 BD Pharmingen 1/50

lgG1 PE 550083 ABSA BD Pharmingen 1/1000

lgG1 biotin 553441 ABS-1 BD Phamingen 1/200

Brdu FITC 347583 B44 BD Phamingen 20l

Annexin-V APC SoD4aT4 - BD Phamingen 1/33
VAD-FMK FITC K180 - BioVision 1150
Phospho-histone H2AX - 2577 Cell signaling 150
(ser139)
His (used as isotype - 710286 Invitrogen 1450
control)
Rabbit Alexa 633 A21070 Invitrogen 1/8000
CXCR5 Biotin 13-7185-80 SPRCLS Invitrogen 125

Bclé PE 91561522 K112-91 BD Phamigen 1120

CD&2L APC-Cy7  47-D621-82 MEL-14 Invitrogen 1/100

PD-1 PE-Cy7 25-9985-82 J43 Invitrogen 1/100

CD44 BV421 563970 IM7T BD Phamigen 1/800

Foxp3 Alexa 56-5773-82 FJK-16s Invitrogen 1/100

Fluor 700
Gata-3 PerCP- 45-9966-42 TWAJ Invitrogen 120
eFluor
710
CD4 BUV 395 563790 GK15 BD Phamigen 11100
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Antibodies for immunohistochemistry

Anti-
PRMT5

PNA (not an antibody)

AID
Rabbit-lgG
Rat-lgG

TAG

biotin

biotin
biotin

Antibodies for immunofluorescence

Anti-

GL7
CD45R (B220)
CD21/CD35
IgD

TAG

BV421
APC
FITC
FITC

562967
553092
553818
553439

Antibodies for Western blots

Anti-

PRMT5
SYM11
SYM10
Rabbit
Mouse
Rabbit
Mouse

Actin
p53
P-p53 (serine 15)

TAG

AlexaFluor 680
AlexaFluor 680
IRDye800
IRDye800

CATLOGUE

CATLOGUE

Ab109451
B-1075
14-5959-82

CLONE

GL7
RA3-6B2
7G6
11-26c.2a

CATLOGUE

07-405
Gift from SR
Gift from SR

A10043

A21057

925-32211
925-32210

A2066
2524S
12571S

CLONE
EPR5772

mAID-2

VENDOR

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen

CLONE

1CI2
D4S1H
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VENDOR DILUTION
Abcam 1/250
Vector 1/100

eBioscience 1/50
Vector 1/200
Vector 1/200

DILUTION
1/100
1/100
1/100
1/100
VENDOR DILUTION
Millipore 1:2000
1:1000
1:1000
Invitrogen 1:20 000

Invitrogen 1:20 000
LI-COR 1:20 000
LI-COR 1:20 000

Sigma 1:3000

Cell Signaling 1:1000

Cell Signaling 1:1000

Raised in

Rabbit

Rat

Raised in

Rabbit
Rabbit
Rabbit
Donkey
Goat
Goat
Goat

Rabbit
Mouse
Rabbit



Supplementary Table 2.6 - Primers

Primers for RT-qPCR
Gene Type
Prmt5 Forward
Reverse
Actin Forward
Reverse
Bel2 Forward
Reverse
Mci-1 Forward
Reverse
Bel-XL  Forward
Reverse
Bax Forward
Reverse
Bbc3 Forward
Reverse
Pmaip1 Forward
Reverse
Bad Forward
Reverse
Trp53  Forward
Reverse
Cdkn1a Forward
Reverse
Bcelé Forward
Reverse
Aicda Forward
Reverse
Prdm1 Forward
Reverse
Irf4 Forward
Reverse
Myc Forward
Reverse
Rpl35a Forward
Reverse
Igh Forward
Reverse

Primers for RT-PCR
Gene

Mdm4
total

Mdm4
splicing

Gapdh

Type

Forward
Reverse
Forward

Reverse
Forward
Reverse

Sequences

CCCCATTAAGCAGCCCATCA

GCCCACTCGTACCACACTTT
CTCTGGCTCCTAGCACCATGAAGA
GTAAAACGCAGCTCAGTAACAGTCCG
GAGCGTCAACAGGGAGATGT
CTGGGGCCATATAGTTCCACAA
CCCCTCCCCCATCCTAATCA
CAATCCCTGGTCACTGTCGG
AGTAAACTGGGGTCGCATCG
GCCATCCAACTTGCAATCCG
CAGGATGCGTCCACCAAGAA
AGTCCGTGTCCACGTCAGCA
ACGACCTCAACGCGCAGTACG
GAGGAGTCCCATG AAGAGATTG
TCGCAAAAGAGCAGGATGAG
CACTTTGTCTCCAATCCTCCG
CAGCAGCCCAGAGTATGTTCC
CGTCCCTGCTGATGAATGTTG
AAGACAGGCAGACTTTTCGCC
CGGGTGGCTCATAAGGTACC
AGATCCACAGCGATATCCAGAC
ACCGAAGAGACAACGGCACACT
CACACCCGTCCATCATTGAA
TGTCCTCACGGTGCCTTTTT
GCCACCTTCGCAACAAGTCT
CCGGGCACAGTCATAGCAC
GGAGGATCTGACCCGAAT
TCCTCAAGACGGTCTGCA
CTCTTCAAGGCTTGGGCATT
TGCTCCTTTTTTGGCTCCCT
TTTGTCTATTTGGGGACAGTGTT
CATCGTCGTGGCTGTCTG
CGTGCCAAATTCCGAAGCAA
ATGGGTACAGCATCACACGG
AGCTCACACCTTGACCTTTCA
TGGTGGGACGAACACATTTA

Sequences

AGTCAGGTGCGGCCAAAA
CCCAAAAGATCTCCACCACA
TGTGGTGGAGATCTTTTGGG

TCAGTTCTTTTTCTGGGATTGG
ACTCCACTCACGGCAAATTCA
GCCTCACCCCATTTGATGTT

127

Product
size (bp)
96

200

137

70

Product size
(bp)
i3

Short: 159
Long: 227

Lab
name

0J 863

OJ 864
0J 897
0OJ 898

0J 844
0J 845

0J 1074
0J 1075
0J 1621
0J 1622

Lab
name

0J 1617

0J 1618
0J 1613

0J 1614
0J 651
0J 652

Reference

Li, T., etal. (2012)
Li, T., etal. (2012)

Li, T., etal. (2012)

Hattangadi, S. M., et al. (2010)
Li, T., etal. (2012)

Nurieva, R. ., et al. (2008)

Todd, D. J., et al. (2009)
Todd, D. J., et al. (2009)

Wolf, E., et al. (2013)

Minnich, M., et al. (2016)

Reference

Bezzi, M., et al. (2013)

Bezzi, M., et al. (2013)
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3.1 Abstract

High affinity antibodies are generated during the germinal center (GC) reaction, in
which B cells go through cycles of somatic hypermutation and selection before
differentiating into plasma B cells. The mechanisms defining GC dynamics are
incompletely understood. Protein arginine methyltransferase 1 (Prmt1) is necessary
for B cell development and activation but its function during the GC reaction is
unknown. Here, we show that Prmt1 depletion in GC B cells strongly compromises
the magnitude and affinity of the antibody response to protein antigens, while
permitting normal titers but generating affinity-compromised antibodies to a
conjugated hapten that elicits a clonally-restricted response. This defect originates
from an impaired GC reaction, characterized by expansion failure and abnormal B cell
subsets. Ex vivo, Prmt1 deficiency or inhibition leads to reduced B cell proliferation
and drastically increases plasma cell differentiation. In vivo, the absence of Prmt1
leads to premature GC B cell differentiation, although Prmt1 is required afterwards for
plasma cell maintenance. Our data provides new insight into the impact of arginine
methylation on the dynamics and B cell fate choice in the GC.

3.2 Introduction

High affinity antibody responses depend on the cooperation between B lymphocytes
that can recognize invading antigen and cognate T cells, to form germinal centers
(GC). The GC is a transient structure formed upon infection or immunization within
the B cell follicles of secondary lymphoid organs, wherein the antibody genes of
antigen-activated B cells undergo somatic hypermutation (SHM). This process
generates antibody variants that are selected for their affinity by interactions between
the B cells and T follicular helper (Tfh) cells (Mesin et al., 2016; Rajewsky, 1996).
GCs acquire spatial organization, including the division into a dark zone (DZ) and a
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light zone (LZ), in which B cells undergo distinct phases of functional differentiation. In
the DZ, B cells have a centroblast phenotype, express Activation induced deaminase
(AID) and undergo SHM. When centroblasts move into the LZ, they acquire another
identity, as centrocytes. LZ B cells are selected based on their ability to acquire
antigen from follicular dendritic cells and present it to Tfh cells. Positively selected
centrocytes can re-enter the DZ and undergo further cycles of mutation and selection
that underpin the generation of high affinity antibodies. Alternatively, once GC B cells
reach a certain threshold of affinity, and/or in a stochastic manner, they can
differentiate to plasma or memory B cells (Nutt et al., 2015; Zotos and Tarlinton,
2012). The affinity of the antibody, acting as B cell receptor (BCR), influences GC B
cell fate. High affinity BCR typically induces plasma cell differentiation (Krautler et al.,
2017). CD40 signaling strength, enhanced by long T-B interactions, also influences B
cell fate, as reducing CD40 protein levels favors DZ re-entry over differentiation (Ise
et al., 2018). In fact, BCR and CD40 signaling synergize in centrocytes to induce c-
Myc expression (Luo et al., 2018), which is highly expressed in positively selected
cells that re-enter the DZ (Calado et al., 2012; Dominguez-Sola et al., 2012), as well
as in plasma cell-committed centrocytes (Ise et al., 2018). Thus, additional factors
that remain to be identified must modulate the underlying mechanisms deciding
centrocyte fate in the GC.

Post-translational modifications (PTM) regulate signaling cascades and gene
expression. While the study of PTM in B cell biology has focused on phosphorylation
and ubiquitination, important roles for less traditional PTM, such as O-GIlcNAcylation
(Wu et al., 2017) and arginine methylation (Hata and Mizuguchi, 2013; Infantino et al.,
2010; Ying et al., 2015), are emerging. Arginine methylation is catalyzed by a family
of protein arginine methyltransferases (PRMTs) that transfer methyl groups to the
guanidino group in the side chain of arginine residues (Blanc and Richard, 2017;
Yang and Bedford, 2013). Depending on whether the two methyl groups are added to
the same or a different nitrogen atom of the guanidino group, PRMTs produce either
asymmetrical or symmetrical dimethyl arginine (aDMA or sDMA), respectively.
PRMT1 is the main enzyme catalyzing aDMA modification in most mammalian cell

types, methylating a large repertoire of substrates (Blanc and Richard, 2017).
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Accordingly, PRMT1 can have multiple cellular functions, notably acting as
coactivator of many transcription factors, but also regulating translation and
participating in signaling pathways (Blanc and Richard, 2017), including lymphocyte
antigen receptors signaling (Infantino et al., 2010; Mowen and David, 2014).

PRMT1 is essential for embryogenesis and its loss leads to cell cycle arrest in mouse
embryo fibroblasts (Yu et al., 2009). Conditional ablation has shown that Prmt1 is
necessary for mouse B cell development, by promoting the differentiation of pre-B
cells (Dolezal et al., 2017; Hata et al., 2016; Infantino et al., 2010). Reflecting the
multiplicity of PRMT1 substrates, this is achieved by at least two mechanisms. Firstly,
aDMA of the Iga subunit of the pre-B cell receptor (BCR) complex dampens PI3K/Akt
signaling, thus favoring differentiation (Infantino et al., 2010). Secondly, Prmt1
activity, enhanced by its association with Btg2, reduces pre-B cell proliferation by
methylating CDK4 to prevent its interaction with cyclin D3, thus leading to G1 arrest,
Rag2 expression and IgL rearrangement (Dolezal et al., 2017). While there is
consensus about the requirement for Prmt1 for B cell development, the analysis of
the T-cell dependent antibody response in mice lacking Prmt1 in mature B cells has
yielded contradictory findings. While one group found GC defects, and accordingly
greatly reduced antibody responses (Infantino et al., 2017), another group found
normal antibody responses, although they did not analyze GC (Hata et al., 2016).
These reports differed also in the response of purified Prmt1-deficient mature B cells
to stimulation with anti-lgM, CD40L or LPS in vitro, showing either reduced (Infantino
et al., 2017) or increased proliferation (Hata et al., 2016). The discrepant results
between these two reports might be explained by differences in excision efficiency
and ontogeny of B cells devoid of Prmt1, as they used different Cre drivers to delete
Prmt1. Nevertheless, they stress the need for further scrutiny to clarify the role of
Prmt1 in antibody responses. Moreover, since Prmt1-deficient B cells show activation
defects and reduced expression of anti-apoptotic genes in vitro following BCR cross-
linking (Infantino et al., 2017), little could be concluded about the role of Prmt1 in GC

as any phenotype would be influenced by defects during B cell activation.
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Here we have analyzed GC function in mice in which Prmt1 is conditionally deleted at
the onset of the GC reaction but after B cell activation. We find that these mice have
compromised GC expansion, yet respond well to antigens that elicit a clonally
restricted antibody response. However, the magnitude and affinity of a response
against protein antigens is compromised. In vitro and in vivo analysis of Prmt1-
deficient B cells provide evidence of altered GC dynamics compatible with a defect in
LZ B cells, most likely during positive selection. We finally show that Prmt1 inhibition
or ablation ex vivo results in greatly enhanced plasma cell differentiation. Our data
establishes Prmt1 as a fundamental factor in sustaining GC dynamics and negatively

regulating plasma cell differentiation.

3.3 Results

3.3.1 Prmt1 is upregulated in activated and GC B cells

A systematic survey to determine Prmt1 expression in B cell stages showed that it
was regulated during B cell development but decreased and remained unchanged in
immature and resting mature B cells (Fig 3.1A). Prmt1 gene expression was
increased in activated and GC B cells (Fig 3.1A). Moreover, comparing the RNA
levels of all nine murine PRMTs in activated and GC B cells, showed that Prmt1 is the
most expressed PRMT in both B cell types (Fig. 3.1B). In agreement with RNA levels,
Prmt1 protein levels increased and were sustained for 4 days after stimulating splenic
B cells with LPS and IL-4 (Fig. 3.1C). Similarly, in mouse spleen, Prmt1 was highly
expressed in the red pulp and in GC B cells, predominantly in the nucleus, and was
much less abundant in follicular (FO) B cells (Fig. 3.1D). Prmt1 protein expression
also distinguished GC from FO B cells in human lymph node and tonsil (Fig. 3.1E).
These results suggested that Prmt1 was particularly relevant at B cell activation and
in the GC.
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Figure 3.1 — Prmt1 expression in B cells

A) Prmt1 mRNA levels in B cell populations from each indicated source were normalized to resting
mature follicular (Fo) B cells. CLP, common lymphoid progenitor; FrA to F, Hardy’s fractions of B cell
development; T1-T3, transitional B cell types;, MZ, marginal zone B cells; GC, germinal center; CB,
centroblasts; CC, centrocytes; PC, plasma cells; (Sp), spleen.

B) Expression level of Prmts in wt mouse splenic B cells activated with LPS (50 ug/mL) + IL-4 (2.5
ng/mL) for 72 h and in GC B cells sorted from lymph nodes of immunized mice. Average reads per
kilobase per million mapped reads (RPKM), from two biological replicates.

C) Prmt1, aDMA-modified proteins and Actin (as loading control) were probed by WB with anti-Prmt1
and ASYM26 antibody, respectively, in extracts of splenic B cells stimulated with LPS (5 ug/mL) + IL-4
(5 ng/mL) for various times.

