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Abstract 

Within germinal centres (GC), B cells undergo a Darwinian process of mutation and 

selection to generate high-affinity antibodies, eventually differentiating into plasma cells (PCs) to 

secrete those antibodies. Protein arginine methyltransferase 1 (PRMT1) is a critical regulator of 

GC responses. PRMT1 promotes GCB cell expansion by opposing PC differentiation. PRMT1 

also promotes the growth of GCB cell-like lymphoma cell lines. However, inhibiting its activity 

in patients with GC-derived lymphomas has proven ineffective, warranting further investigations 

of PRMT1 in GCB cells. Here, we find PRMT1 protein dosage dynamically controls B cell fitness. 

Whereas the biallelic deletion of Prmt1 in activated mouse B cells impairs GC expansion and 

antibody responses, its monoallelic deletion increases the frequency of splenic GCB cells and 

elevates antibody production. Importantly, the heterozygous deletion of Prmt1 confers a fitness 

advantage to activated B cells ex vivo, which is heightened by IL-21 and is associated with mTOR 

activation. Our work provides potential explanations for the poor efficacy of PRMT1 inhibitors 

against human GCB cell lymphoma.  
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Résumé  

La génération d’anticorps est une caractéristique de l'immunité acquise qui trouve son origine 

dans les centres germinatifs des ganglions lymphatiques. Dans les centres germinatifs, les 

lymphocytes B commencent un processus darwinien de mutation, sélection et expansion qui leur 

permettra de secréter des anticorps de haute affinité quand ils seront finalement différenciés en 

plasmocytes. Protein arginine methyltransferase 1 (PRMT1) est un régulateur critique de la 

formation et de l’expansion des centres germinatifs. PRMT1 promeut la prolifération des 

lymphocytes B dans les centres germinatifs, les empêchant de se différencier prématurément en 

plasmocytes. PRMT1 est surexprimée dans les tumeurs malignes dérivées des centres germinatifs, 

mais l'inhibition de son activité chez les patients atteints de lymphomes dérivés des 

centres germinatifs s'est avérée infructueuse, ce qui justifie de nouvelles recherches sur PRMT1 

dans les lymphocytes B. Dans le présent travail, nous constatons que le dosage de la protéine 

PRMT1 régule dynamiquement l'aptitude des lymphocytes B. Alors que la délétion totale de Prmt1 

dans les lymphocytes B activées de souris empêche l'expansion des centres germinatifs, sa délétion 

hétérozygote augmente la cellularité de lymphocytes B dans les centres germinatifs, la production 

d'anticorps, et de la production de plasmocytes. De plus, la délétion monoallélique de Prmt1 est 

suffisante pour conférer un avantage de croissance aux lymphocytes B activés, qui est augmenté 

par l'interleukine-21. Nos travaux mettent en évidence la régulation des lymphocytes B par 

PRMT1 et fournissent des implications pour son ciblage dans les lymphomes à lymphocytes B. 
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Chapter I: Introduction 

1.1 B Lymphocytes  

The elimination of pathogenic microorganisms from the extracellular spaces of the body 

depends on the humoral immune response (de simoneLu et al., 2018). The humoral immune 

response is orchestrated by B lymphocytes or B cells that secrete antibodies against invading 

pathogens. Antibodies contribute to protective immunity through the neutralization of pathogens 

as well as through the activation of complement (Nothelfer et al., 2015). Antibodies prevent the 

replication of extracellular pathogens, notably bacteria, within the extracellular spaces of the host 

organism (Lu et al., 2018). They also prevent intracellular pathogens from entering host cells, thus 

impeding their replication (Casadevall, 1998). Indeed, humans with deficiencies in antibody 

production are susceptible to recurrent respiratory and gastrointestinal infections 

(Aghamohammadi et al., 2009; Oksenhendler et al., 2008; Quinti et al., 2007).  

 

1.2 Antibody Structure and Isotypes 

Every B cell expresses a unique antibody that recognizes a specific antigen. In humans, it 

is estimated that the naïve antibody repertoire consists of at least 1015 unique potential antibody 

specificities (Rees, 2020). The diversity of antibodies in vertebrate organisms permits the immune 

system to elicit responses against a remarkable range of different antigens.  

Antibodies are heterodimeric proteins, noted by their Y-shaped structure. They are 

composed of a pair of two identical heavy chains (IgH) and two identical light chains (IgL) 

connected by disulfide bridges (Edelman et al., 1969). The N-terminal region of the IgH chains 

dimerizes with the IgL chains to form two fragment antigen-binding (Fab) sites. The Fab sites 

contain a variable region domain from each IgH and IgL chain and are responsible for antigen-
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binding (Fleischman et al., 1963; Inbar et al., 1972; Porter, 1959). Antibody-encoding genes are 

assembled during B cell development in the bone marrow through a somatic rearrangement of 

germline variable (V), diversity (D), and joining (J) gene segments (Bassing et al., 2002; Jung and 

Alt, 2004). V, D and J gene segments are recombined to assemble the antigen-binding variable 

region exon of the IgH chain, while the V and J gene segments are recombined to generate the 

antigen-binding variable region exon of the IgL chain. This process, known as V(D)J 

recombination, generates the vast repertoire of antibodies in vertebrate organisms and underpins 

the efficiency of antibody responses. 

Additional antibody diversity is achieved through the constant regions of the IgH and IgL 

chains. The antigen-binding Fab sites are connected by a hinge region to the fragment 

crystallizable (Fc) region or IgH constant region, which constitutes the C-terminal portion of the 

dimerized IgH chains (Amzel and Poljak, 1979). There are five classes or isotypes of the IgH 

chain, encoded by their constant region domains: IgM, IgD, IgG, IgA, and IgE (Chaudhuri and 

Alt, 2004). The IgG and IgA isotypes are further divided into sub-classes depending on the 

vertebrate species. Humans have four IgG isotypes (IgG1, IgG2, IgG3, and IgG4) and two IgA 

isotypes (IgA1 and IgA2), whereas mice have four IgG isotypes (IgG1, IgG2b, IgG2c/IgG2a, and 

IgG3) but only one IgA isotype (Mestas and Hughes, 2004). Each IgH chain associates with either 

one of the two IgL chains: Ig or Ig (Amzel and Poljak, 1979). 