D) Representative pictures of immunohistochemical staining for Prmt1 and AID, as GC marker, on

consecutive spleen sections from an immunized mouse.

E) Representative pictures of PRMT1 immunohistochemical staining with antibody CAB022550 in
human lymph node and tonsil, obtained from the Human protein atlas database.

133



3.3.2 Prmt1 is required for GC formation

We initially analyzed Prmt1F* CD21-cre mice, which excise Prmt1 in marginal zone
(MZ) and FO B cells (Kraus et al., 2004), to produce Prmt1-deficient mature B cells.
Prmt1 was efficiently deleted in resting splenic B cells from Prmt1F CD21-cre mice,
which were also depleted of aDMA (Fig. 3.2A). Most splenic B cells populations were
normal in Prmt17F CD21-cre mice, except for MZ B cells that were reduced (Fig.
3.2B). To test the effect of Prmt1 deficiency on GC formation we resorted to bone
marrow (BM) chimeras, to avoid confounding effects from deletion in CD21* follicular
dendritic cells (Schmidt-Supprian and Rajewsky, 2007). We transplanted a 1:1
mixture of BM cells from either Prmt1FF CD21-cre or CD21-cre control mice together
with BM from uyMT mice, which cannot produce B cells (Kitamura et al., 1991), into
lethally irradiated wt mice. The chimeric mice were immunized with the hapten 4-
hydroxy-3-nitrophenyl conjugated to chicken gamma globulin (NP-CGG) two months
after BM reconstitution and analyzed 10 days later. We verified a significant
deficiency in MZ B cells in splenic resting B cell populations, confirming this was a B
cell intrinsic defect, but FO B cell proportions were normal (Fig. 3.2C). GCs were
reduced by ~3-fold in Prmt1FF CD21-cre : yMT BM chimeras compared to control
chimeric mice (Fig. 3.2D), in line with published data using Prmt1F CD23-cre mice
(Infantino et al., 2017). Thus, Prmt1 in peripheral B cells is required for MZ B cells,
dispensable for the homeostasis of FO B cells and necessary for GC formation.
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Figure 3.2 — Prmt1 is required for GC formation

A) WB for Prmt1 and aDMA (ASYM26) in purified resting B cells from the spleen of CD21-cre (Ctrl)
and Prmt1™F CD21-cre (F/F). Revert is used as a loading control. Mean (bars) and individual mice

(circles) values are indicated, from 2 experiments, normalized to revert.

B) Representative flow cytometry plots used to analyze splenic T cells and B cell subpopulations in
CD21-cre (Ctrl) and Prmt1¥F CD21-cre (F/F) mice. B cells were gated on B220* and subpopulations
are defined as immature (IgD- IgM*), transitional (IgD* IgM*), mature (IgD* IgM-), follicular (CD21*

CD23*) or marginal zone (CD21* CD23). Mean + s.e.m. proportions for 2 mice from one experiment.

C) As in B for mixed BM chimera of either CD21-cre (Ctrl) or Prmt1F CD21-cre (F/F) and uMT BM
cells (1:1 ratio). Reconstituted mice were immunized with NP-CGG and splenocytes analyzed 10 days

later.

D) Representative flow cytometry plots of B220* cells showing GC B cell proportions in the spleen of

chimeric mice from C). Values for individual mice are plotted.
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3.3.3 Prmt1 in GC B cells is required for the antibody response

to complex antigen

The Prmt1FF CD21-cre mice, as well as previous work analyzing Prmt1 in B cells
(Hata et al., 2016; Infantino et al., 2017), ablated the enzyme in mature resting B
cells. Given that Prmt1 is induced both in activated as well as GC B cells, potential
defects upon B cell activation might obscure additional functions of Prmt1 in GC B
cells. To bypass any effect of Prmt1 deficiency prior to activation, we generated
Prmt1FF Cy1-cre mice, which delete Prmt1 following B cell activation (Casola et al.,
2006). Prmt1FF Cy1-cre mice showed normal numbers of T and B lymphocytes, as
well as resting B cell subsets (Fig 3.3A). Basal serum Ig in Prmt17F Cy1-cre mice
showed a significant and specific decrease of circulating IgG1 (Fig 3.3B), indicating a
defect of Prmt1-deficient B cells for generating antibody responses. It was therefore
surprising that after immunization with NP-CGG, these mice produced normal 1gG1
responses against NP (Fig. 3.3C). However, the response against NP is heavily
biased towards using the A light chain and Ig VH186.1, in which relatively high affinity
can be reached through a single point mutation (Allen et al., 1988). This clonal
restriction leads to a response dominated by intraclonal competition (Jacob et al.,
1993). In contrast, pre-immune serum IgG1 reflects polyclonal antibody responses
against environmental antigens that likely undergo interclonal competition in the GC
(Bannard and Cyster, 2017). Since proteins are complex antigenic entities (Benjamin
et al., 1984), we then analyzed the serum IgG1 against the CGG protein carrier in the
immunized Prmt17F Cy1-cre mice. Anti-CGG IgG1 was significantly decreased after
immunization, despite a normal anti-NP response in the same mice (Fig. 3.3D). Upon
recall immunization 18 weeks after primary immunization, anti-CGG IgG1 was still
strongly reduced compared to wt and the anti-NP response was still very similar to
the controls (Fig. 3.3E). The distinct defects in antibody responses against each
antigen were not easily explained by GC or plasma cell phenotypes. Thus, Prmt1F/F
Cy1-cre mice displayed a 3.6-fold decrease in mean GC B cell numbers in the spleen
14 days after immunization (Fig. 3.3F) but the difference in GC B cell numbers was

no longer significant for GC formed after recall (Fig. 3.3G). The latter results,
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suggested that memory B cells generated from the primary GC had compensated for
the initial defect. Moreover, even if NP-specific IgG1* antibody secreting cells (ASC)
were readily detectable in the spleen of Prmt1F Cy1-cre mice after primary response
and at recall, they were still fewer than in the control (Fig. 3.3G). The reduction in
ASC was consistently larger in bone marrow (BM), suggesting an additional defect
caused by Prmt1 deficiency in plasma cells. We therefore hypothesized that not only
GC B cell numbers, but also GC function were affected by Prmt1-deficiency. To glean
information about GC function we studied affinity maturation in Prmt1F Cy1-cre mice
by comparing the affinity of antigen-specific antibodies using NaSCN displacement
ELISA (Luxton and Thompson, 1990; Zahn et al., 2013). This method revealed affinity
maturation defects for both responses but still showed differences depending on the
antigen. Thus, there was no significant difference in the affinity of the primary anti-NP
response of the Prmt1F Cy1-cre compared to control mice, but the recall response
had reduced affinity (Fig. 3.3H). Meanwhile, the affinity of anti-CGG IgG1 was
significantly reduced at both primary and recall immunizations in Prmt17F Cy1-cre
mice (Fig. 3.3I).

Thus, Prmt1 is much more critical for mounting high affinity antibody responses
against complex antigens, such as CGG, than to elicit antibodies against antigens
that evoke a clonally restricted responses, such as NP. We conclude that Prmt1
expression in GC B cells is necessary for GC homeostasis as well as for affinity

maturation, strongly suggesting a functional GC defect.
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Figure 3.3 — Prmt1 is necessary for humoral response against complex
antigen
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A) Mean + s.d. number of lymphocytes and B cell subpopulations per spleen for n Cy1-cre

(Ctrl) or Prmt1™ Cy1-cre (F/F) mice from 3 independent experiments.

B) Total levels of antibody isotypes in the pre-immune sera from n Cy1-cre (Ctrl) or Prmt1™*

Cy1-cre (F/F) mice, measured by ELISA.

C) Anti-NP-specific IgG1 in the sera of Cy1-cre (Ctrl) or Prmt1™F Cy1-cre (F/F) mice at day 14
after immunization with NP-CGG in Alum, measured by ELISA using NP2,-BSA for capture.
Mean % s.d. of OD values for n mice per group are plotted for serial dilutions, compiled from 5

independent experiments.

D) Anti-CGG-specific IgG1 in the serum of a subset of mice from C), measured by ELISA.
The anti-NP IgG1 measured in the same sera are shown. Mean + s.d. of OD values from n

mice are plotted for serum serial dilutions.

E) Cyl-cre (Ctrl) or Prmt1¥F Cy1-cre (F/F) mice were immunized as in C) and a recall
immunization performed 18 weeks later. Anti-CGG- and anti-NP- specific IgG1 was measured
at day 7 post recall as in D). Mean + s.e.m. OD values for n mice are plotted for various

dilutions, from 2 independent experiments.

F) Representative flow cytometry plots gated on B220" cells showing GC cell (GI7"" CD95")
proportions in the spleen of Cy1-cre (Ctrl) or Prmt1™F Cyl1-cre (F/F) mice, 14 days post-
immunization with NP-CGG. Data for individual mice (dots) are plotted to the right with means
(bars) shown. Similar data from mice at 7-9 days after recall immunization is shown to the

right. Data from individual mice (dots) and means (bars) from 2 experiments are indicated.

G) Number of NP-specific IgG1 antibody secreting cells (ASC) per 10° cells in the spleen or
BM of Cy1-cre (Ctrl) or Prmt1™" Cy1-cre (F/F) mice, measured by ELISPOT using NP2-BSA
for capture. Data for 14 days post primary immunization and at 9 days after recall are shown
for individual mice (circles) with means (bars). Representative images for each are shown

next to the corresponding graph.

P-values throughout are indicated for significant differences by unpaired, two-tailed Student-t

test.

H, 1) Affinity of NP-specific or CGG-specific IgG1 from Cy1-cre (Ctrl) or Prmt1™ Cy1-cre (F/F)
mice at day 14 post-immunization with NP-CGG, measured by NaSCN displacement affinity
ELISA using either NP»-BSA- or CGG-coated plates, respectively. Mean + s.d of the fraction

139



of antigen-specific IgG1 eluted at each stepwise increasing concentration of NaSCN (An) is
plotted for n mice from at least 2 independent experiments. Relative affinity values of anti-
CGG IgG1 were calculated (see methods) and plotted for individual mice, with means (bars)

shown.

J) Affinity measured as in H) for anti-NP and anti-CGG IgG1 after recall immunization.

3.3.4 Prmt1 is required for GC expansion and LZ homeostasis

To gain insight into the function of Prmt1 in GC, we characterized GCs in Prmt1/F
Cy1l-cre mice in more detail. We followed the kinetics of GC formation after
immunization with sheep red blood cells (SRBC). GC B cell proportions and numbers
were similar to control at day 5 (Fig. 3.4A, 3.4B), despite efficient Prmt1 depletion
evidenced by the loss of aDMA specifically in GC B cells (Fig. 3.4C). However, by
days 8 and 15 after immunization GC B cell proportion and numbers were
significantly lower in Prmt1¥F Cy1-cre mice (Fig. 3.4A, 3.4B). We did not observe
increased apoptosis (Fig 3.4D), but we detected a larger fraction of Ki67'°% cells at
day 8 (Fig 3.4E), indicative of reduced proliferation in vivo (Endl et al., 1997). The DZ
to LZ ratio, calculated from the Cxcrd'°¥ CD86M9" versus Cxcr4hish CD86'°% staining
(Victora et al., 2010), appeared normal (Fig. 3.4F). However, there were indications
that the B cell subsets dynamics were affect. Indeed, the Prmt17F Cy1-cre mice
showed the accumulation of a Cxcr4- CD86'°" population in the gate corresponding to
the LZ (Fig. 3.4F, 3.4G). This population could be detected at day 5 but was most
evident at days 8 and 15 post-immunization (Fig. 3.4G). Cxcr4- CD86'" GC B cells
were less proliferative, as shown by a lower proportion of Ki67* cells compared to
centroblasts and centrocytes (Fig. 3.4H). Immunizing Prmt1¥F Cy1-cre Aicda-GFP
mice, which express an AID reporter (Crouch et al., 2007), recapitulated phenotypes
of reduced GC B cells and Cxcr4- CD86'°* B cell accumulation and showed that this
population did not express AID (Fig. 3.4l, 3.4J). The AID-GFP reporter revealed
further GC abnormalities in Prmt1/F Cy1-cre mice: a population of AIDY™ cells visible

in control DZ and LZ was absent and the overall proportion of AID* centrocytes was
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reduced in these mice (Fig. 3.4J), which we posit reflects alterations in the normal

GC dynamics.

We conclude that Prmt1 is necessary for the GC homeostasis and normal dynamics.
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Figure 3.4 — Prmt1 is necessary for GC expansion and dynamics
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A) Representative flow cytometry plots of the proportion of GC B cells in the spleen of Cy1-cre (Ctrl) or
Prmt17F Cy1-cre (F/F) mice at various times post-immunization with SRBC. Mean * s.d (except at day

0, s.e.m) of GC B cells proportion for n mice from 5 independent experiments are plotted.

B) Mean (bars) GC B cell numbers for individual mice (circles) from A) from 2 independent

experiments at day 5 and one experiment at days 8 and 15.

C) Representative confocal images of immunofluorescence in splenic sections from Cy1-cre (Ctrl) or
Prmt1FF Cy1-cre (F/F) mice at day 5 after SRBC immunization, stained with antibodies against aDMA
(ASYMZ26). GCs (IgD- GI7*) are contoured by dashed lines. Scale bar 100 um.

D) Apoptosis measured with pan-activated caspase staining by flow cytometry in GC B cells of Cy1-cre
(Ctrl) and Prmt1¥F Cy1-cre (F/F) mice at day 5 post-immunization with SRBC. Mean + s.d. proportion

of activated caspase* cells in GC B cells for 3 mice from one experiment.

E) Representative histograms of Ki67 staining in splenic GC B cells (B220*, GI7"s" CD95*) from Cy1-
cre (Ctrl) and Prmt1¥F Cy1-cre (F/F) mice 8 days post-immunization with SRBC. Means * s.d.
proportion of Ki67'°w GC B cells for 3 mice from 2 experiments at day 5 and one experiment at day 8

are shown.

F) Representative flow cytometry plots of GC B cells (B220+* GI7* CD95*) from Cy1-cre (Ctrl) or
Prmt1FF Cy1-cre (F/F) mice showing the proportion of DZ (Cxcr4* CD86""), LZ (Cxcr4- CD86"s") and
Cxcr4- CD86 cells at various times post-immunization with SRBC. Mean + s.d. DZ/LZ ratios for n

mice, from 4 independent experiments.

G) Representative histograms of CD86 and Cxcr4 stainng in GC B cells from Cy1-cre (Ctrl) or Prmt1/F
Cy1-cre (F/F) mice. The proportions of Cxcr4- CD86"" cells in individual mice (symbols) and mean

values (bars) are plotted.

H) Representative histograms of Ki67 staining with proportions of Ki6é7°°" cells in DZ (Cxcr4CD86"),
LZ (Cxcr4CD86"Ms") and Cxcr4- CD86"" cells from 2 Prmt1F Cy1-cre (F/F) mice at 8 days post-

immunization with SRBC.

I) Proportion of GC B cells at 9 days after SRBC immunization in Cy1-cre Aicda-GFPtg (Ctrl) or
Prmt1FF Cy1-cre Aicda-GFPtg (F/F) mice (symbols) and means (bars) are plotted for n mice (dots)
from 2 independent experiments. The proportion of Cxcr4- CD86'°% GC B cells for a subset of the mice

is plotted on the right.

J) Left, histograms of AID-GFP levels in DZ (Cxcr4- CD86/°%), LZ (CXCR4'°w CD86"9") and CXCR4
CD86w B cells in GCs (B220*, GI7* CD95*) of the mice analyzed in |). The gates shown in the

histogram were used to calculate the proportion of AID* cells in each population (Middle) and the ratio
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of AIDYm to AIDNeh B cells in the DZ and LZ (right). Individual mice (symbols) and mean values (bars)

are shown, from one experiment.

P-values throughout are indicated for significant differences by unpaired, two tailed Student-t test.

3.3.5 Prmt1 promotes B cell proliferation but is dispensable for

isotype switching

For further insight into the B cell function of Prmt1 we analyzed the effect of ablating
Prmt1 ex vivo in co-cultures with 40LB cells, which express CD40L and BAFF. B cells
plated onto 40LB cells in the presence of IL-4 acquire a GC B cell-like phenotype (or
iGBs heretofore) (Nojima et al., 2011). Resting B cells from Cy1-cre control mice
plated onto 40LB briskly expanded for up to 6 days while Prmt17F Cy1-cre iGBs
showed similar expansion up to day 5 but collapsed at day 6 (Fig. 3.5A). In fact, the
expansion potential of Prmt1F Cy1-cre iGBs was compromised by day 4, as revealed
by replating cells from this time point onto fresh 40LB (Fig. 3.5A). Importantly,
Prmt1FF Cy1-cre iGBs were depleted of aDMA by day 3 post-plating, demonstrating
efficient Prmt1 ablation, which was maintained at day 6, indicating there was no
counter selection of Prmt1-deficient B cells (Fig 3.5B). We did not detect any
consistent increase in apoptosis in Prmt1F Cy1-cre iGBs compared to controls (Fig
3.5C). On the other hand, cell cycle analysis revealed G1 arrest and reduced S phase
in these cells at day 4 (Fig 3.5D), consistent with a proliferation defect and in line with

reduced Ki67 staining in vivo.

Because PRMT1 has been shown to regulate the function of Mre11 and 53BP1
(Adams et al., 2005; Boisvert et al., 2005a; Yu et al., 2012), DNA repair factors that
are important for antibody class switch recombination (CSR) (Stavnezer and
Schrader, 2014), we analyzed CSR in the Prmt1-deficient iGBs. Isotype switching to
IgG1 was modestly reduced at days 6 and 7 in the Prmt1FF Cy1-cre iGBs (Fig. 3.5E).
However, this reduction could be explained by reduced proliferation, as it coincided
with the time points when cell expansion was more affected. To rule out a direct role
of Prmt1 in the CSR mechanism, we depleted Prmt1 in the CH12F3 B cell line, which
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switches from IgM to IgA upon cytokine stimulation (Nakamura et al., 1996) and
constitutively expresses Prmt1 (Supplementary Fig. 3.1A). Knockdown of Prmt1 was
efficient (Fig. 3.5F, Supplementary Fig. 3.1B-E) and did not significantly affect AID
expression levels or germline transcripts (Supplementary Fig. 3.1F-G). Prmt1-
deficient CH12F3 B cells showed reduced proliferation, as measured by CFSE, but
had no CSR defects (Fig. 3.5G, 3.5H). These data show that the reduced IgG1 levels
observed in the serum of Prmt1F Cy1-cre mice (Fig. 3.3B) could not be explained by

an intrinsic defect in the CSR mechanism.

We conclude that Prmt1 is necessary for activated B cell proliferation but dispensable
for CSR.

144



>
vy}

Prmt17F Cy1-cre iGB cells Prmt17F Cy1-cre iGB cells
1v plating 2v plating Day 3 Day 6
10 gs % ‘% 100
& |-ect = T Ctr s 40 Ctrl g
x % (=9 26 a0l e £ 80 .
5 6 ®BFF 3 7| o 8 & s
3 4 L ect FIF s FIF s "
E 4 b > 20 B > - E
2 & & (n=5) Q| ' < Quw 4%
= ® T2 — ®FF 910 g :
o 2 = o 20 D 20 -
T 0- T T I > 0l : > 0
01234567 & B ASYM26 DAPI <~ cti FIF ASYM26 DAPI < " Neg Ctl FIF
Days post plating Days post re-plating n= 1 1 n= 2 1
C D E Prmt1¥F Cy1-cre iGB cells
60
<) ) 80 p=00118
= Prmt17F Cy1-cre iGB cells (day 4) —
) 60 2
[ Ctrl FIF | & »
N S 36 30 3 5
> o 40 o
< - | -3 s
0 B [JLI®? 7 20 Q
S @] G1 k=)
= ]
PI 0
4 5 6 G1 S G2 0 .
Days post-plating 3 4 5 6 7
= 3 2 2 Days post plating
n=6 8 5 6 3
F G H CH12F3 cells
CH12F3 B cell line CHI2FS cells .
: ) (Day of stimulation) (Day 3 post stimulation) (Day 3 post-stimulation)
(Day 5 post infection) 100 20
& |shCtrl = N shCtrl L
3 {shPrmt1 #1 3 shPrmt1 #1 8 16
shPrmt1 O |shPmt1 #2 L | shPrmt1 #2 X
shCtrl #1  #2 S 8 2 0
o g | ‘ g "
Prmt1 h4 . x N 14
— — — CFSE 10 10" 10° 10 10* 0.0
Pcna CFSE— O«\ # #2
& shPrmt1
Prmt17F Cy1-cre iGB cells Prmt1¥F Cy1-cre iGB cells
Primary plating Secondary plating
IL4 IL21 IL-4 Day3
2 6 ictrl © 31p<00001 mm Ctrl
Q p <0.0001 & Ctrl 8 - . FIF
by - e FFF &
el % T 24
3O 4 o2
NE | p=0001 e
TE“ o g (&) ns
£ 5 1 ° S £
=27 A ]
§ o8 oo a
=4 4 7 2 2 2 o
X o” ‘ S S0 w
4 5 6 4 5 6 IL4 1L21
Days post plating n=6 3

Figure 3.5 — Prmt1 is necessary for GC homeostasis

A) iGB cell counting over time from resting splenic B cells from Cy1-cre (Ctrl) and Prmt17F Cy1-cre
(F/F) mice plated on 40LB feeder cells supplemented with 1 ng/mL IL-4 (primary plating). At day 4
post-plating, cells were re-plated onto fresh 40LB feeders and maintained in culture for 3 days in

identical conditions (secondary plating). Compilation of n mice from 2 experiments.
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B) Representative confocal pictures of immunofluorescence of aDMA (ASYM26) on Cy1-cre (Ctrl) and
Prmt17F Cy1-cre (F/F) iGBs at 3 and 6 days post plating. Nuclei were stained with DAPI. Bkgd, no
primary antibody control. Average ASYMZ26 signal per cell is plotted. Scale bar 10um.

C) Mean + s.e.m. proportion of Annexin-V* Cy1-cre (Ctrl) and Prmt17F Cy1-cre (F/F) iGB cells at

various days after primary plating for n mice, from 2 experiments.

D) Cell cycle profile of Cy1-cre (Ctrl) and Prmt1F Cy1-cre (F/F) splenic B cells cultured as in A) and
pulsed with BrdU (10 uM) for 1 h at day 4 post plating before harvesting and staining with anti-BrdU
and propidium jodide (Pl). The plot shows mean + s.e.m. values for 2 mice per genotype from one

experiment.

E) Mean + s.d. proportion of IgG1* Cy1-cre (Ctrl) and Prmt1F Cy1-cre (F/F) iGB cells at various days

post primary plating for n mice from 5 experiments.

F) Prmt1 and Pcna (loading control) levels measured by WB in CH12F3 B cells expressing scramble
ShRNA (shCtrl) or shRNAs against Prmt1 (#1, #2).

G) CH12F3 B cells expressing shRNAs as in F) were stained with CFSE and stimulated with 1 ng/mL
TGFB, 10 ng/mL IL-4, 1 ug/mL a-CD40. Representative histogram showing CFSE levels at the day of

staining and after 3 days in culture, from 3 independent experiments.

H) Proportion of IgA* in CH12F3 cells expressing shRNAs as in F) at day 3 post stimulation. Three

independent experiments (dots) and mean values (bars) are shown, normalized to shCtrl cells.

1) Left, Representative flow cytometry plots showing the proportion of plasma cells (B200°™ CD138)
arising from Cy1-cre (Ctrl) or Prmt1F Cy1-cre (F/F) iGBs at day 6 post primary plating on 40LB cells.
Mean t s.d. proportion of plasma cells, normalized to Ctrl average values, in cultures with either 1
ng/mL IL-4 (from n mice from 3 experiments) or additionally supplemented with 10 ng/mL IL-21 (from n

mice from 1 experiment).

J) Left, Representative flow cytometry plots as in ) for B200%™ CD138* plasma cells derived from Cy1-
cre (Ctrl) or Prmt1F Cy1-cre (F/F) iGBs at day 3 of secondary plating on 40LB cells supplemented with

1 ng/mL IL-4 or 10 ng/mL IL-21 at re-plating. Data from n mice from 3 experiments.

P-values throughout are indicated for significant differences by unpaired, two-tailed Student-t test.

3.3.6 Prmt1 represses plasma cell differentiation

Unexpectedly, we observed a large increase in the proportion of CD138" cells in

Prmt1¥F Cy1-cre iGB cultures. This was visible in primary as well as secondary
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plating and relatively specific for cells supplemented with IL-4 rather than IL-21 (Fig.
3.51, 3.5J). This result contrasted with a previous report in which Prmt17F CD23-cre B
cells stimulated in vitro with mitogen and cytokines, a classical assay to monitor
plasma cell differentiation (Nutt et al., 2015), generated reduced proportions of
plasma cells (Infantino et al., 2017). The kinetics of Prmt1 deletion of Prmt1F* Cy1-cre
cells when activated in this fashion were slow, and deletion inefficient (not shown).
Therefore, to further study plasma cell differentiation in vitro we used splenic B cells
from Prmt1FF CD21-cre mice stimulated in vitro. CD21-cre control B cells cultured in
LPS + IL-4 showed >2-fold Prmt1 protein up-regulation and increased aDMA, while
activated Prmt17F CD21-cre B cells were depleted of both (Fig 3.6A). There was no
significant difference in apoptosis or cell counts up to day 3 post-stimulation with LPS
+ IL-4 (Supplementary Figs. 3.2A, 3.2B). However, by day 4 reduced proliferation
was visible by cell proliferation dye staining and cell counting (Fig 3.6B, 3.6C). The
activated Prmt1FF CD21-cre B cells showed decreased CSR to IgG1 and
concomitantly increased CD138" plasma cell differentiation per division (Fig. 3.6B,
Supplementary Fig. 3.2C). Increased differentiation in Prmt1-null B cells was
confirmed by increased expression of the plasma cell specification genes Prdm1 and
Irf4 and augmented Igh transcription (Fig. 3.6D). Prmt1-deficient B cells showed
proliferation defects after LPS or CD40 + IL4 stimulation but the largest defect was
observed after CD40 stimulation (Compare Figs. 3.6B, 3.6E 3.6F). Nonetheless, all
stimulations of Prmt17F CD21-cre B cells consistently enhanced plasma cell
differentiation and reduced isotype switching per division (Figs. 3.6E, 3.6F,
Supplementary Fig. 3.2D, 3.2E). As an orthogonal approach, we tested the effect of
pharmacological inhibition of Prmt1 on plasma cell differentiation in stimulated wt B
cells, using the type | PRMT inhibitor MS023 (Eram et al., 2016). Since Prmt1 is >4-
fold more expressed than other type | PRMTs in activated B cells (Fig. 3.1B), any
effects are most likely to originate from reduced Prmt1 activity. Accordingly, the
pattern of proteins with reduced aDMA modification was very similar between MS023-
treated and Prmt1-deficient activated B cells (Figs. 3.6A, 3.6G). MS023 caused a
dose-responsive increase in B cell differentiation in activated wt B cells, judged both

by the increase in CD138 surface expression and induction of Prdm1 and Irf4 (Figs.
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3.6H, 3.61), ruling out any influence of cre system in the results. We conclude that

Prmt1 limits B cell differentiation into plasma cells in vitro.
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Figure 3.6 — Prmt1 limits B cell differentiation per division
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A) WB for Prmt1 and aDMA (ASYM26) in extracts from CD21-cre (Ctrl) and Prmt17F CD21-cre (F/F)
purified naive B cells, either resting or 72 h post stimulation with LPS (5 ug/mL) and IL-4 (5 ng/mL).
Revert is used as a loading control. The plot shows mean + s.d. quantification of Prmt1 levels for n
mice, normalized to revert.

B) Naive CD21-cre (Ctrl) and Prmt1FF CD21-cre (F/F) B cells were purified and stained with CFSE
previous to activation with LPS (6 ug/mL) and IL-4 (5 ng/mL). Representative flow cytometry plots of
CFSE levels at 96 h indicating proportion of cells in each division, as well as plots of the proportion of
plasma cells (CD138*) class-switched (IgG1*) B cells are shown. Means + s.e.m proportion of CD138*
or IgG 1+ cells for each cell division for 2 mice per genotype of a representative experiment are shown.

C) Number of CD21-cre (Ctrl) and Prmt1FF CD21-cre (F/F) cells per well from naive B cells cultures
stained with CFSE and activated for 96 h with either LPS (5 ug/mL) and IL-4 (5 ng/mL), LPS (25
ug/mL) or agonist anti-CD40 (10 ug/mL), IL-4 (10 ng/mL) and IL-5 (5 ng/mL). Means (bars) and

individual mice (dots) values from 2 experiments are shown.

D) Transcript levels of the indicated genes in Prmt17F CD21-cre (F/F) relative to CD21-cre (Ctrl)
measured by RT-qPCR in purified splenic B cells activated with LPS (5 ug/mL) and IL-4 (5 ng/mL) for 2
days. All mRNA levels were normalized to Rpl35 expression. Means (bars) are indicated, 2 mice were
analyzed from one experiment per condition.

E) Purified naive CD21-cre (Ctrl) and Prmt1F CD21-cre (F/F) B cells were stained with CFSE and
activated with LPS (25 ug/mL) for 96 h. Representative CFSE histograms and CD138* cells at 96 h.
Means * s.e.m proportions of CD138* cells per division from two mice from one representative

experiment.

F) Purified naive CD21-cre (Ctrl) and Prmt1¥F CD21-cre (F/F) B cells were stained with CFSE and
activated with agonist anti-CD40 (10 ug/mL), IL-4 (10 ng/mL) and IL-5 (5 ng/mL) for 96 h.
Representative flow cytometry plots and mean + s.e.m proportions of CD138* and IgG1* cells per cell
division for 2 mice per genotype from one representative experiment.

G) WB for aDMA (ASYMZ26) in extracts from wt purified naive B cells stimulated as in A), treated or not
with the Type | PRMT inhibitor MS023.

H) Scheme of the experimental set up and quantitation of plasma cells (B220%™ CD138*) in cultures of
wt naive B cells purified and stimulated as in A) and treated with the indicated concentrations of

MS023. Mean % s.d. for n mice from 5 experiments are plotted.