Antibodies are expressed on the surface of B cells as part of larger signalling complex, 

called the B cell receptor (BCR). The BCR consists of the membrane-bound antibody in addition 

to two transmembrane signalling moieties: Ig and Ig (Hombach et al., 1990). Mature B cells 

derived from the bone marrow express IgM and IgD on their surface (Geisberger et al., 2006). In 

the periphery, B cells engage antigen through their BCR to become activated (Cyster and Allen, 
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2019). Activated B cells downregulate IgD surface expression and exchange their surface-bound 

IgM antibody with either IgG, IgA, or IgE isotypes through the process of isotype switching 

(Cyster and Allen, 2019). An antibody’s isotype will determine its effector function. IgM 

antibodies are effective at activating complement (Cooper, 1985; Czajkowsky and Shao, 2009). 

IgG and IgA antibodies mediate protection against viruses and bacteria (Mond et al., 1995; Tyagi 

et al., 2023), and IgE antibodies confer protection against large extracellular parasites (Gould and 

Sutton, 2008). IgA is mostly produced within mucosal tissues, such as the gut and respiratory tract, 

whereas IgM, IgG, and IgE antibodies are generally released into the bloodstream (Brandtzaeg, 

2007; Brandtzaeg, 2009). IgM antibodies are also large, existing as either pentamers or hexamers. 

In contrast, IgG and IgE exist as monomers, and IgA antibodies exist as dimers (Oostindie et al., 

2022). 

 

1.3 The Germinal Centre Response  

Secondary lymphoid organs (SLOs), such the spleen and lymph nodes, are sites in which 

naïve B cells encounter antigen to initiate adaptive immune responses with help from T cells 

(Ruddle and Akirav, 2009). B cells and T cells are separated into two areas within SLOs: B cells 

cluster close to the periphery within so-called follicles, whereas T cells cluster near the centre of 

SLOs (Randall and Mebius, 2014; Ruddle and Akirav, 2009). The follicular region of SLOs also 

contain a network of follicular dendritic cells (FDCs). FDCs are specialized at retaining antigen 

on their surface in the form of immune complexes (ICs), which B cells can recognize (Heesters et 

al., 2014; Martínez-Riaño et al., 2023).  

B cells bind antigen that has been captured on the surface of FDCs through their BCR 

(Nossal et al., 1964; Suzuki et al., 2009; Szakal et al., 1989). BCR engagement by cognate antigen 
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induces a cascade of signaling events that eventually result in the processing and presentation of 

antigen on major histocompatibility complex (MHC) class II molecules found on the surface of 

the B cell (Kwak et al., 2019). Following their activation, B cells upregulate the chemokine 

receptor, CCR7, to promote their migration to border between the T cell zone and B cell zone in 

SLOs (Okada et al., 2005; Reif et al., 2002). At the T-B border, B cells present peptide-MHC-II 

complexes to cognate CD4+ helper T (TH) cells. At this stage, B cells undergo rapid proliferation 

and can differentiate into memory B cells (MBCs) or into extrafollicular plasmablasts (PBs) that 

secrete low-affinity IgM antibodies to provide immediate immunological protection. Others will 

differentiate into germinal centre B (GCB) cells (Young and Brink, 2021).  

Germinal centres (GCs) are highly specialized microanatomical structures that form in the 

B cell follicle of SLOs in response to infection or vaccination (Nieuwenhuis and Opstelten, 1984). 

These structures are typically transient, but they can exist chronically in mucosal tissues, notably 

the Peyer’s patches in the intestine where B cells are constantly exposed to the gut microbiota and 

food antigens (Chen et al., 2020; Nowosad et al., 2020). Within GCs, antibodies undergo a 

secondary diversification process called somatic hypermutation (SHM) (Berek et al., 1991; Jacob 

et al., 1991). During SHM, GCB cells mutate the antigen-binding regions of their immunoglobulin 

genes as a means of generating mutants with enhanced antigen binding. Mutants with improved 

capacities for antigen binding undergo competitive expansion, whereas those with a diminished 

capacity for antigen binding are outcompeted. Through this Darwinian process of somatic 

diversification, GCB cells progressively generate antibodies with improved binding affinity. This 

phenomenon is called affinity maturation (Berek and Milstein, 1987; Eisen, 2014; Eisen and 

Siskind, 1964; Jerne, 1951). Affinity maturation is required to produce protective antibodies 

(Khurana et al., 2014; Tang et al., 2021; Verma et al., 2012). Indeed, sustained GC residency 
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permits high levels of SHM and endured affinity maturation, enabling the generation of broadly 

neutralizing antibodies against quickly evolving pathogens such as human immunodeficiency 

virus (Lee et al., 2022).  

 

1.4 Germinal Centre Dynamics 

Mature GCs are anatomically divided into two zones: a dark zone (DZ) and a light zone 

(LZ) (Nieuwenhuis and Opstelten, 1984). GCB cells move in a bi-directional manner between the 

DZ and LZ, with a net movement of GCB cells from the DZ into the LZ (Victora et al., 2010). 

Migration between the DZ and LZ is mediated by chemokines and the differential expression of 

chemokine receptors on GCB cells. GCB cells are retained in the DZ by the binding of CXCR4 to 

the chemokine, CCL12, which is produced by reticular stromal cells localized in the DZ. 

Conversely, LZ GCB cells express the CXCR5 chemokine receptor, which binds CXCL13 

produced by FDCs residing in the LZ (Allen et al., 2004).  

GCB cells residing in the DZ, called centroblasts, are highly proliferative and can be 

identified by high expression of CXCR4 (Allen et al., 2004; Gitlin et al., 2014; Victora et al., 2012; 

Victora et al., 2010). Within the DZ, GCB cells diversify their immunoglobulin genes by SHM 

(Weigert et al., 1970). SHM is initiated by activation-induced cytidine deaminase (AID), an 

enzyme specifically expressed in GCB cells (Muramatsu et al., 2000; Revy et al., 2000). AID 

deaminates deoxy-cytidine to deoxy-uracil within the immunoglobin variable region exon (Di 

Noia and Neuberger, 2007; Peled et al., 2008). Through its deamination activity, AID introduces 

U:G mismatches, which are fixed as point mutations within the immunoglobin variable regions 

once repaired. The mutations introduced by AID activity diversify antibody affinities and permit 

affinity-based selection, which occurs in the LZ. GCB cells in the LZ, called centrocytes, are 
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distinguished from centroblasts by high expression of the activation markers, CD83 and CD86, 

and low expression of CXCR4 (Victora et al., 2012; Victora et al., 2010). In the LZ, GCB cells 

encounter antigen displayed on the surface of FDCs in the form of ICs. Antigen retention on LZ 

FDCs is necessary for promoting the affinity and breadth of antibody responses (Kato et al., 2020; 

Martin et al., 2020; Martínez-Riaño et al., 2023). The LZ is also the site of positive selection. Here, 

the relative BCR affinities of GCB cells — which have undergone SHM in the DZ — are sensed 

by follicular T helper cells (TFH), a specialized subset of CD4+ TH cells in the LZ (Victora and 

Nussenzweig, 2012). GCB cells that have acquired high-affinity mutations are selected by TFH 

cells to re-enter the DZ, where they undergo clonal expansion and further rounds of SHM. T cell 

help is limiting for the LZ-to-DZ migration step: the loading of GCB cells with exogenous antigen 

— independently of BCR ligation — leads to their accumulation in the DZ (Victora et al., 2010). 

Thus, the cycling of GCB cells between proliferation and SHM in the DZ with affinity-based 

selection in the LZ underlies antibody affinity maturation.  

The positive selection of GCB cells into the DZ, which permits additional rounds of SHM 

and proliferation, is known as cyclic re-entry. A defining feature of positively selected GCB cells 

is expression of the proto-oncogene, c-Myc (Dominguez-Sola et al., 2012). The c-Myc proto-

oncogene is highly expressed in proliferating cells, with critical roles in ribosome biogenesis, DNA 

synthesis, and metabolism (Dong et al., 2020). Expression of c-Myc in B cells is necessary for GC 

formation and maintenance (Calado et al., 2012; Dominguez-Sola et al., 2012). In GCB cells, c-

Myc expression is transient: c-Myc is only expressed within a small subset of LZ GCB cells, and 

as GCB cells move to the DZ, they lose c-Myc expression. The relative expression of c-Myc in 

GCB cells is also directly proportional to the amount of antigen they present to TFH cells (Finkin 

et al., 2019). Moreover, the amount of c-Myc expressed in LZ GCB cells determines the number 
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of cell divisions they will undergo in the DZ. Indeed, the overexpression of c-Myc results in the 

accumulation of GCB cells in the DZ (Finkin et al., 2019). After entering the DZ, expression of 

the AP4 transcription factor — which is induced by c-Myc — will sustain c-Myc-dependent 

transcriptional programs once c-Myc expression is lost (Chou et al., 2016). Expression of Ccnd3 

in DZ GCB cells also upregulates expression of E2F transcription factors, promoting DNA 

replication and proliferation independently of c-Myc (Pae et al., 2021). Activation of mTORC1 

signalling is another necessary step in cyclic re-entry (Ersching et al., 2017). Through mTORC1 

signalling, GCB cells can increase biosynthesis of RNA, proteins and lipids, thereby increasing 

their overall anabolic capacity for rapid proliferation in the DZ.   

Although T cells play an undeniable role in GC selection, they are not acutely limiting for 

the initiation of DZ re-entry in positively selected GCB cells. GCB cells haplo-insufficient for 

MHC-II (Yeh et al., 2018) or GCB cells with a deletion in the H2-O MHC-II chaperone (Draghi 

and Denzin, 2010) are not counter-selected during GC responses. The conditional deletion of 

MHC-II in GCB cells only modestly impairs S phase entry in LZ GCB cells (Long et al., 2022). 

Likewise, the depletion of T cells during on-going GC reactions does not halt cell cycle entry in 

LZ GCB cells. Experiments done by Long et al. (2022) suggest that T cells may instead drive the 

metabolic re-fueling of positively selected GCB cells, and hence their division capacity in the DZ, 

in an affinity-dependent manner, where high-affinity GCB cells undergo more re-fueling than low-

affinity GCB cells. This model of GC selection suggests T cells can provide help to GCB cells 

with varying affinities, and ultimately, support clonally diverse immune responses against complex 

pathogens.  

Aside from DZ re-entry, GCB cells receiving T cell help may also be instructed to exit the 

GC reaction and differentiate into memory B cells (MBCs) or antibody-secreting plasma cells 
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(PCs). Differentiation into MBCs involves the expression of a unique set of transcription factors, 

including Hhex, Tle3 and Bach2 (Laidlaw et al., 2020; Shinnakasu et al., 2016), with low-affinity 

GCB cells preferentially undergoing MBC differentiation (Shinnakasu et al., 2016; Smith et al., 

1997; Viant et al., 2020). The differentiation of low-affinity GCB cells into MBCs is thought to 

expand the breadth of MBC reactivity towards secondary challenges. In contrast to MBC 

differentiation, high-affinity GCB cells are thought to preferentially undergo PC differentiation, 

which is induced by the transcription factors Irf4, Prdm1, and Xbp1 (Kallies et al., 2007; Klein et 

al., 2006; Sciammas et al., 2006; Shaffer et al., 2004; Turner et al., 1994). This affinity-based 

model of PC differentiation arose from studies in mice carrying an anti-hen egg lysosome (HEL) 

transgene (Phan et al., 2006). In these mice, acquisition of a Y53D mutation within antigen-binding 

region of HEL-specific antibodies confers a 100-fold increase in antibody affinity, with both the 