1) Expression of Prmd1 and Irf4 determined by RT-qPCR in cultures as in H treated with MS023. Two

mice from one experiment.
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3.3.7 Synergistic effect of Prmt1 and Prmt5 on plasma cell

differentiation

PRMT1 substrate scavenging has been described, whereby in the absence of
PRMT1 other PRMTs can methylate the orphaned substrates (Dhar et al., 2013) and
scavenging of Prmt1 substrates by Prmt5, thus replacing aDMA by sDMA, could have
unpredictable functional consequences. Indeed, WB revealed PRMTs substrate
scavenging in mouse wt activated B cells, as shown by specific increases in sDMA-
containing bands when Prmt1 was inhibited, in addition to reduction in some specific
sDMA bands upon Prmt1 inhibition suggesting enzyme cooperation (Fig. 3.7A). On
the other hand, we have found that ablating Prmt5, a type Il PRMT that is highly
expressed in activated B cells (Fig. 3.1B), also leads to increased plasma cell
differentiation (Litzler et al, in preparation). We therefore asked whether Prmt5 and
Prmt1 might collaborate or compete during plasma cell differentiation. We found that
Prmt5 inhibition, in conjunction with Prmt1 genetic deficiency or inhibition, potentiated
plasma cell differentiation. Indeed, even at low doses of PRMT1 and PRMT5
inhibitors, which alone barely affected plasma cell differentiation of wt B cells
compared to DMSO control, showed a synergistic effect when combined, increasing
differentiation and concomitantly decreasing proliferation (Figs. 3.7B, 3.7C). We
confirmed this effect in the iGB system, by treating Prmt1¥F Cy1-cre iGBs with
PRMTS5 inhibitor, which increased plasma cell differentiation upon replating with IL-4,
but not IL-21 (Fig. 3.7D, 3.7E), consistent with our results above. We conclude that
Prmt1 and Prmt5 negatively regulate plasma cell differentiation by non-epistatic

mechanisms.
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Figure 3.7 — Prmt1 cooperates with Prmt5 to restrict plasma cell

differentiation

A) WB for aDMA (ASYM26) and sDMA (SYM11) in extracts from purified naive wt B cells cultured in
LPS (5 ug/mL) IL-4 (5 ng/mL) and treated with either 0.5 uM MS023 or DMSO for 72 h. Actin WB is a
loading control. Arrows indicate proteins bands with increased sDMA after MS023 treatment, asterisk

indicate proteins bands with reduced sDMA upon MS023 treatment.

B) Representative flow cytometry plots showing proportions of plasma cells in cultures of purified naive
wt B stimulated with LPS (5 ug/mL) IL-4 (5 ng/mL) and treated with the indicated PRMT1 (MS023) or
PRMT5 (EPZ015666) inhibitors, alone or in combination for 4 days. Mean + s.e.m plasma cell

proportions for 2 mice from one experiment are plotted.

C) Mean + s.e.m cell counts in the cultures from B) are plotted.
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D) Proportion of B200%m CD138* plasma cells derived from Cy1-cre (Ctrl) or Prmt17F Cy1-cre (F/F)
iGBs plated on 40LB cells supplemented with 1 ng/mL IL-4 and treated with EPZ015666 or DMSO 24 h
post plating. Data from 2 mice from one experiment are plotted.

E) Proportion of B2009™ CD138* plasma cells derived after replating the cells in D) onto fresh 40LB
supplemented with either 1 ng/mL IL-4 or 10 ng/mL IL-21, in the presence of the indicated inhibitors.

Data from 2 mice from one experiment.

3.3.8 Prmt1 prevents premature plasma cell differentiation in
vivo

While the ex vivo data clearly indicated that Prmt1-deficiency promoted plasma cell
differentiation, Prmt1¥F Cy1-cre mice still showed reduced number of plasma cells
after immunization (Fig. 3.3G). It was conceivable that Prmt1-deficient plasma cells
might have additional defects in survival and/or migration, which would prevent their
accumulation in vivo, without precluding that Prmt1 negatively regulated their
generation from GC B cells. In fact, Prmt1 was most highly expressed in positively
selected Myc* GC LZ B cells, which can either reenter the DZ or differentiate into
plasma cells (Dominguez-Sola et al., 2012; Ise et al., 2018) (Fig. 3.8A, 3.8B). Thus,
we asked whether Prmt1 might be influencing that choice. To obtain evidence that
Prmt1 deficiency would favour plasma cell differentiation in vivo, we analyzed the
proportion of GC B cells and plasma cells that had switched isotype in the spleen of
immunized Prmt17F Cy1-cre mice. Since Prmt1 deficiency did not affect the CSR
mechanism, as shown above, we reasoned that premature differentiation would result
in an increased ratio of IgM* to IgG1* GC B cells. Indeed, while IgG1* GC B cells
were readily detectable in the GC of control mice, they were very rare in Prmt1FF Cy1-
cre mice (Fig. 3.8C). When the total splenic plasma cell population was analyzed, the
Prmt1FF Cy1-cre mice showed a trend to have fewer plasma cells (Fig. 3.8D), in line
with results above (Fig. 3.3G). Nonetheless, the proportion of IgG1* CD138" plasma
cells was lower in Prmt1FF Cy1-cre mice than in controls (Fig. 3.8E). We conclude

that Prmt1 negatively regulates plasma cell differentiation from GC B cells in vivo.
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Figure 3.8 — Prmt1 limits B cell differentiation in vivo

A) Prmt1 gene expression in GC B cells stratified by c-Myc expression. Microarray data from

(Dominguez-Sola et al., 2012).

B) Expression of the indicated genes in various GC B cell subsets, with LZ B cells classified by
antibody affinity. RNA-seq data from (Ise et al., 2018). The group of Ise et al, sorted centrocytes based
on CD69 and Bcl6 expression, followed by sequencing of their IgH variable region, revealing that
CD69* Bcl6Mah cells expressed lower affinity IgH than CD69* Bcl6'ow.

Centrocytes were sorted based on

C) Representative flow cytometry plots showing the proportions of IgG1* cells from GC (IgD- GI7*) of
splenocytes from Cy1-cre (Ctrl) or Prmt1™F Cy1-cre (F/F) mice immunized with SRBC for 8 days.

Means + s.d. IgG1* GC B cell proportions for 3 mice from one experiment are plotted.

D) Representative flow cytometry plots showing the proportion of plasma cells (IlgD-B220°mCD138*)
from mice immunized as in C). Means + s.d. plasma cell numbers for 3 mice from one experiment are

plotted.

E) Representative histograms showing the proportions of IgG1+ cells from plasma cells gated in D).

Means + s.d. IgG1* plasma cell proportions for 3 mice from one experiment are plotted.

P-values throughout are indicated for significant differences by unpaired, two-tailed Student-t test.
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3.4 Discussion

We reveal critical functions for Prmt1 during the GC reaction. Previous work had
analyzed mice in which resting mature B cells were deficient in Prmt1 (Hata et al.,
2016; Infantino et al., 2017), showing that Prmt1-deficient B cells have activation
defects, as we confirmed here. Because of this, the role of Prmt1 during the GC
reaction was not clear, as B cells were compromised prior to GC formation. Using
Cy1-cre mice allowed us to address this point (Casola et al., 2006). Our data
establishes roles for Prmt1 in maintaining the homeostasis and dynamics of the GC.
We show that Prmt1 is necessary for affinity maturation, particularly for the antibody
response against complex antigens, but even for simple antigens like NP at recall
immunization. These underlying defects in GC dynamics can be explained at least in

part by premature plasma cell differentiation.

We find that Prmt1 is dispensable for homeostasis of resting FO B cells, which had
been suggested in Prmt1FF CD19-cre mice (Hata et al., 2016) and demonstrated in
Prmt1FF CD23-cre mice (Infantino et al., 2017). We additionally find that Prmt1F
CD21-cre mice have reduced MZ B cell numbers, a defect that is B cell intrinsic as
shown by BM chimeras. This defect may contribute to the reduced T-independent
response seen in Prmt1FF CD19-cre and Prmt1FF CD23-cre mice (Hata et al., 2016;
Infantino et al., 2017). Prmt1¥F CD19-cre mice showed less MZ B cells (Hata et al.,
2016), which could be a consequence of B cell development defects. Instead,
Prmt17F CD23-cre mice did not show a MZ B cell defect (Infantino et al., 2017).
However, CD23-cre is not as efficient in MZ as in FO B cells (Kwon et al., 2008),
while CD21 is highly expressed in MZ B cells, which can explain the different results.
The differential requirement for Prmt1 in MZ versus FO B cells would be worth
exploring. While we cannot discriminate at which stage of MZ formation or
maintenance Prmt1 is most important, we speculate that it reflects an emerging role

of Prmt1 in B cell differentiation processes (see below).

Discrepant results have been reported regarding the effect of ablating Prmt1 in B cells

on T-dependent antibody responses using NP as a model antigen. A severe defect
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was described in Prmt1F CD23-cre mice (Infantino et al., 2017) while no defect was
found in Prmt1FF CD19-cre (Hata et al., 2016). In both cases Prmt1 was absent in
resting mature B cells. Since Prmt1 is required for B cell development (Dolezal et al.,
2017) and CD19-cre is active from early B cell development but inefficient (Hobeika et
al., 2006; Rickert et al.,, 1997), compensatory mechanism might have masked the
defect in Prmt1¥F CD19-cre mice. On the other hand, CD23-cre is active only in
peripheral resting B cells (Kwon et al., 2008) and efficiently excised Prmt1 (Infantino
et al., 2017). The large defect seen in the anti-NP response in Prmt17F CD23-cre
mice could be a combination of defects during B cell activation, which would
compromise GC formation, as we find in Prmt17F CD21-cre mice. To be able to
bypass the function of Prmt1 during B cell activation and study its contribution to GC
homeostasis, we used Prmt1F Cy1-cre mice in which GCs are normal 5 days after
immunization. Since Cy1-cre is active soon after B cell activation (Casola et al.,
2006), we posit that the time it takes for Prmt1 and/or the relevant aDMA substrates
to turn over, permits GC initiation. Indeed, at day 5 most aDMA was gone from
Prmt17F Cy1-cre GCs, indicating that Prmt1-deficient GC B cells can migrate to the B
cell follicle and proliferate to some extent but cannot sustain the GC reaction, which
fails to expand. Despite this defect in GC, Prmt1F Cy1-cre mice could mount efficient
lgG1 antibody titers against NP, which has little clonal diversity (Bannard and Cyster,
2017; Jacob et al., 1993), while the response against the carrier protein was severely
reduced. However, while anti-NP antibodies achieved similar affinity to the control in
the primary response, the secondary response was of lower affinity, revealing a
defect. Moreover, the affinity of the anti-CGG antibodies was compromised in the
primary and secondary responses. These results reveal another instance of GC
biology that is regulated by Prmt1, strongly suggesting its implication in affinity

maturation, especially for polyclonal antibody responses.

We reveal yet another function of Prmt1 in repressing plasma cell differentiation. Our
results ex vivo differ from those reported for Prmt1FF CD23-cre B cells stimulated with
LPS/IL-4, which showed reduced plasma cell differentiation (Infantino et al., 2017).

Importantly, the discrepancy is not due to the system or excision timing, as we see
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increased differentiation irrespective of whether Prmt1 is deleted prior or after
activation (i.e. Prmt1FF Cy1-cre and Prmt1F CD21-cre). Moreover we confirmed our
results in wt mouse B cells after pharmacological inhibition of Prmt1. The only
difference we find between the assays is the magnitude of proliferation achieved post-
stimulation, as measured by cell division dye, which was visibly higher in our system.
CSR and plasma cell differentiation are linked to cell division (Hasbold et al., 2004;
Hodgkin et al., 1996) and we verified an inverse correlation per cell division for these
two processes in Prmt1-deficient B cells. It is possible that more robust proliferation,
which allows scoring a larger number of cells per division, might allow us to reveal the
phenotype. While this difference will need to be explained, our results are supported

by multiple genetic and pharmacological approaches.

We propose that reduced isotype switching and reduced proliferation of Prmt1-
deficient B cells are secondary to accrued differentiation. The normal isotype
switching activity in Prmt1-depleted CH12F3 B cells and in Prmt1¥F Cy1-cre iGBs
support this notion. Our data indicates that methylation of 53BP1 or Mre11 is not
necessary for CSR, as suggested by the normal CSR in B cells from a mouse in
which Mre11 lacked the Prmt1 target residues and could not be methylated (Yu et al.,
2012). Yet, we cannot rule out that another PRMT might complement for Prmt1
deficiency in B cells for this function. In any case, several results suggest that
enhanced plasma cell differentiation contributes at least in part to the defect in GC
expansion in Prmt1FF Cy1-cre mice. Firstly, a normal primary response against NP
and compromised but readily detectable response against CGG, which was
responsive to recall, indicate that ASC are generated. Secondly, the magnitude of the
defect on anti-NP ASC is lower than on GC B cell numbers. Thirdly, a fraction of GC
B cells in Prmt1FF Cy1-cre mice acquire differentiation traits, such as lower Ki67 and
AID expression. More conclusive, Prmt17F Cy1-cre mice showed a reduced
proportion of IgG1* GC and plasma cells in vivo, which is consistent with early exit of
IgM B cells from the GC reaction before isotype switching. Finally, whilst we did not
analyze memory B cells, the normalization of GC B cell numbers at recall

immunization suggested that memory B cells had been generated, raising the
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possibility that the anti-differentiation function of Prmt1 extends to this B cell
compartment as well. Altogether, our results, both in vitro and in vivo, support the
conclusion that Prmt1 negatively regulates plasma cell differentiation, as additionally
suggested by the upregulation of Prdm1 and Irf4 in Prmt1-deficient and MS023-
treated cells. In other systems, PRMT1 seems to have a context-dependent function
in cellular differentiation processes. For instance, Prmt1 promotes differentiation of
oligodendrocytes (Hashimoto et al., 2016) and muscle stem cells (Blanc and Richard,
2017) while it opposes differentiation of epidermal progenitor cells (Bao et al., 2017),
megakaryocytes (Jin et al., 2018) or acute myeloid leukemia cells (Cheung et al.,
2016). It is interesting that in the B cell lineage PRMT1 has both activities depending
on the compartment. Thus, while Prmt1 ablation blocks the differentiation of pre-B
cells in the bone marrow (Dolezal et al., 2017), we find that it promotes plasma cell
differentiation of activated B cells in the periphery.

The loss of AlD-intermediate LZ B cells and appearance of a Cxcr4- CD86'°" Ki67'°ow
B population in GC Prmt1FF Cy1-cre mice was also observed Prmt5-deficient GC B
cells, which also limits plasma cell differentiation (Litzler et al, in preparation). Thus,
while our data shows that Prmt5 and Prmt1 synergize to limit differentiation by distinct
mechanisms, the similar GC phenotypes may reflect a common defective stage.
Accordingly, the highest expression of both Prmts coincides with c-Myc expression in
the GC B cell subset that give rise to plasma cells (Ise et al., 2018). Taking together
the defective GC expansion and altered cellular composition, compromised affinity
maturation and enhanced differentiation, it is likely that Prmt1 functions during GC B
cell selection and/or fate decision in the LZ. In line with this, the accrued plasma cell
differentiation of Prmt1-deficient B cells was particularly enhanced by the presence of
IL-4, a key cytokine provided by LZ Tfh cells for plasma cell differentiation (Weinstein
et al., 2016). Prmt1 dampens pre-BCR and BCR signaling (Infantino et al., 2010;
Infantino et al., 2017), and we see a defect in Prmt1-deficient B cells stimulated via
CD40. CD40 stimulation and BCR signaling act synergistically for inducing c-Myc and
driving positive selection in GC LZ B cells (Luo et al., 2018). Prmt1 may thus act as a

sensor of CD40 signaling strength, with signaling imbalance promoting differentiation
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instead of positive selection to sustain the GC reaction, in line with the reduced
affinity maturation for polyclonal responses. Identifying the relevant targets mediating
each of Prmt1 functions will not be trivial but is an exciting future perspective although

the mechanism may involve multiple Prmt1 substrates.