GC and PC compartments quickly becoming enriched in high-affinity clones (Sprumont et al., 

2023). In a polyclonal setting, PC differentiation is more permissive and occurs concurrently 

between both high- and low-affinity GCB cells to support diverse antibody responses (Sprumont 

et al., 2023; Sutton et al., 2024). At the transcriptional level, positively selected GCB cells destined 

for PC differentiation considerably overlap with GCB cells destined for DZ re-entry (ElTanbouly 

et al., 2024). Other than the induction of PC-defining genes in PC precursors, both populations 

upregulate Myc as well as Myc target genes, including cell cycle genes and the DZ surface marker, 

Cxcr4. The transcriptional similarities between GCB cells destined for DZ entry and PC 

differentiation might help support diverse antibody responses against quickly evolving pathogens 

such as Influenza.    

The cytokines produced by TFH cells help reinforce the molecular pathways dictating the 

choice between cyclic re-entry and GC exit. IL-4 and IL-21 are common gamma chain cytokines 
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produced by TFH cells during GC responses. Production of IL-4 and IL-21 from TFH cells is 

necessary for GC formation and affinity maturation (Chevrier et al., 2017; Gonzalez et al., 2018; 

Linterman et al., 2010; Zotos et al., 2010). IL-21-expressing TFH cells are produced early during 

the GC response, and they gradually differentiate into IL-4-expressing TFH cells as the GC response 

progresses (Weinstein et al., 2016). During positive selection, IL-21 synergizes with CD40 

signalling to refuel positively selected GCB cells by upregulating c-Myc protein expression and 

the mTOR pathway (Luo et al., 2023). IL-21 signalling controls LZ-to-DZ cycling: deletion of the 

IL-21 receptor blocks S phase entry in LZ but not DZ GCB cells, and its deletion skews GCB cells 

towards a centrocyte phenotype (Zotos et al., 2021). In addition, IL-21 promotes the differentiation 

of IRF4highCD138+ PCs originating from the LZ (Luo et al., 2023). IL-4 similarly regulates GC 

dynamics and output. Limited IL-4 signalling in GCB cells is critical for ensuring efficient affinity 

maturation and MBC output. Increasing the bioavailability of IL-4 impairs affinity maturation and 

MBC differentiation in the LZ, while the deletion of either IL4R𝛼 or STAT6 promotes MBC 

differentiation (Duan et al., 2021). IL-21 and IL-4 can also act synergistically to promote PC 

differentiation and GC formation (Weinstein et al., 2016). 

 

1.5 Protein Arginine Methylation 

Post-translational modifications (PTMs) have emerged as critical regulators of GC 

expansion and affinity maturation. PTMs are enzymatic modifications that involve the covalent 

addition of functional groups to proteins. These may include ubiquitination, phosphorylation, 

methylation, and acetylation. Key molecular regulators of the GC response, such as AID, undergo 

post-translational modifications to fine-tune their catalytic activity (McBride et al., 2006; McBride 
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et al., 2008). Post-translational modifications of histone proteins are also critical for controlling 

the gene networks governing GCB cell differentiation into MBCs and PCs (Wu et al., 2018). 

In recent years, the epigenetic regulation of GC responses by protein methylation has 

received notable attention due to its relevance in GC-derived malignancies. Ezh2 is a histone 

methyltransferase that catalyzes the H3K27me3 mark. This protein is highly expressed in DZ GCB 

cells and maintains their proliferative state via repression of the cell cycle checkpoint inhibitor, 

p21 (Béguelin et al., 2017). Ezh2-/- mice fail to form GCs due to heightened p21 activity, which 

represses E2F1-dependent transcription and S phase entry. Conversely, gain-of-function mutations 

in the Ezh2 locus that increase its histone methyltransferase activity, such as Y164F, induce GC 

hyperplasia and promote the development of GC-derived lymphoma in mice (Béguelin et al., 2013; 

Béguelin et al., 2020). Loss of chromatin marks may also accelerate GC expansion. Setd2 is histone 

methyltransferase that catalyzes the H3K36me3 chromatin mark. The heterozygous loss of Setd2 

in GCB cells — and hence the reduction in H3K36me3 levels on chromatin — increases GCB cell 

fitness and accelerates lymphomagenesis (Leung et al., 2022). Setd2 heterozygous mutations are 

also highly recurrent in diffuse large B cell lymphoma (DLBCL) (Leung et al., 2022). 

Protein arginine methylation is perhaps a less well studied but equally important PTM in 

GCB cells. This modification is mediated by protein arginine methyltransferases (PRMTs). There 

are nine members of the PRMT family. PRMTs catalyze the addition of methyl groups from S-

adenosylmethionine to the terminal nitrogen atoms on the arginine side chain (Bedford and Clarke, 

2009). Some PRMTs transfer only one methyl group, producing monomethylarginine (MMA) 

(Blanc and Richard, 2017). Others can add two methyl groups onto either the same nitrogen atom, 

producing asymmetric dimethylarginine (aDMA), or onto two different nitrogen atoms, producing 

symmetric dimethylarginine (sDMA) (Blanc and Richard, 2017). Type I PRMTs catalyze the 
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aDMA mark, while type II PRMTs catalyze the sDMA mark. The MMA mark is catalyzed by Type 

III PRMTs. 

There is only one member of the PRMT family known to mediate the MMA mark: protein 

arginine methyltransferase 7 (PRMT7) (Blanc and Richard, 2017). PRMT7 catalyzes histone 

arginine methylation (Feng et al., 2013), notably the H4R3me1 mark, and its methyltransferase 

activity has been demonstrated to control splenic B cell development and GC expansion. The 

conditional deletion of Prmt7 in B cells via the Cd19-cre driver induces GC hyperplasia due to 

increased Bcl6 expression, the master transcription factor of the GC reaction. Conversely, Prmt7 

overexpression downregulates Bcl6 expression and increases the H4R3me1 mark (Ying et al., 

2015).  

PRMT5 is a member of the Type II PRMT group with essential roles in B cell development 

and antibody responses (Blanc and Richard, 2017; Litzler et al., 2019). PRMT5 protects B cells 

from apoptosis during their development in the bone marrow as wells as following their activation 

in the periphery. The conditional deletion of Prmt5 in Pro-B cells activates the p53-dependent 

apoptosis pathway and eliminates mature B cells from the spleen. PRMT5 is also required for the 

survival of activated B cells in immunized mice: Prmt5 deficiency increases caspase activity 

following B cell activation. Furthermore, Prmt5 deficiency in activated B cells significantly 

hampers GCB cell proliferation as well as antibody production and affinity maturation (Litzler et 

al., 2019). More recently, PRMT5 was shown to promote TFH cell differentiation, and by extension 

B cell activation and GC formation (Read et al., 2024), highlighting its contribution to GC biology 

through B cell- and T cell-intrinsic mechanisms.  

Type I PRMTs consist of six members, with PRMT1 being the primary mediator of the 

aDMA mark (Blanc and Richard, 2017; Tang et al., 2000). PRMT1 preferentially methylates 
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arginine amino acids within RCG/RG motifs and is responsible for over 90% of the arginine 

methylation in mammalian cells (Tang et al., 2000). PRMT1 has critical roles in cellular 

metabolism, DNA damage responses, proliferation, differentiation, and migration in diverse cell 

types (Blanc and Richard, 2017).  

PRMT1 has pleiotropic functions in B cell development and effector responses. PRMT1 

methylates the Ig subunit of the BCR complex at Arg198, negatively regulating BCR signalling 

(Infantino et al., 2010). Genetic ablation of the Arg198 methylation site increases the expression 

of adaptor proteins downstream of the BCR complex, notably Syk, and potentiates the release of 

intracellular Ca2+ ions in response to BCR ligation. Methylation of the Ig chain at Arg198 is also 

necessary for normal B cell development in the bone marrow and spleen (Infantino et al., 2010). 

Similarly, the genetic deletion of PRMT1 in B cells with the Cd19-cre driver impairs B cell 

development at the pre-B cell stage (Dolezal et al., 2017; Hata et al., 2016). In pre-B cells, PRMT1 

methylates cyclin dependent kinase 4 (CDK4), blocking the formation of CDK4-CCND3 

complexes to restrict pre-B cell proliferation and promote their differentiation (Dolezal et al., 

2017). PRMT1 is also essential for GC formation and B cell proliferation. Deleting Prmt1 in 

immature and transitional B cells with the Cd23-cre driver ablates GC formation and antibody 

production (Infantino et al., 2017). Furthermore, Prmt1 deficiency in B cells reduces cell viability, 

increases apoptosis ex vivo, and dampens the expression of pro-survival genes such as Bcl-2, Mcl-

1 and Bcl-x (Infantino et al., 2017).  

PRMT1 also controls GC dynamics and affinity maturation. During the GC reaction, Prmt1 

is upregulated in positively selected GCB cells destined for DZ re-entry through c-Myc- and 

mTOR-dependent pathways (Litzler et al., 2023). Using the Cγ1-cre driver (Casola et al., 2006), 

conditionally deleting Prmt1 in activated B cells perturbs GC expansion (Litzler et al., 2023). 
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Prmt1-deficient GCB cells fail to progress normally through S phase, indicative of impaired DZ 

entry. Furthermore, they fail to accumulate sufficient affinity-maturing mutations in response to 

hapten-based immunizations compared to wild-type GCB cells. Consequently, affinity maturation 

is significantly impaired in Prmt1-deficient GCB cells, especially during recall responses. 

Interestingly, proportions of fate-mapped PCs are elevated in Prmt1-/- Cγ1-cre mice, and ex vivo 

activated Prmt1-deficient B cells readily differentiate into PCs and increase immunoglobulin 

secretion (Hata et al., 2016; Litzler et al., 2023). Proportions of MBC precursors and fate-mapped 

MBCs are similarly elevated in immunized Prmt1-/- Cγ1-cre mice, although Prmt1-/- Cγ1-cre mice 

fail to mount normal recall responses (Litzler et al., 2023). Taken together, these data demonstrate 

Prmt1 prevents the premature exit of GCB cells into PCs to support continuous LZ-to-DZ cycling 

and affinity maturation.   

 

1.6 Research Question and Aims 

 PRMT1 is highly expressed in leukemias, GC-derived lymphomas, such as GCB cell-like 

diffuse large B cell lymphoma (DLBCL), and across Hodgkin lymphoma (HL) cell lines (Leonard 

et al., 2012; Litzler et al., 2023). High PRMT1 expression is also correlated with poor patient 

survival in patients with DLBCL (Litzler et al., 2023), and elevated PRMT1-mediated arginine 

methylation in B cell lymphoma cells elevates expression of anti-apoptotic genes such as Bcl2 

(Goverdhan, 2017; Goverdhan et al., 2017). Similar to its role in GCB cells, the inhibition of 

PRMT1 in DLBCL cell lines also hinders cell growth and promotes PC differentiation (Goverdhan, 

2017; Goverdhan et al., 2017; Litzler et al., 2023), and targeting PRMT1-mediated arginine 

methylation promotes anti-tumor immunity: Type I PRMT inhibition improves the efficacy of anti-

PD1 blockade in numerous tumors models and is associated with an increased infiltration of 
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cytotoxic CD8+ T cells (Djajawi et al., 2024; Liu et al., 2023). As such, PRMT1 emerged as a 

promising target for the treatment of B cell lymphoma and other malignancies.  