3.5 Material and Methods
Mice

Prmt1% mice (Yu et al., 2009) were backcrossed to C57BL6/J background and bred
with Cy1-cre mice (Casola et al.,, 2006), a kind gift of Dr K Rajewsky (MDC,
Germany), or CD21-cre mice (Kraus et al., 2004), obtained from Jackson labs (Bar
Harbour, MN), at the IRCM. Aicda-GFP mice (Crouch et al., 2007) were a gift from Dr
R Casellas (NCI Bethesda, MD). B cell-deficient uMT mice (Kitamura et al., 1991)
were obtained from Dr A Veillette (IRCM). Cre* mice were used as controls
throughout the work. Mice were housed in a specific pathogens-free animal house. All
work was reviewed and approved by the animal protection committee at the IRCM
(protocols 2013-18 and 2017-08).

Immunization

Age- and sex-matched mice of 40-120 days of age were immunized either
intraperitoneally with 50 pg NP1s-CGG (Biosearch Technologies) in Imject Alum
adjuvant (Thermo Scientific) or intravenous with 10° sheep red blood cells in 200 pL
PBS (Innovative Research, IC100-0210). Recall immunizations were done ~18 weeks
after the primary immunization with 50 pg NP1s-CGG. Mice were bled and/or
sacrificed at various time post-immunization to analyze antibody responses and

lymphocyte populations.
BM chimeras

C57BL6/J females were irradiated with 9 Gy and transplanted with a 1:1 mixture of
BM cells purified from 50uMT and either CD21-cre (Control) or Prmt1~F CD21-cre.
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Mice were bled 4 weeks post-transplantation to confirm reconstitution and chimerism.
Mice were immunized with 100 ug NP1s-CGG in Imject Alum adjuvant 6 weeks after

transplantation and analyzed 10 days later.
Flow cytometry

Mononuclear cells from mouse spleen were obtained by mashing through a 40 ym
cell strainer with a syringe plunger. Cells suspensions were washed in PBS and
resuspended in 1mL of red blood cell lysis (155 mM NH4CI, 10mM KHCO3, 0.1mM
EDTA) for 5 min at room temperate before filtering using a 40 ym nylon cell strainer.
After washing, cells were resuspended in PBS 1% BSA and stained with
combinations of antibodies listed in Supplementary table 1 for analysis of different
lymphocyte populations. Data was acquired using BD LSR Fortessa (BD biosciences)
or BD Facscalibur (BD biosciences) and analyzed using FlowJo. For sorting, cells

were stained as above and passed through a BD FACSARIA 1l (BD biosciences).
Cell proliferation

Growth curves of primary B cells, cell concentrations were calculated using 123count
eBeads (Invitrogen) according to manufacturer’s instructions: 200 pL of cells were
mixed with 20 yL of beads and 5 pL propidium iodide (20 ug/mL). 1000 beads were
acquired at the FACScalifur for accurate counting. To assess proliferation in vivo, 3 x
10% splenocytes were first surface-stained for GC markers and then treated with
fixation/permeabilization solution (eBioscience, cat# 00-5523) for 1 h at 4°C in the
dark, washed twice in Perm buffer (eBioscience), followed by 1 h incubation with anti-
Ki67-PECY7 (eBioscience) at 4°C and resuspended in PBS+1% BSA. When
necessary, anti-biotin staining was performed following Ki67 staining. Primary B cells
in culture were stained with 1 yM CFSE (Invitrogen) on the day of plating, as
described in the manufacturer’s protocol, and stimulated with cytokines. CH12 cells
were stained with 5 yM CFSE (Invitrogen) 4 days post-infection (2 days post puro
selection), as described in the manufacturer’s protocol and stimulated with CIT [1

Mg/mL rat-antiCD40 (clone 1C10, eBioscience), 10 ng/mL interleukin IL-4 and 1
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ng/mL transforming growth factor-f1 (R&D Systems)] in the presence of 1 ug/mL

puromycine.
Apoptosis and cell cycle

To evaluate apoptosis in vivo, cells were treated with the FITC conjugated
CaspGLOW reagent that detects activated pan-caspases (BioVision, K180) according
to the manufacturer’s instructions with minor alterations. Briefly, 108 cells were treated
with 2 pL of FITC-VAD-FMK antibody for 1 h at 37°C in 300 yL warm media, washed
according to the manufacturer’s instructions, then surface stained and assessed
immediately via flow cytometry. To assess apoptosis ex vivo 0.3-0.5 x 10° cells were
stained with 3 yL Annexin V-FITC (cat #51-66121E, BD Pharmigen) in 100 pL of the
provided Binding buffer (x1) for 15 min at RT. Then 400 pL of Binding buffer (x1) and
5 uL of propidim iodide (20 ug/mL) were added prior to flow cytometry acquisition. For
cell cycle analysis, B cells were incubated with 10 uM BrdU for 1 h at 37°C in
complete RPMI medium, then washed and resuspended in 200 uL cold PBS before
fixing by adding the cells to pre-chilled 70% ethanol drop-wise under constant
agitation and incubated on ice for 30 min. Then, 2N HCI 0.5% Triton X-100 was
added to the loosen cell pellet to denature the DNA, washed, resuspended in 0.1M
Na2B407, washed again and resuspended in PBS 0.5% Tween-20 1% BSA. 108 cells
were then stained with anti-BrdU-FITC (1/50) for 30 min at RT in the dark before
resuspending in PBS containing 5 ug/mL propidium iodide. Cells were analyzed by

flow cytometry as above.
Cell culture

Naive primary B cells were purified from splenocytes by depleting CD43* cells using
anti-CD43 microbeads (Miltenyi, cat# 130-049-801) and an autoMACS (Miltenyi).
Primary B cells were cultured at 37°C with 5% (vol vol') CO2 in RPMI 160 media
(Wisent), supplemented with 10% fetal bovine serum (Wisent), 1%
penicillin/streptomycin  (Wisent), 0.1 mM 2-mercaptoethanol (bioshop), 10 mM
HEPES, 1 mM sodium pyruvate. Resting B cells were stimulated either with
lipopolysaccharide (LPS) (5 pg/mL, Sigma) + IL-4 (5 ng/mL, PeproTech), LPS (25
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pMg/mL), or anti-CD40 (10 pg/mL, clone 1C10, eBioscience) + IL-4 (10 ng/mL, R&D
Systems) + IL-5 (5 ng/mL, R&D Systems). Induced germinal center B cells (iGBs)
were generated using 40LB feeder cells (a kind gift from Dr Daisuke Kitamura)
(Nojima et al., 2011). Briefly, one day before B cell plating, 40LB cells were irradiated
(120 Gy) and plated at 0.3 x 108 cells per well in 2 mL (6-well plate) or 0.13x10° cells
per well (24-well plate) in 0.5 mL DMEM media supplemented with 10% fetal bovine
serum (Wisent) and 1% penicillin/streptomycin (Wisent). Purified naive B cells were
plated on 40LB feeders at 10° cells per well in 4 mL of B cell media (6-well plate), or 2
x 10% cells per well in 1 mL of B cell media (24-well plate), supplemented with 1 ng/mL
IL-4. At day 3 post-plating, the same volume of fresh B cell media was added to the
wells, supplemented with either 1 ng/mL IL-4 or 10 ng/mL IL-21 (PeproTech). On
subsequent days, half of the volume per well was removed and replaced with fresh B
cell media supplemented with cytokines. When re-plated, cells were harvested from
the primary culture on day 4 and plated on fresh 40LB feeders in media
supplemented with either 1 ng/mL IL-4 or 10 ng/mL IL-21. Re-plated cells were not

fed and analyzed 3 days later.

The CH12F3 mouse B cell lymphoma cell line (Nakamura et al., 1996) (a kind gift
from Dr T Honjo, Kyoto University, Japan) was cultured at 37°C with 5% (vol vol')
CO2 in RPMI 160 media (Wisent), supplemented with 10% fetal bovine serum
(Wisent), 5% NCTC 109 (Sigma), 1% penicillin/streptomycin (Wisent), 0.1 mM 2-
mercaptoethanol (bioshop). Prmt1 depletion was achieved by retroviral transduction
of shRNAs cloned in pLKO.1 (Sigma), #1: TRCNO000018491
(CCGGGCTGAGGACATGACATCCAAACTCGAGTTTGGATGTCATGTCCTCAGCTT
TTT), #2 TRCNO000018493
(CCGGGCAAGTGAAGAGGAACGACTACTCGAGTAGTCGTTCCTCTTCACTTGCTT
TTT). Briefly, VSV-G, PAX2 and pLKO vectors (at 1:2.5:3.25 ratio, 1.35 ug DNA total)
were transfected into HEK293 cells using Trans-IT LT-1 (Mirus Bio, Cat.# MIR 2305).
Two days post-transfection, 1 mL of HEK293 supernatant was added to 24-well
plates coated already with Retronectin (Takara) according to manufacturer’s protocol
and spun at 2000 x g for 90 min at 32 °C. After removing the virus, 105 CH12F3 cells
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were added per well in TmL and spun at 600 x g for 30 min at 32 °C. The next day,
1mL of fresh media was added and one day 1 ug/mL puromycine was added for

selection.
Inhibitors

Prmt1 inhibitor MS023 (cayman chemical, cat#18361) and Prmt5 inhibitor
EPZ015666 (cayman chemical, cat#17285) were resuspended at 50 mM in DMSO
and aliquoted for long-term storage at -80°C. Working dilutions in DMSO were kept at
-20°C and thawed up to 3 times for experiments. DMSO represented at most 1/1000

of the media.
Immunohistochemistry

Section of 5-um of paraffin-embedded tissues were deparaffinized in two changes of
xylene for 5 min each and then rehydrated in distilled water using graded alcohols.
Antigen retrieval was done by steaming the slides for 20 min then cooling for 20 min
in EDTA buffer (1imM EDTA, 0.05% Tween 20, pH 8) for AID and PRMT1.
Endogenous peroxidase was blocked with a 0.3% hydrogen peroxide solution for 10
min. Endogenous biotin was blocked for 15 min with the blocking buffer provided with
the Avidin/Biotin System (#SP2001, Vector Laboratories; Burlingame, CA). For
protein block, we used 10% normal goat serum and 1% BSA for 60 min at room
temperature. Sections were incubated with anti-AID (1:50, rat Mab mAID-2
eBioscience), anti-PRMT1 (1:100) overnight at 4°C. Biotin-conjugated secondary
antibodies were mouse anti—rabbit IgG (1:200, Vector laboratories) to detect anti-
PRMT1; mouse anti-rat 1gG (1:200, Vector laboratories) to detect anti-AlD.
Biotinylated reagents were detected with Vectastain ABC kit (PK-6100, Vector
laboratories). Peroxidase activity was developed using ImmPACT NovaRED HRP
substrate (Vector laboratories). Sections were counterstained with hematoxylin
(Sigma cat #MHS32-1L) for 1 min prior to dehydrating and mounting for imaging on a

bright field microscope.

Immunofluorescence
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For tissue IF, tissues were frozen in OCT (VWR #95057-838). Sections of 10 ym
were fixed in PFA 4% for 10 min at RT, washed 3 times in PBS at RT, followed by an
incubation in pre-chilled acetone for 10 min at -20°C. Sections were permeabilized in
0.5% Triton X-100 in PBS for 10 min at RT, blocked in PBS 5% goat serum 1% BSA
0.3% Triton X-100 for 1 h at RT. Incubations with primary antibodies were performed
in blocking solution overnight at 4°C in a humid chamber. When needed, secondary
antibody was added in blocking solution for 1 h at RT in a humid chamber in the dark.
Purified B cells were washed with PBS and then plated on coverslips coated with 0.1
mg/mL poly-L-lysine (Sigma). For single cell IF, cells were centrifuged 5 min at 400 x
g, then allowed to adhere at 37°C for 20 min, before fixation with 3.7% formaldehyde
(Sigma) for 10 min at RT. After 3 washes with PBS, coverslips were blocked for 1 h
with blocking solution (5% goat serum, 1 % BSA, 0.5% Triton X-100 in PBS). Cells
were then incubated overnight at 4°C with anti-aDMA ASYMZ26 antibody (1:500),
diluted in blocking solution. After 3 x 5 min washes, with PBS + 0.1% Triton X-100
(PBS-T), cells were incubated for 1 hr at room temperature with anti-Rabbit 1gG
Alexa-546 (1:500) diluted in blocking solution. After 3 x 5 min washes with PBS-T,
cells were incubated with 300 nM Dapi (ThermoFisher) in PBS for 5 min at room
temperature. Finally, coverslips were washed with PBS followed by ddH20 before
mounting onto slides using Lerner Aqua-Mount (ThermoFisher) before imaging.

Antibodies are listed in Supplementary table 1.
Microscopy

Images were acquired at RT using a Leica DM6 upright microscope (tissues), or a
Zeiss LSM700 confocal microscope (tissues and single cells). For the LSM700,
excitation lasers were 405 nM (Dapi and BV-421), 488 nM (Fitc and Alexa488), 543
nM (R-PE and Alexa546), and 633 nM (Alex-680), with either 40x/1.3 or 63x/1.4 oil
immersion objectives and collected using a Hamamatsu PMT. Quantifications were
done using Volocity (Perkin Elmer). For each experiment, multiple fields were
analyzed, excluding cells with saturated signal, abnormal DNA structure or mitotic
figures. To make figures, images were transferred to Photoshop for cropping and

adjusting contrast throughout the whole image when necessary to enhance visibility.
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ELISPOT

Purified splenocytes or BM cells were added at different dilutions to a 96-well 0.45 pym
PVDF membrane (Millipore, cat#MSIPS4W10) previously coated overnight at 4°C
with 2 ug/mL NP20BSA and blocked with complete RPMI cell culture media for 2 h at
37°C. Plates with cells were incubated in a humid chamber 12 h at 37°C, 5% COg,
then washed 6 x with PBS 0.01% Tween-20, followed by incubation with goat anti-
mouse IgG1-HRP (A10551, Life Technologies, 1/2000) diluted in culture media for 2 h
at RT. Plates were washed and AEC substrate (3° amino-9-ethylcarbazole ; BD
Bioscience) was added to reveal the spots. Images were acquired in an Axiophot
MZ12 microscope and scored spots were counted from appropriate cell dilutions (2 x
108 cells after primary immunization and 0.5 x 106 cells for recall).

ELISAS

Sandwich ELISA for measuring pre-immune sera antibodies using anti-isotype—
specific antibodies (BD Pharmingen) to capture IgM, IgG1, IgG2b or IgG3 were done
as described (Zahn et al., 2013). Antigen-specific antibodies were captured from
immunized mice sera by coating ELISA plates with NP20-BSA (Biosearch
Technologies) or CGG (100 ng/well) (Biosearch Technologies) followed by the
detection of 1gG1, as described (Zahn et al., 2013). Sodium thiocyanate NaSCN
displacement ELISA to measure antibody affinity / avidity was performed as
described (Zahn et al., 2013) on plates coated as above. Sera were previously titrated
by antigen-specific ELISA to choose a working dilution that ensured similar levels of
antigen-specific antibodies across samples. Relative affinity values (RAV) were
calculated as described (Zahn et al., 2013).

Western blots

For protein extracts, cells were lyzed in NP-40 lysis buffer (1% NP-40, 20mM Tris pH
8, 137mM NaCl, 10% glycerol, 2mM EDTA), containing protease and phosphatase
inhibitor (Thermo Scientific). Extracts separated by SDS-PAGE were transferred to
nitrocellulose membranes (BIO-RAD) by western blotting. Membranes were blocked
in TBS 5% milk and probed with primary antibodies overnight, washed 4 x 5 min in
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TBS 0.1% Tween-20 before incubating with secondary antibodies conjugated to
AlexaFluor680 or IRDye800 for 1 h, washed and read on Odyssey CLx imaging
system (LI-COR). Proteins were quantified using ImageStudiolite software. In some
experiments, equal protein loading was controlled for by staining the membrane after
transfer using REVERT total protein stain solution (LI-COR) before probing and the
Revert signal from a whole lane was used for normalization. Antibodies used for WB

are listed in Supplementary table 1.
RT-gPCR

RNA isolated using TRIzol (Life Technologies) was reverse transcribed with
ProtoScriptTM M-MuLV Tag RT-PCR kit (New englandBiolabs). Quantitative PCR
using SYBR select master mix (Applied Biosystems) was performed and analyzed in
a ViiATM 7 machine and software (Life technologies). Oligos used are listed in

Supplementary table 2
RNA sequencing data

Data was obtained from previously available B cell stages samples obtained by
sorting. Sample processing, preparation and paired end sequencing have been
described (Kuchen et al., 2010). Additional data for activated B cell and GC B cell
were sequenced as single end with 50bp read length. Reads were aligned to the
mouse genome (mm9) with gsnap without detecting splice junctions de novo (--
novelsplicing=0). Existing splice junctions from RefSeq annotation were taken into
account (--use-splicing=/path/to/mma9.splices.iit). Output files were filtered to remove
unaligned reads and any alignments with a mapping quality less than 20. Reads were
mapped to RefSeq genes with htseq-count -m intersection-nonempty and rpkm value
were calculated from the counts. Density bed files were generated by using bedtools
genomecov program with a normalizing scale factor to calculate rpom and converted
into bigwig files by using ucsc toolkit bedGraphToBigWig. Data is available under
accession number GSE112420.
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Supplementary Figure 3.1 — Prmt1 depletion in CH12F3 B cells
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A) WB for Prmt1 and Gapdh as loading control in CH12F3 B cells at various times of stimulation with
CIT (1 ng/mL TGF, 10 ng/mL interleukin IL-4 and 1 ug/mL antiCD40).

B) Schematics of the experiment.

C) Prmt1 mRNA levels measured by RT-qPCR and of Prmt1 protein levels from WB quantified by
densitometry in CH12F3 cells expressing shRNA control (shCtrl) or against Prmt1 (#1 and #2). Values

are normalized to the control for 3 independent experiments.

D) Effect of Prmt1 depletion on aDMA (ASYM26) in CH12F3 cells expressing the indicated shRNAs as
in C) and stimulated or not with CIT.

E) Representative confocal pictures of CH12F3 cells expressing the indicated shRNAs and probed by
IF with anti aDMA antibody ASYM26 and DAPI to stain the nucleus.

F) Expression of AID measured by WB, in CH12F3 cells expressing the indicated shRNAs and
activated or not with CIT. Actin is loading control. A plot with AID levels quantified for 3 independent

experiments is shown.

G) Germline transcripts at the Sy and Sa regions of CH12F3 cells expressing the indicated shRNAs,
measured by RT-qgPCR, normalized to actin transcript levels and plotted relative to CH12F3 cells

expressing control shRNA.
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Supplementary Figure 3.2 — Plasma cell differentiation ex vivo

A) Naive CD21-cre (Ctrl) and Prmt17F CD21-cre (F/F) B cells were activated with LPS (5 ug/mL) and
IL-4 (5 ng/mL) and counted at various times. Means + s.e.m data from n mice per genotype from a

representative experiment.

B) Proportion of Annexin-V+* CD21-cre (Ctrl) and Prmt17F CD21-cre (F/F) B cells at days 2 and 3 after
activation with LPS and IL-4 for 2 mice from one experiment.

C) Means = s.e.m proportion of CD138* or IgG1+ cells per cell division identified from CFSE peaks
from a second experiment on naive CD21-cre (Ctrl) and Prmt17F CD21-cre (F/F) B cells activated with
LPS (5 ug/mL) and IL-4 (5 ng/mL).

D) Means + s.e.m proportion of CD138* cells per cell division identified from CFSE peaks from a
second experiment on naive CD21-cre (Ctrl) and Prmt1¥F CD21-cre (F/F) B cells at 96 h, activated
with LPS (25 ug/mL).

E) Means + s.e.m proportion of CD138* or IgG1+ cells per cell division identified from CFSE peaks
from a second experiment on naive CD21-cre (Ctrl) and Prmt17* CD21-cre (F/F) B cells at 96 h,
activated with anti-CD40 (10 ug/mL), IL-4 (10 ng/mL) and IL-5 (5 ng/mL).
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Supplementary Table 3.1 - Antibodies

Antibodies for flow cytometry

Anti- TAG
CD45R (B220) APC
CD45R (B220) PercP-Cy5.5
CD45R (B220) Alexa Fluor 700

CD3e PE

CD3e biotin

CcD4 biotin

igD biotin

GL7 BVv421

Fas (CD95) FITC
Fas (CD95) BVv421
CXCR4 (CD184) PE
CD86 biotin
Streptavidin BVvV605
IgD FITC
igM BVv421
CD21/CD35 APC
CcD23 PE-Cy7
CD138 APC
CD138 BV605

Ki67 PE-Cy7

1gG1 PE

1gG1 biotin

BrduU FITC

Annexin-V APC
VAD-FMK FITC
IgA PE

Antibodies for immunohistochemistry

Anti- TAG
PRMT1 -
AID -

Rabbit-IgG biotin

Rat-IlgG biotin

Antibodies for immunofluorescence

Anti- TAG CATLOGUE
GL7 BVv421 562967
IgD FITC 553439
ASYM26 - 13-0011
Rabbit IgG Alexa 546 A11010

CATLOGUE CLONE VENDOR
553092 RA3-6B2 BD Pharmingen
552771 RA3-6B2 BD Pharmingen
103232 RA3-6B2 BioLegend
553063 145-2C11  BD Pharmingen
553239 500-A2 BD Pharmingen
553045 RM4-5 BD Pharmingen

13-5993-81 11-26¢ eBioscience
562967 GL7 BD Pharmingen
554257 Jo2 BD Pharmingen
562633 Jo2 BD Pharmingen
12-9991 2B11 eBioscience
13-0862 GL1 eBioscience
405229 - BioLegend
553439 11-26c.2a BD Pharmingen
562595 R6-60.2 BD Pharmingen
558658 7G6 BD Pharmingen
562825 B3B4 BD Pharmingen
561705 281-2 BD Pharmingen
563147 281-2 BD Pharmingen

25-5698-82 SolA15 eBioscience
550083 A85-1 BD Pharmingen
553441 A85-1 BD Pharmingen
347583 B44 BD Pharmingen
550474 - BD Pharmingen

K180 - BioVision

12-5994-81 11-44-2 eBioscience

CATLOGUE CLONE VENDOR
Ab3768 - Abcam
14-5959-82 mAID-2 eBioscience

Vector
Vector
CLONE VENDOR

GL7 BD Pharmingen
11-26c.2a  BD Pharmingen
EpiCypher
Invitrogen



Antibodies for Western blots

Anti-

PRMT1
ASYM26
Rabbit IgG
Rat IgG
Rabbit IgG
Actin

TAG

AlexaFluor 680
AlexaFluor 680
IRDye800

CATLOGUE

MABE431
13-0011
A10043
A21096

925-32211

A2066

Supplementary Table 3.2 - Primers

Primers for RT-qPCR

Gene Type
Prmt1  Forward
Reverse
Actin Forward
Reverse
Bcel6 Forward
Reverse
Aicda Forward
Reverse
Prdm1  Forward
Reverse
Irf4 Forward
Reverse
RpiI35a Forward
Reverse
Igh Forward
Reverse

Sequences

TTGGGATTGAGTGTTCCAGT
TGCCCTTGATGATGGTCACC

CTCTGGCTCCTAGCACCATGAAGA
GTAAAACGCAGCTCAGTAACAGTCCG

CACACCCGTCCATCATTGAA
TGTCCTCACGGTGCCTTTTT
GCCACCTTCGCAACAAGTCT
CCGGGCACAGTCATAGCAC
GGAGGATCTGACCCGAAT
TCCTCAAGACGGTCTGCA
CTCTTCAAGGCTTGGGCATT
TGCTCCTTTTTTGGCTCCCT
CGTGCCAAATTCCGAAGCAA
ATGGGTACAGCATCACACGG
AGCTCACACCTTGACCTTTCA
TGGTGGGACGAACACATTTA
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Product
size (bp)

90

200

137

70

CLONE VENDOR
Millipore
EpiCypher
Invitrogen
Invitrogen
LI-COR
Sigma
Lab Reference
name

0J 867 -

0J 868

0J 897 -

0J 898

- Nurieva, R. |, et al. (2008)
0J 844 -
0J 845 -
Todd, D. J., et al. (2009)
Todd, D. J., et al. (2009)

0J 1074 -

0J 1075

0J 1621  Minnich, M., et al. (2016)

0J 1622



4 Chapter IV: DISCUSSION

Humoral immunity relies on B cell fithess that depends on complex mechanisms
involving a large number of factors and signalling pathways along B cell life, which is
essential for adaptive immunity. Arginine methylation is emerging as an important
PTM in B cell biology. During my thesis we investigated the effects of depleting the
two main PRMTs expressed in B cells: PRMT1 and PRMT5 at different stages of B
cell development. Our results show that PRMT1 and/or PRMTS regulate B cell
proliferation, survival and differentiation at different stages of B cell life, through
different mechanisms. Some of these results are in agreement with recent
publications (Hata et al., 2016; Infantino et al., 2017), but most observations are novel
and others differ from previous results (Hata et al., 2016; Infantino et al., 2017), as |
discussed in Chapter Ill and | will further discuss below. Interestingly, despite the fact
that they deposit different marks, depleting either PRMT1 or PRMT5 results in similar
phenotypes. For instance, both PRMTs promote B cell development in the BM, GC
expansion in the periphery, and limit plasma cell differentiation in the periphery.
Moreover, in mature B cells, both Prmt proteins are upregulated upon activation in
vitro (Fig. 2.1B, 3.1B) and in vivo (Fig. 2.1G, 3.1D). In addition, they are both induced
in the same GC compartments (c-Myc™ cells) at the mRNA level (Fig. 2.9D, 3.8A). On
the other hand, | also found that Prmt1 and Prmt5 have different roles regarding MZ B
cells homeostasis and the antibody response. In the next section, | am going to
recapitulate the importance of either PRMT at every B cell stage studied, highlighting

similarities and differences.

4.1 Expression of Prmts and their substrates

Prmt1 and Prmt5 are both induced in BM B cells during development and in in vitro
activated B cells. Interestingly, Prmt1 and Prmt5 mRNA levels in GCs are comparable
to resting B cells (Fig 2.1A, 3.1A), even though both proteins are highly induced in
GCs. This suggests that post-transcriptional regulation of both genes may occur in
GCs, possibly through mi-RNA expression, as has been described for Prmt5 in B cell
lymphomas (Alinari et al., 2015b; Pal et al., 2007; Wang et al., 2008). Such regulation
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allows rapid protein expression when needed, suggesting that Prmts have to be
quickly expressed upon B cell activation. Nonetheless, RNAseq data from c-Myc* and
c-Myc GC B cells (Dominguez-Sola et al., 2012), positively selected centrocytes
(Ersching et al., 2017), and high affinity CD69" LZ (Ise et al., 2018) as well as our
immunofluorescences for Prmt5, suggest that Prmt1 and Prmt5 are preferentially
expressed in the positively selected centrocytes of the LZ (Fig. 2.9A-D, 2.S5D,
3.8A,B). This polarized expression of Prmts is consistent with a role in GC dynamics
that will be discussed further. Of note, Prmt1 and Prmt5 are the most expressed in
high affinity centrocytes among the other Prmts (Fig. 4.1) (Ise et al., 2018).
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Figure 4.1 - Prmts expression in GC B cell subsets

Prmts transcripts levels obtained from RNA seq data generated by (Ise et al., 2018). Centrocytes were
sorted based on CD69 and Bcl6 expression (LZ_low affinity: CD69* Bcl6"s", LZ high affinity: CD69*
Bcl6v). LZ: light zone, DZ: dark zone, PB: plasmablast.

It is possible that Prmt expression varies throughout the course of the GC response.
The output of the GC changes with time from memory B cells early on to plasma cells
later (Weisel et al., 2016). We could imagine for instance that Prmt1 is induced early
during the GC reaction, to limit premature plasma cell differentiation. We would need
to perform GC kinetics and evaluate Prmt1 and Prmt5 mRNA as well as protein levels
to investigate this point. Prmt regulation may also vary depending on the B cell

stimuli. Indeed, Prmt1 regulation seems to be different depending on the type of
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activation, as RNAseq indicated that Prmt1 was the main type | PRMT induced upon
LPS + IL-4 (Fig. 3.1B), while Prmt1, Prmt3, Carm1 and Prmt6 were induced to the
same extent, but much less than Prmt5, after CD40 activation (Fig. 2.S2A). It would
be interesting to evaluate the contribution of every Prmt to the methylated-protein
pool in B cells upon different stimuli. Prmt17- iGBs, stimulated via CD40, show a
milder growth defect than Prmt57 iGBs (Fig. 2.3J, 3.5A). This is in accordance with
the few changes in methylation that are observed upon CD40 stimulation in Prmt1-
compared to wt B cells (Infantino et al., 2017). More experiments need to be
performed to understand the relevance of each enzyme downstream of various B cell

stimuli.

Immunofluorescence images for sDMA and aDMA marks in activated B cells at day 3
showed high levels of both methylation types in the nucleus (Fig. 2.S2D, 3.5B).
Methylated histones, which are very abundant in the nucleus, are the most likely
nuclear signal for the SYM11 and ASYM26 antibodies at this time. Interestingly,
Prmt1 is largely nuclear in GC B cells while Prmt5 is mostly cytoplasmic. At later
times in culture, on day 6, we detected sDMA and aDMA signals in the cytoplasm as
well, suggesting that arginine methylation is a dynamic process that changes during
the B cell reaction. Thus it will be important to consider timing and stimulation

conditions when pursuing Prmt methylation targets by mass spectrometry.

4.2 Roles of Prmt1 and Prmt5 along the B cell lifespan

4.2.1 BM development

PRMT1 plays important roles in BM B cell development at multiple stages (Fig. 1.10).
First Prmt1 was found to be required for pro-B cells via an unknown mechanism
(Dolezal et al., 2017). Second, Prmt1 methylation of Cdk4 is required for large pre-B
cell exit of the cell cycle so that they develop into small resting pre-B cells (Dolezal et
al., 2017). Third, Prmt1 is necessary for pre-B cell development into immature B cells

in vitro, via direct methylation of the BCR (Infantino et al., 2010).
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We uncovered that PRMTS is required for at least two stages of BM B cell
development. First, we believe that PRMTS is required for the survival of pro-B cells.
In Prmt57F Mb1-cre mice, Prmt5 depletion resulted in loss of B cells from fraction B
(Fig. 2.7B). Crossing Prmt57F Mb1-cre mice with mice bearing a pre-arranged IgVH
(B1-8 mice) did not rescue this BM development block, suggesting that the defect did
not originate from a defect in D-J rearrangement (Fig. 2.7C). On the other hand,
crossing Prmt5FF Mb1-cre mice with Trp53- mice rescued pro-B cells (Fig. 2.7D). As
p53 is responsible for pro-B cell death (Guidos et al., 1996; Lu and Osmond, 2000),
the most likely explanation is that Prmt5 is involved in repressing the pro-apoptotic
activity of p53, as has been shown in other cell types (Bezzi et al., 2013). However,
Prmt5-deficient mature activated B cells also show a p53 response, but this is not the
cause of apoptosis (Fig. 2.6C). To confirm that Prmt5 promotes pro-B cell survival by
preventing apoptosis, we should check the levels of apoptosis in fraction B in Prmt5FF

Mb1-cre compared to Mb1-cre mice.