Unfortunately, a recent clinical trial reported limited therapeutic efficacy and significant 

toxicities in patients with advanced solid tumors and DLBCL after being given the Type I PRMT 

inhibitor, GSK3368715 (El-Khoueiry et al., 2023). Targeted degradation of PRMT1 has been 

proposed as an alternative strategy because it would require a much lower dose for inducing cancer 

cell death without causing significant toxicity (Martin et al., 2024). However, no successful 

attempts have been made. Heterogeneity in the trial’s patient population, as well as the interplay 

between the different Type I and II PRMTs, could explain the poor therapeutic efficacy of 

GSK3368715 (El-Khoueiry et al., 2023). Indeed, there is redundancy in the substrates targeted by 

PRMTs. The inhibition of one PRMT protein can increase alternative arginine methylation 

patterns. For instance, downregulating Prmt1 decreases Type I aDMA but increases Type II sDMA 

in some substrates (Dhar et al., 2013). Type I PRMT inhibition also more efficiently reduces tumor 

cell growth when combined with the genetic or pharmacological inhibition of Type II PRMTs 

(Fedoriw et al., 2019). Taken together, additional investigations of PRMT1-mediated arginine 

methylation in GCB cells and GC-derived malignancies are warranted.  

 Preliminary data from our lab also suggest that PRMT1 protein dosage dynamically 

controls GC expansion: while the homozygous deletion of Prmt1 in activated B cells perturbs GC 

expansion, its heterozygous deletion caused an accumulation of GCB cells in the spleen following 

an acute immunization with sheep red blood cells (data not shown). Heterozygous deletions in 

histone modifiers or in proteins required for chromatin accessibility have been demonstrated to 

engender similar hypermorphic phenotypes in GCB cells. For instance, the complete deletion of 

the cohesion ATPase subunit, Smc3, hinders GC expansion, while its partial loss induces GC 
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hyperplasia and confers a cell-intrinsic fitness advantage due to heightened cell proliferation and 

reduced expression of GC-exit genes (Rivas et al., 2021). Similarly, the heterozygous loss of Setd2 

or Smarac4 in activated B cells confer a cell-autonomous fitness advantage, both of which are 

linked to alterations in chromatic accessibility in GCB cells (Deng et al., 2024; Leung et al., 2022). 

Taken together, we hypothesize that the physiological expression of Prmt1 in activated B cells 

limits GC formation and the antibody response. To test our hypothesis, we addressed the following 

research questions:  

(1) How does the partial loss of Prmt1 in activated B cells affect GC formation, GC polarity, 

and PC output?  

(2) Is antibody production and/or affinity maturation elevated in Prmt1+/-Cγ1-cre mice?  

(3) How does Prmt1 protein dosage in B cells intrinsically affect their proliferation, 

differentiation, and fitness?  
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Chapter II: Materials and Methods 
 
 

Mice  

Prmt1f/f mice (Yu et al., 2009), a gift from Dr. Stephen Richard (McGill University, 

Montréal, Canada), were bred with Cγ1-cre mice (Casola et al., 2006) to obtain Prmt1+/+Cγ1wt/cre 

(Cγ1-cre), Prmt1f/+Cγ1wt/cre (Prmt1+/-Cγ1-cre), and Prmt1f/fCγ1wt/cre (Prmt1-/-Cγ1-cre) mice. Mice 

were bred on the C57B/L6 background and housed in a specific pathogen-free plus (SPF+) facility 

at the Institut de Recherches Cliniques de Montréal (IRCM). All animal work was conducted 

following the guidelines of the Canadian Council for Animal Care and were approved by the IRCM 

animal protection committee (Protocol 2021-05).  

 

Immunizations  

To induce splenic germinal centre formation, 3- to 4-months-old mice were immunized by 

intraperitoneal injection (i.p.) with 100 ug of NP10-CGG or NP13-CGG (LCG Biosearch 

Technologies) at a 1:1 ratio with Imject Alum (Thermo Fisher Scientific). Male or female mice 

were used for all immunizations. Each experimental mouse was age- and sex-matched with a 

control mouse. Mice were bled and/or sacrificed 13 to 14 days post-immunization. Cγ1-cre or 

wild-type littermate mice were used as controls, as indicated in figure legends.  

 

Induced-Germinal Centre B Cell (iGB) Cultures and Treatments 

5-6 × 106 40LB feeder cells, a gift from Dr. Daisuke Kitamura (Tokyo University of 

Science, Tokyo, Japan (Nojima et al., 2011)), were treated with 10 ug/mL of mitomycin C (MMC) 

(BioShop, cat. #MIT232.10) in a 15cm dish for 1 hour at 37°C in DMEM media supplemented 

with 10% FBS (Wisent) and 1% penicillin/streptomycin (Wisent), hereafter referred to as complete 
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DMEM media. Complete DMEM media was supplemented with 10 mM HEPES (Wisent) during 

MMC treatments. Following mitomycin C treatment, 40LB were washed six times with PBS. For 

experiments in 24-well plates, arrested 40LB were plated at 0.15 × 106 cells per well in 0.5 mL 

complete DMEM media. For 10 cm dishes, 3 × 106 arrested 40LB were plated in 10 mL DMEM 

media. The following day, naïve B cells were purified from splenocytes using an EasySep Mouse 

B cell Isolation Kit (Stem Cell, cat. #19854) and magnet EasyEights (Stem Cell, cat. #18103), 

according to the instructions of the manufacturer. Three- to four-month-old, non-immunized mice 

were used for the purification of resting B cells. B cells were cultured at 37°C with 5% CO2 in 

RPMI 1640 media (Wisent) supplemented with 10% FBS (Wisent), 1% penicillin/streptomycin 

(Wisent), 0.1 mM 2-mercaptoethanol (Bioshop), 10 mM HEPES (Wisent), 1 mM sodium pyruvate 

(Wisent), and 1 ng/ml IL-4 (PeproTech), hereafter referred to as complete iGB media. Naïve B 

cells were plated on arrested 40LB feeder cells at 0.02 × 106 B cells per 1 mL complete iGB media 

for 24-well plates, and for 10 cm dishes, 0.5 or 1.0 × 106 B cells in 10 mL complete iGB media 

were used. Cells were fed with complete iGB media at day 3 post-plating. Every day thereafter, 

fresh iGB media supplemented with 1 ng/ml IL-4 or 10 ng/mL IL-21 (PeproTech) was added after 

removing the top layer of media.  