We also found that PRMT5 is required in pre-B cells. Indeed, Prmt5FF Mb1-cre Trp53-
/- mice presented an additional block at the pre-B cell stage, as they showed a clear
B cells loss in fraction D. Analysis of Igu expression on B220* CD43 (early B cells)
showed that Prmt57F Mb1-cre Trp537- mice were depleted for cells expressing the
pre-B cell receptor (Fig. 2.7E). Many possibilities could lead to such a phenotype. It is
possible that Prmt5, like Prmt1, is involved in pre-BCR signalling, which is required to
overcome the pre-BCR checkpoint. Prmt5 has been shown to induce expression of
certain receptors during hematopoiesis (Liu et al., 2015b). By contrast we have found
that Prmt5 mature activated B cells (iGBs) had increased expression of genes
involved in cytokine-receptor interaction, notably a 3-fold increase in IL7R expression
(Fig. 4.2). Despite iGBs not being the optimal system to investigate IL7R levels, as its
expression is restricted to BM B cells, we can speculate that IL7R levels may be
upregulated in BM B cells from Prmt5/F Mb1-cre Trp537 mice, which could disrupt
proper B cell differentiation given the interplay between IL7R and pre-BCR during
development (Clark et al., 2014). We could test this hypothesis by flow cytometry,

analysing IL7R levels at the membrane of pre-B cells. We could also culture the pro-B
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cells ex vivo on the feeder OP9 cells allowing us to analyze Prmt5-depleted pro-B

survival and proliferation in more detail (Cho et al., 1999).
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Figure 4.2 - lI7r expression level

II7r expression levels obtained from RNAseq performed in Cy1-cre (Ctrl) and Prmt57F Cy1-cre (F/F)
iGBs, 4 days post plating.

Overall, genetic depletion of Prmt1/5 has uncovered the importance of arginine
dimethylation at different stages of BM B cell development (Fig. 4.3). Our work has
further shown that the role of Prmt5 involves p53 at only certain B cell stages, but

more work is needed to understand the underlying mechanisms.
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Figure 4.3 - Stages regulated by Prmt1 and Prmt5 during B cell development
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Schematic of bone marrow B cell development. The critical stages where Prmt1/5 are required are
indicated with green arrows. Our work demonstrated the importance of Prmt5 during BM B cell

development, indicated by a red star. This figure is complementary to Fig 1.10.

4.2.2 Mature B cells homeostasis

While depleting Prmt5 in mature B cells using CD19-cre did not affect splenic B cell
subpopulations (Fig. 2.1C), we have found that Prmt1 deletion results in loss of MZ B
cells using Prmt1F CD21-cre (Fig. 3.2B). The requirement for Prmt1 in MZ B cells
was already observed in Prmt1F* CD19-cre mice (Hata et al., 2016). Interestingly loss
of MZ B cells was also detected following Prmt7 depletion (Ying et al., 2015),
highlighting the importance of mono- and asymmetric di-methylation for mature B cell
homeostasis. Surprisingly, Prmt17F CD23-cre mice had normal numbers of MZ B cells
(Infantino et al., 2017), which could originate from a difference in the excision
efficiency of Prmt1 by the two Cre-drivers CD21-cre and CD23-cre mice.

Mice in which the BCR component /ga was truncated using the CD21-cre have
reduced numbers of MZ and FO B cells, suggesting that BCR signalling is important
for mature B cell survival (Allman and Pillai, 2008; Kraus et al., 2004). Indeed,
modulating BCR signaling in vivo has shown that the strength of BCR signaling is
inversely correlated to MZ B cell generation (Cariappa et al., 2001). As Prmt1 can
dampen BCR signalling (Infantino et al., 2010; Infantino et al., 2017), it is possible
that its depletion causes sustained BCR signaling, leading to MZ B cell loss in the
periphery. To demonstrate this, we could try to rescue the MZ population by inhibiting
a BCR signalling effector, downstream of Iga methylation by Prmt1. One possibility
would be to inhibit Syk. Although complete Syk depletion leads to MZ loss (Hobeika
et al., 2015), partial Syk inhibition by entospletinib (Liu and Mamorska-Dyga, 2017)
may restore normal levels of BCR signaling and the MZ B cell population in Prmt1F/F

CD21-cre mice.

The cycline D3 (Ccnd3) was found to negatively regulate MZ formation, as Ccnd3-/-

mice showed a significant increase in the MZ B cell population (Peled et al., 2010).
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Since Prmt1 limits pre-B cell proliferation by disrupting the Ccnd3-Cdk4 complex, via
Cdk4 methylation (Dolezal et al., 2017), it is also possible that Prmt1 depletion
promotes Ccdn3 activity, which may lead to MZ B cell loss.

4.2.3 B cell activation

Upon activation, mature B cells undergo massive transcriptional and signaling
changes (Kouzine et al., 2013; Luo et al., 2018) that sustain rapid proliferation and
survival. Similar type of changes, later determine plasma cell differentiation for
antibody production (Nutt et al., 2015; Shi et al., 2015). Our experiments allowed us
to dissect the importance of Prmt1 and Prmt5 in promoting B cell proliferation, B cell
survival and for limiting plasma cell differentiation contributing to a growing body of
work on these enzymes in B cells (Hata et al., 2016; Infantino et al., 2017; Koh et al.,
2015b).

4.2.3.1 Arginine dimethylation and B cell proliferation

The two main pathways that promote B cell activation at the onset of the GC
response are the BCR and CD40 signaling pathways, which promote B cell
proliferation (Niiro and Clark, 2002; Rickert et al., 2011). These two pathways have
also been shown to synergize in GCs to induce c-Myc expression (Luo et al., 2018).
CDA40 signaling induces NFkB activation, while the BCR activates the PI3K-AKT-
Foxo1 axis (Niiro and Clark, 2002; Rickert et al., 2011). Both can result in MAPK
activation (Batlle et al., 2009; Niiro and Clark, 2002). In the next section, | will discuss
the roles of Prmt1 and Prmt5 downstream of these signaling pathways. Interestingly,
while dimethylation by Prmt1/5 promotes GC proliferation, monomethylation by Prmt7
negatively regulates GC proliferation, as Prmt7-deficient mice have larger GCs (Ying
et al., 2015), illustrating the variety of processes arginine methylation regulates.

Role of arginine methylation upon BCR engagement

Prmt1 was shown to be required for mature B cell proliferation upon BCR stimulation
(Infantino et al., 2017). It is possible that BCR methylation by Prmt1, shown to

178



dampen BCR signaling in pre-B cells (Infantino et al., 2010), also occurs in mature B
cells and regulates the B cell response to antigens. Indeed, Prmt1+- B cells stimulated
with anti-lgM reveal that several downstream BCR effectors remain activated longer
than in wt cells, causing increased levels of total phospho-tyrosine, phospho-ERK and
phospho-Foxo1 (Infantino et al., 2017). In addition to potentially affecting B cell
expansion, increased phospho-Foxo1 could alter GC dynamics (Sander et al., 2015),
which will be discussed below. Knowing that the BCR signalling may be
compromised, and that BCR signalling promotes Foxo1 degradation resulting in c-
Myc upregulation (Luo et al., 2018), it would be important to know whether c-Myc is
still induced in Prmt1/- GC B cells. On the other hand, we still do not known whether
Prmt5 plays a role in BCR signaling, so we should assess the growth and survival
capacity of Prmt57 B cells following BCR engagement, as well as the activation of
downstream BCR effectors by western blot and monitoring Ca?* signaling. Prmt5 can
regulate receptor turn over (Calabretta et al., 2018) so it would be interesting to test
whether it affects BCR internalization capacity of Prmt57- B cells, which could affect

antigen presentation for instance.

Role of arginine methylation upon CD40 engagement

Prmt1 depletion ex vivo caused various degrees of growth defect depending on the
stimulus. Indeed, while Prmt1F CD21-cre cells showed a clear proliferation defect
upon CDA40 stimulation, the effect was milder upon TLR stimulation with LPS (Fig.
3.6). Experiments to evaluate CD40 signaling in Prmt1F CD21-cre B cells would be
necessary to understand the role of Prmt1 downstream of CD40 engagement. One of
the major consequences of CD40 engagement is NFkB activation (Rickert et al.,
2011). We could verify the activation of NFkB transcription factors by checking their
nuclear translocation and the induction of NFkB targets by qRT-PCR. Defective
growth upon CD40 stimulation was also observed in Prmt1FF Cy1-cre iGB cells,
however the proliferation defect was more pronounced in Prmt5F Cy1-cre iGBs (Fig.
2.3J). Interestingly, both systems exhibited an efficient aDMA/sDMA reduction by day

3, suggesting that the difference in growth does not result from differences in excision
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efficiency or methylation mark stability (Fig. 2.S2D, 3.5B). Thus, it is likely that Prmt1
and Prmt5 regulate B cell proliferation via distinct mechanisms. Accordingly, both
Prmt17- and Prmt57- iGBs accumulate in G1 and show a reduced proportion of cells in
S-phase (Fig. 2.3K, 3.5D). Interestingly, we found that Prmt57 iGB cells have
reduced expression of genes involved in CD40 signaling by GSEA analysis,

suggesting that Prmt5 may be involved in signaling downstream of CD40 (Fig. 2.9A).

There are a number of mechanisms by which Prmt5 could promote B cell

proliferation:

- Prmt5 has been shown repress the cell cycle inhibitor Cdkn1a by repressing p53
activity (Bezzi et al.,, 2013; Li et al., 2015b) as well as through p53-independent
mechanism (Zhang et al., 2015b). Although we observed an upregulation of Cdkn1a
transcripts in Prmt57 iGBs, we found that Prmt5 promotes B cell growth in a p21-

independent manner (Fig. 2.8G,H).

- Prmt5 was shown to methylate the transcription factor E2F1 (Cho et al., 2012;
Zheng et al., 2013), which is required to promote GC development (Beguelin et al.,
2017). Interestingly, GSEA analysis revealed that Prmt57 iGBs significantly
upregulate genes that are normally repressed by E2F1 in mouse fibroblasts (Fig.
4.4A). This result is consistent with the fact that Prmt5 methylation of E2F1 directs it
towards gene repression (Cho et al.,, 2012; Zheng et al., 2013). Therefore Prmt5

regulation of E2F1 may contribute to the proliferation defect in iGBs.

- Prmt5 has also been shown to induce c-Myc translation in mouse embryonic
fibroblasts (Gao et al., 2017). It remains to be seen whether Prmt5 regulates c-Myc
protein levels in B cells, since a reduction of c-Myc would correlate with reduced
proliferation (Heinzel et al., 2017). GSEA analysis shows that c-Myc targets are
downregulated in Prmt57 iGBs (Fig. 4.4C), supporting the possibility that Prmt5"
iGBs express less c-Myc protein. As c-Myc is critical for DZ re-entry in GCs,
diminished c-Myc levels would have important consequences on GC B cell dynamics,

which will be discussed further.
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Despite clear growth differences between Prmt17- and Prmt57 iGBs ex vivo, GC
proliferation from Prmt1FF Cy1-cre and Prmt57F Cy1-cre mice, assessed by Ki67
levels, does not differ (Fig. 2.5F, 3.4E). In accordance, the kinetics of GC B cells
following SRBC immunization is similar between Prmt1F* Cy1-cre and Prmt57F Cy1-
cre mice (Fig. 2.5A, 3.4A). These results demonstrate that in vivo phenotypes are
more complex to interpret, as GC growth defects reflects the sum of many
mechanisms involving different signaling pathways that can be regulated by arginine
methylation. Accordingly, the effect of Prmt5 deficiency on the antibody response is
much more pronounced than that of Prmt1 deficiency, highlighting their different

contribution to the function of the GC beyond their similar role in B cell proliferation.
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Figure 4.4 - Gene expression upon Prmt5-depletion

A)-C) GSEA of transcriptional changes in Prmt5/F Cy1-cre (F/F) iGBs against the indicated gene sets
(Bild et al., 2006; Ma et al., 2002, Sweet-Cordero et al., 2005; Zeller et al., 2006). P values, normalized
enrichment score (NES) and fold-discovery rates (FDR) are indicated.

D) Expression levels of the indicated genes obtained from RNAseq performed in Cy1-cre (Ctrl) and

Prmt5FF Cy1-cre (F/F) iGBs, 4 days p

ost plating.
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E) Expression levels of the indicated genes measured by RTqPCR in CD19-cre (Ctrl) and Prmt5FF
CD19-cre (F/F) LPS + IL-4 activated B cells for 3 days.

4.2.3.2 Arginine dimethylation and B cell survival

Apoptosis was not induced in GCs from mice depleted of either Prmt1 or Prmt5 in B
cells, suggesting that arginine methylation mostly contributes to GC B cell
proliferation, rather than survival (Fig. 2.5E, 3.4D). However, arginine methylation
does seem to be critical for cell survival upon activation at the onset of the T-
dependant antibody response.

Prmt1 was found to promote B cell survival following BCR stimulation by maintaining
normal levels of anti-apoptotic proteins (Infantino et al., 2017), possibly via BCR
signaling (Infantino et al., 2010). We did not detect increased cell death upon CD40
activation in Prmt1FF Cy1-cre iGBs or following LPS + IL-4 activation in Prmt1F
CD21-cre cells (Fig 2.5C, 3.S2B). This further confirms that Prmt1 may play distinct

roles in activated B cells, depending on the stimuli.

By contrast, we established that Prmt5 was essential for activated B cell survival in
vitro upon LPS + IL-4 stimulation as well as in vivo following polyclonal B cell
activation (Fig 2.3C, 2.2F,G). While we observed that Prmt5-depleted B cells
expressed non-functional forms of the p53 inhibitor Mdm4, due to splicing defects,
that in other systems has been show to partly explain the enhanced p53 response
(Bezzi et al., 2013; Koh et al., 2015b), we have found that increased cell death of
Prmt5FF CD19-cre cells was p53-independant. Indeed, we still detected apoptosis in
Trp537 B cells treated with the Prmt5 inhibitor EPZ150666 and in Prmt57F CD19-cre
Trp537 cells, suggesting that Prmt5 promotes B cell survival via a different
mechanism(s) (Fig. 2.8C,D). Furthermore, B cells do not undergo apoptosis if Prmt5
is depleted following B cell activation, suggesting that one or more Prmt5 substrate(s)
need(s) to be methylated at the time of activation to quickly respond and promote
survival. Of note, as p53 signaling was upregulated in Prmt57 B cells irrespectively of
the activation timing or the stimulation type, we believe that p53 activation is a

general consequence of Prmt5 loss that is independent of B cell stimulation. In fact,
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increased p53 signaling has been detected in multiple tissues depleted for Prmt5 in
vivo (Bezzi et al., 2013; Koh et al., 2015b).

There are multiple mechanisms by which Prmt5 could promote B cell survival:

- An important factor triggering apoptosis in mature B cells is the Fas/CD95 receptor,
which was upregulated in Prmt57 iGBs, but not in Prmt5FF CD19-cre cells (Fig.
4.4D,E). We also did not detect increased CD95 levels at the B cell membrane in vivo
by flow cytometry in Prmt5FF CD19-cre mice (Fig. 2.2F). Thus, it is highly unlikely that
apoptosis is triggered due to abnormal Fas expression in Prmt57 cells. However, it is
a possibility that Fas signalling is enhanced in these cells, which we could test by
treating them with an inhibitor of caspase 8 that is downstream of Fas. Prmt5 has
been shown to antagonize TRAIL-induced apoptosis in some cancer cells by
activating NFkB signaling (Tanaka et al., 2009). We found increased expression of
the TRAIL-receptor DR5 in Prmt57- iGBs (Fig. 4.4D), as well as in Prmt5FF CD19-cre
cells by gqRT-PCR (Fig. 4.4E). However, TRAIL-dependant apoptosis is not normally
induced in activated B cells (Ursini-Siegel et al., 2002), making this possibility
unlikely.

- As discussed above, we observed increased expression of E2F1-regulated genes in
Prmt57- iGBs (Fig. 4.4A). One of these, Polo-like kinase 2 (Plk2) was induced by 2-
fold (Fig. 4.4D). Interestingly, Plk2 was reported to be silenced in B cell lymphomas,
and PIk2 over-expression in B-cell lymphoma lines causes increased apoptosis
(Smith et al., 2006). Likewise, it is possible that Plk2 expression is partly responsible
for increased death of Prmt5FF CD19-cre cells. It would be worth testing Plk2
expression levels in these cells and testing whether knocking-down PIk2 can partially

rescue apoptosis.

- Prmt5 was shown to enhance the canonical NFkB pathway (Tanaka et al., 2009;
Wei et al., 2013), which is downstream from CD40 signaling. As CD40 signaling
provides survival signals to B cells, Prmt5 loss could prompt B cells to apoptosis in
vivo. This could be tested by monitoring apoptosis of Prmt5FF CD19-cre B cells

stimulated with various doses of anti-CD40 + IL-4 to determine their relative
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sensitivity. Interestingly, Prmt5/F CD19-cre iGBs do not show increased apoptosis
(Fig. 2.31). This could result from BAFF expression by 40LB feeder cells. BAFF-R
signals via the non-canonical NFkB pathway and induces the pro-survival genes Bcl-
xL and Bcl2 (Rickert et al., 2011). Thus, the BAFF-R pathway could compensate for a
defect in CD40 signaling.

4.2.3.3 Arginine dimethylation and B cell differentiation

Both Prmt1 and Prmt5 prevent plasma cell differentiation (Fig. 2.9J, 3.6B), although
Prmt1 loss seems to induce higher levels of B cell differentiation into plasma cells
compared to Prmt5 loss (Fig. 2.9F, 3.5l). Interestingly, inhibition of both Prmt1 and
Prmt5 together, resulted in more than additive differentiation compared to inhibition of
either alone, suggesting that Prmt1 and Prmt5 act synergistically (Fig. 3.7B,D,E).

Synergy suggests that each act via a different mechanism.

Prmt5 and B cell differentiation

We found that Prmt5 loss in LPS + IL-4 activated B cells leads to increased
expression of Prdm1 that codes for Blimp-1. This could be a consequence of
increased differentiation. However, it is also possible that Prmt5 represses Prdm1
directly by methylating histones, which can be assessed by ChIP for Prmt5,
H3R8me2s and H3R4me2s at the Prdm1 locus. Another interesting possibility is that
Prmt5 indirectly regulates Prdm7. Indeed, Prmt5 was shown to regulate NFkB
signalling by methylating Rela (Wei et al., 2013), and Rela depletion is associated
with reduced plasma cell production, accompanied by reduced Prdm1 expression
(Heise et al., 2014). If this were true, reconstituting Rela™ CD19-cre B cells with a
“Rela arginine mutant” should lead to the same phenotype as in Prmt57F CD19-cre.
Prmt5 could also be involved in co-repressing a subset of Ezh2-repressed bivalent
genes, involved in plasma cell differentiation (Beguelin et al., 2013). Indeed, we found
that Prmt57- iGBs where enriched for the expression of Ezh2 target genes. As Ezh2
expression is not affected in Prmt57- iGBs (Fig. 4.4D), we could imagine that Prmt5
cooperates with Ezh2 by methylating histones at bivalent genes loci, thus helping to
maintain the GC program. This hypothesis is supported by the fact that mice depleted
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for Ezh2 in B cells exhibit the same GC defects as Prmt5F Cy1-cre mice (Beguelin et
al., 2013). Also, Prmt5 and PRC2 co-occupancy at some promoters in human B cell
lines has been reported (Tae et al., 2011). Thus, both testing the interaction between
Prmt5 and PRC2, as well as a genome wide ChIP for Prmt5, H3R8me2s and
H3R4me2s in B cells, which could be compared to EZHZ2 targets, would allow a better
understanding of whether Prmt5 and Ezh2 interact in activated B cells but also help in
discriminating which genes might be directly regulated by Prmt5 at the transcriptional

level by comparing to our RNA-seq.

Prmt5 was shown to regulate the MAPK pathway by methylating Raf proteins,
resulting in reduced Erk1/2 phosphorylation and enhanced proliferation (Andreu-
Perez et al., 2011). By contrast, Prmt5 depletion reduced Erk1/2 phosphorylation in
hematopoietic cells (Liu et al., 2015b). By GSEA analysis, we found that Prmt57 iGBs
have increased levels of genes that are up-regulated in cells expressing an active
mutant form of Ras (Kras), and have reduced levels of genes that are down-regulated
in cells expressing Kras, suggesting that the MAPK pathway is enhanced in Prmt57
cells (Fig. 4.4B). Interestingly, Erk1/2 activity was found to induce mature B cell
differentiation by promoting Prdm1 expression (Allman and Cancro, 2011; Yasuda et
al., 2011). Thus, it is possible that Prmt5 activity represses the MAPK pathway in
mature B cells to limit plasma cell differentiation. To investigate this hypothesis
further, we should first verify the levels of Erk1/2 phosphorylation in Prmt57-iGBs and

in Prmt5FF CD19-cre, where we see a strong induction of differentiation (Fig. 2.9J).

Interestingly, while apoptosis was only detected when Prmt5 was inhibited before B
cell activation, we observed increased differentiation irrespective of Prmt5 inhibition
timing: before or after activation (data not shown). This result demonstrates that
increased apoptosis and differentiation are triggered by distinct mechanisms.

In summary, there are several potential mechanisms, including transcription and
signaling pathways, by which Prmt5 could limit plasma cell differentiation. These
mechanisms are not mutually exclusive and are a challenging but interesting future

direction.
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Prmt1 and B cell differentiation

The effect of Prmt1 for limiting B cell differentiation is more striking than Prmt5 in all
the systems and stimuli used. Yet, we found that Prmt1 limits differentiation to a much
lesser extent when in the presence of IL-21 than with IL-4 stimulation (Fig. 3.5l).
Interestingly, Tfh cells produce IL-21 and IL-4 in a sequential manner in GCs
(Weinstein et al., 2016). In early GCs, a higher proportion of Tth cells produce IL-21,
sustaining the GC reaction, while in mature GCs they mostly express IL-4, which
promotes plasma cell differentiation (Weinstein et al., 2016). This suggests that Prmt1
is required to repress plasma cell differentiation in mature GCs, in order to prevent
premature B cell exit and incomplete affinity maturation. As is the case with Prmt5,
there are several potential mechanisms by which Prmt1 could play this role. Prmt1
regulates gene expression (Blanc and Richard, 2017). We have not analyzed the
transcriptome of Prmt1-deficient B cells but, in combination with ChlP-seq, it would be
an informative future direction. Another possibility is that Prmt1 inhibits the plasma
cell program indirectly because of a function downstream of IL-4 signaling.
Interestingly, enhanced PI3K-AKT signaling, by depleting Pten (which antagonizes
P13K), can enhance plasma cell differentiation in vitro (Omori et al., 2006). Enhanced
AKT activity promotes Foxo1 degradation (Greer and Brunet, 2005), and we suspect
that Prmt1 depletion could have the same effect, as Prmt1 antagonizes Foxo1
phosphorylation by AKT in human epithelial cells (Yamagata et al., 2008). Moreover,
Foxo1 is expressed and localized in the nucleus in DZ B cells, promoting the GC
program and inhibiting the plasma cell program via Prdm1 repression (Dominguez-
Sola et al., 2015; Luo et al., 2018; Sander et al., 2015). As we found increased Prdm1
expression in Prmt1-depleted B cells, we hypothesize that Prmt1 limits plasma cell
differentiation by stabilizing Foxo1. To confirm that hypothesis, it would be important
to analyze CD40 signaling, as well as measure phospho-AKT levels in GCs of
Prmt1¥F Cy1-cre mice by flow cytometry and evaluate phospho-Foxo1 levels and

localization by immunofluorescence in spleens.

It is possible that additional type | PRMTs are involved in limiting plasma cell

differentiation. Indeed, while we found that MS023 treatments recapitulate genetic
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ablation of Prmt1 in B cells, this compound also inhibits Prmt6 (Hu et al., 2016) (Fig.
3.6B,H). In order to confirm the synergistic role of Prmt1 and Prmt5 in repressing
plasma cell differentiation we could perform the reciprocal experiment, treating
activated Prmt1FF-CD21 B cells with the specific Prmt5 inhibitor EPZ150666 (Hu et
al., 2016). To rule out any potential off-target effects of the inhibitors, we could also
test the differentiation potential of Prmt1¥* Prmt5* Cy1-cre compared to Prmt1F*
Prmt5** Cy1-cre and Prmt1** Prmt57* Cy1-cre controls. Of note, treating Prmt1F/F-
Cy1 iGBs with EPZ150666 caused a slight increase in plasma cell differentiation,
though inhibiting Prmt5 alone in iGBs did not show much effect, supporting Prmt1 and
Prmt5 synergy (Fig. 3.7D).

4.2.4 Arginine methylation influences GC dynamics and GC

output

Ex vivo experiments allowed us to dissect the importance of arginine methylation
upon B cell activation. We found that Prmt1 and Prmt5 likely regulate different
pathways downstream of various stimuli, with Prmt1 overall playing a major role in
limiting plasma cell differentiation in GCs and Prmt5 in promoting cell proliferation.
However, when immunized, both Prmt1F Cy1-cre and Prmt5F Cy1-cre mice exhibit
the same GC defects in expansion, as well as the appearance of an abnormal GC cell
population that shows reduced proliferation while downregulating CD86, CXCR4 and
AID (Fig. 2.5, 3.4). As discussed, Prmt1 may regulate Foxo1 levels, and Prmt5 may
modulate c-Myc expression (Luo et al., 2018; Sander et al., 2015). Such effects could
explain the altered GC dynamics in knock-out mice. The exact identity and origin of
this abnormal populations remains to be identified. However, these cells present
reduced proliferation and AID levels, which are features of plasma cells. As we found
Prmt1 and Prmt5 to limit plasma cell differentiation in vitro, one possibility is that this
new population represents abnormal plasma cells that exit the GC reaction
prematurely. To test this hypothesis, we could perform an intracellular staining for Irf4
by flow cytometry, to see whether this population indeed contains plasma cell

precursors. Regardless of whether this population is or not related to plasma cells,
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the premature differentiation into plasma cells is supported by our observation that a
reduced proportion of Prmt1- and Prmt5-null GCs and plasma cells express 1gG1,
suggesting that their GC residency was shorter than controls and differentiated before
undergoing class switch recombination (Fig 2. 9L,M, 3.8C,E).

Interestingly, Prmt1 and Prmt5 were found to be induced in positively selected
centrocytes bearing high affinity BCRs, along with the “pro-GC” factors Aicda, Foxo1
and c-Myc (Ise et al.,, 2018) (Fig. 4.5). Even though these cells expressed a
transcription profile resembling plasmablasts and were suggested to be plasma cell
precursors (Ise et al., 2018), it is possible that a proportion of these cells, expressing
high levels of Prmt1/5 would re-enter the DZ and be maintained in the GC reaction,

thus improving affinity maturation (Fig. 4.6).
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Figure 4.5 - Pro-GC genes are induced in high affinity centrocytes

Transcripts levels of the indicated genes obtained from RNA seq data generated by (Ise et al., 2018).
Centrocytes were sorted based on CD69 and Bcl6 expression (LZ_low affinity: CD69* Bcl6'°%, LZ high
affinity: CD69* Bcl6°"). LZ: light zone, DZ: dark zone, PB: plasmablast.

Despite the apparent similarities, Prmt57F Cy1-cre mice have a much more
compromised antibody response compared to Prmt1FF Cy1-cre, at least against NP
after NP-CGG immunization. Indeed, Prmt5/F Cy1-cre mice showed a dramatic and

consistent defect, while Prmt1F Cy1-cre mice produced comparable amounts of NP-
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IgG1 antibodies relative to control mice, even if of lower affinity in the secondary
response (Fig. 2.4A,C, 3.3C). This divergence could be explained by the different
roles of each Prmts. If Prmt5 primarily promotes GC B cell expansion, a Prmt5
deficiency would result in a more profound effect, as it would compromise the whole
GC reaction. In contrast, if Prmt1 regulates plasma cell differentiation later in the GC
response, the effect of knocking-out Prmt1 would have a milder effect early in the

antibody response.

Because Prmt17F Cy1-cre mice produce normal anti-NP-IgG1 levels by day 14, we
suspect these mice may generate normal levels of ASCs at the peak of the
extrafollicular response, at day 7 (Smith et al., 1996), which we need to test. Later in
the GC response, at day 14, we found that Prmt1F Cy1-cre mice produce less ASCs,
suggesting a late GC specific defect in plasma cell differentiation (Fig. 3.3G). Another
possibility is that the premature plasma cells are IgM+, and as we measured 1gG1
ASC, we are not detecting the overall increase. We will measure IgM+ ASC in the
future. Interestingly, we observed a reduction in the IgG1 response against the
complex antigen CGG at day 14 and after re-call (Fig. 3.3D,E). Since this is a more
complex antigen, generating CGG-specific antibodies requires longer GC residence
time than NP-specific antibodies. Moreover, because of the higher number of
epitopes that CGG contains, B cells against different CGG epitopes must compete
with each other in the GC, while anti-NP responses are dominated by one type of
clone (Bannard and Cyster, 2017). Thus, we could explain the milder antibody
response defect in Prmt1FF Cy1-cre mice for two reasons: (i) the function of Prmt1 in
cell proliferation is not as important as Prmt5 and (ii) the predominant role for Prmt1 in
regulating differentiation late in the GC response, and showing normal extrafollicular
antibody response against NP. Nonetheless, the defect is revealed in the secondary
response that shows anti-NP 1gG1 of reduced affinity. Because GC B cells directed
against complex antigen require a longer time in the GC to improve affinity, we
observe an exacerbated defect in the antibodies produced against CGG in Prmt1/F

Cy1-cre.
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This figure is a model that complements Fig. 1.6, showing the role for Prmt1 and Prmt5 in promoting

GC maintenance and repressing premature plasma cell differentiation.
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5 Conclusion

We discovered distinct roles for Prmt1 and Prmt5 in regulating B cell development.
Both enzymes promote B cell activation, support the GC reaction and limit plasma cell
differentiation, although most likely by different mechanisms. Our work revealed the
intrinsic importance of arginine methylation in B cells for T-dependent antibody
responses and particularly the GC reaction. Overall, our data suggests that Prmt1
and Prm5 influence GC B cell fate by sustaining DZ re-entry and repressing
premature B cell differentiation by different mechanisms (Fig. 4.6). We propose that
the high affinity centrocytes that are positively selected in the LZ can follow two fates
depending on the expression of Prmt1 and Prmt5. Cells with reduced Prmt1/5
expression exit the GC and differentiate into plasma cells, while cells expressing high
Prmt1/5 are maintained in the GC reaction and re-enter the DZ. This work furthers our
understanding of the complex mechanisms influencing B cell fate. Future efforts will
be required to understand the signalling pathways inducing Prmt1 and Prmt5 in GCs,
as well as exploring the mechanisms by which Prmt1 and Prmt5 sustain GC B cell
proliferation and differentiation. This work will also help in understanding the

development of B cell malignancies, most of which display elevated levels of Prmt5.
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