For experiments using the Type I PRMT inhibitor, MS023 (Cayman Chemical, cat. # 

18361), naïve B cells were left on 40LB in complete iGB media for 24 hours, after they were 

treated were different dilutions of MS023 or DMSO for five days. MS023 stock was prepared at 

50 mM in DMSO and stored at -80 °C. Working dilutions of MS023 were also prepared in DMSO 

and stored at -20 °C. Fresh working dilutions were prepared after two freeze/thaws. For the 

untreated controls, DMSO was added at a final concentration of 0.9%.  
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For competitive co-culture experiments, naive wild-type CD45.1 B cells were plated at a 

1:1 ratio with naive Cγ1-cre, Prmt1+/- Cγ1-cre, or Prmt1-/- Cγ1-cre CD45.2 B cells on 40LB 

feeders. The frequency of CD45.2+ or CD45.1+ iGBs was calculated at day 6 post-plating after 

gating on total B220+ iGBs, B220+CD38-CD95+GL7+ iGBs, or induced B220+CD138+ 

plasmablasts. 

For signalling experiments, iGBs were purified at day 4 by depleting 40LB feeders. First, 

iGBs and 40LB were detached with MACS buffer (PBS-BSA0.5%, 2 mM EDTA) and incubated 

with biotinylated anti-H2K (BioLegend, cat. #116303) at room temperature in MACS buffer. Then, 

the cell mixtures were incubated with anti-biotin microbeads (Miltenyi Biotec, cat. #130-105-637) 

and passed through LS columns (Miltenyi Biotec, cat. #130-042-401). Purified iGBs were obtained 

in the flow through and were allowed to rest for 1 hour at 37°C in iGB media before being 

stimulated with 10 ng/mL IL-21 (PeproTech). 

 

Flow Cytometry  

For the enumeration of splenocyte populations from NP-CGG immunized mice, spleens 

were mashed with a syringe plunge through a 70-um cell strainer in PBS-BSA1%. Splenocytes 

were re-suspended in 1 mL of red blood cell lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 

mM EDTA) and incubated at room temperature for 5 minutes. To stop the lysis reaction, splenocyte 

suspensions were washed with cold PBS. Then, splenocytes were re-suspended in 1 mL PBS-

BSA1% and passed through a 40-um cell strainer. Splenocytes were counted using the 

Thermofisher Countess 3 Automated Cell Counter. Splenocytes were incubated with mouse FcR 

blocking antibodies (Miltenyi Biotec, cat. #130-092-575) for 10 minutes at 4°C prior to surface 

staining. Following FcR blocking, samples were stained with anti-B220, anti-CD4, anti-IgD, anti-
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CD138, anti-CD95, anti-GL7, anti-CXCR4, anti-CD86, anti-CD44, anti-CD62L, anti-PD1, anti-

CXCR5 antibodies, diluted in PBS-BSA1% for 30 minutes at 4°C. For intracellular stains, cells 

were fixed and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set (Invitrogen, 

cat. #00-5523-00) overnight at 4°C and stained with the anti-Bcl6, anti-Foxp3, anti-IgM, or anti-

IgG1 for 1 hour at 4°C in Invitrogen Wash/Perm Buffer. All antibodies used are listed in Table S1. 

To exclude dead cells in intracellular stains, samples were stained with eFluor780 fixable viability 

dye diluted 1:1000 in PBS (eBioscience, cat.#65-0865-14) prior to fixation/permeabilization. 

Otherwise, splenocytes were stained with 5 ug/mL 7-AAD (BioLegend, cat.#420404) for 30 

minutes on ice before acquisition to gate on viable cells. Splenocyte samples were filtered through 

a 40-um cell strainer and acquired on the BD LSR Fortessa. All data were analyzed using FlowJo 

(BD Biosciences).  

For staining iGBs, cells were detached with pre-warmed MACS buffer (PBS-BSA-0.5%, 

2 mM EDTA) for 5 minutes at 37°C and counted manually or with the Thermofisher Countess 3 

Automated Cell Counter. Prior to surface staining, iGBs were incubated with mouse FcR blocking 

antibodies (Miltenyi Biotec, cat. #130-092-575) for 10 minutes and stained with anti-B220, anti-

CD138, anti-CD95, anti-CD38, anti-GL7, anti-IgG1, anti-IgM, anti-CD45.1, anti-CD45.2 

antibodies listed in Table S1 for 30 minutes at 4°C. For detection of IRF4 in iGBs, cells were fixed 

and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set for 1 hour at 4°C and 

stained with anti-IRF4 PE (Table S1). Here, samples were stained with eFluor506 fixable viability 

dye diluted 1:1000 in PBS (eBioscience, cat.#65-0866-14) before fixation/permeabilization. For 

detection of p-S6 in iGBs post-stimulation with IL-21, stimulated cells were fixed and 

permeabilized with BD Perm/Wash buffer (cat. #554723) supplemented with 1.5% formaldehyde 

at room temperature for 15 minutes and then on ice for 30 minutes, as described previously (Luo 
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et al., 2023). Following fixation/permeabilization, cells were blocked with mouse FcR blocking 

antibodies and stained overnight at 4°C with for anti-mouse pS6-PE (Table S1) in BD Perm/Wash 

buffer. As before, all acquisitions were performed on the BD LSR Fortessa and data were analyzed 

in FlowJo. 

 

Enzyme-Linked Immunosorbent Assays (ELISAs) 

Sandwich ELISAs were used to measure pre-immune sera antibody titers. For 

quantification of antibody titers in non-immunized mice, ELISA plates were coated with rat anti-

mouse IgM, rat anti-mouse IgG1, rat anti-mouse IgG2b, or rat anti-mouse IgG3 (Table S1) in 

sodium carbonate-bicarbonate buffer. Antigen-specific antibody responses in immunized mice 

were assessed by direct or indirect ELISAs. Plates were coated with CGG (Biosearch 

Technologies), NP27-BSA (Biosearch Technologies), NP36-BSA (Biosearch Technologies), NP2-

BSA (Biosearch Technologies) in carbonate-bicarbonate buffer, or with SARS-CoV-2 receptor 

binding domain (RBD) in PBS. For each coating, ELISA plates were incubated overnight at 4°C. 

Sera samples were then serially diluted and added to the coated plates and incubated overnight, 

followed by detection of total IgG, IgG1, IgG2b, IgG3, or IgM antibodies (Table S1). For detection 

of IgG1, IgG2b, IgG3 or IgM antibodies, plates were incubated with biotin rat anti-mouse IgG1, 

biotin rat anti-mouse IgG2b, biotin rat anti-mouse IgG3, or biotin rat anti-mouse IgM for 1 hour 

at 4°C with gentle shaking and then for another hour with Streptavidin-HRP (Table S1). For 

detection of IgG, plates were incubated with anti-mouse IgG conjugated to HRP for 1 hour at 4°C 

with gentle shaking (Table S1). After each incubation, plates were washed three times with PBS-

Tween0.05%. Before plating read, HRP substrate was added to each well, and the plates were read 

at 405 nm on the SpectraMax 190 plate reader.  



 27 

To measure antibody avidity, sera samples were diluted to obtain roughly similar working 

concentrations before being added to coated ELISA plates overnight at 4°C. Plates were washed 

three times with PBS-Tween0.05% before being incubated with increasing concentrations of 

Sodium Thiocyanate (Acros Organics) for 10 minutes at room temperature: 0, 0.05, 0.1, 0.25, 0.5, 

1, 2, 2.5, 3, 3.5, 4, 5M. Plates were washed again three times with PBS-Tween0.05% and incubated 

with 0.1% gelatin for 10 minutes at room temperature. Specific antibody isotypes were then 

detected as described above. The relative avidities of antigen-specific antibodies were calculated 

as described previously (Deisenhammer et al., 1996; Zahn et al., 2013).  

 

Western Blotting 

Proteins were extracted from cell lysates with RIPA Buffer (150 mM NaCl, 1% NP-40, 

0.5% Sodium Deoxycholate, 0.1% Sodium Dodelysulfate (SDS), 50 mM Tris-HCL pH = 7.4) with 

protease and phosphatase inhibitors (Thermofisher). Protein extracts were separated by SDS-

PAGE and transferred onto a nitrocellulose membrane. Membranes were stained with Ponceau-S 

to control for equal loading and transfer of proteins. Next, membranes were blocked with TRIS-

buffered saline (TBS) + 5% milk and incubated with the following primary antibodies in 5%BSA 

+ 0.1%Tween20 + TBS overnight at 4°C: rat anti-mouse PRMT1 or rabbit anti-mouse Actin (Table 

S2). After incubation with the primary antibodies, membranes were washed three times in 5%BSA 

+ 0.1%Tween20 + TBS for 5 minutes, followed by incubation with either anti-rat IgG Alexa 680 

or anti-rabbit IgG IRDye 800CW secondary antibodies for 1 hour (Table S2). Membranes were 

washed again as before and visualized on the Odyssey CLx imaging system (LI-COR). 

ImageStudiolite software was used to quantify protein expression by normalizing the signal of the 
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protein of interest to the signal of the loading control. Original, uncropped images of Western blots 

are shown in supplementary Figure S5. 

 

Statistics 

All statistical analyses were performed using Graphpad Prism 10.0. Parametric statistical 

tests (i.e., Student’s t-test or One-Way ANOVA) were only used for datasets that met the criteria 

for normality, following the Shapiro-Wilk test, with 𝛼 set to 0.05. Otherwise, non-parametric tests 

(i.e., Mann-Whitney U test) were used. The test employed for each dataset is indicated in the figure 

legends. Only significant P-values (p<0.05) are shown.  
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Chapter III: Results 

3.1 The partial loss of Prmt1 in activated B cells elevates proportions of splenic GCB cells  

To explore the impact of Prmt1 protein dosage on the humoral immune response, we 

crossed C57BL/6 mice carrying a floxed allele of the Prmt1 gene with mice expressing the Cγ1-

Cre recombinase, where Cre-mediated recombination occurs following T-cell mediated B cell 

activation (Casola et al., 2006). Upon reaching immunological maturity, Prmt1+/+Cγ1wt/cre (Cγ1-

cre) and Prmt1f/+Cγ1wt/cre (Prmt1+/- Cγ1-cre) mice were immunized with 4-hydroxy-3-

nitrophenylacetyl-chicken gamma globulin (NP-CGG) in Alum and sacrificed 13-14 days later, 

around the peak of the GC reaction to NP-CGG (Hannum et al., 2000). Prmt1f/fCγ1wt/cre (Prmt1-/- 

Cγ1-cre) mice were also included as a control (Fig 1A). As expected, GCB cell frequencies and 

numbers were reduced in Prmt1-/- Cγ1-cre mice. Interestingly, immunized Prmt1+/- Cγ1-cre mice 

manifested a 2-fold increase in the frequency and number of GCB cells (Fig 1B). Spleen mass and 

total splenocyte counts were comparable across all three genotypes (Fig S2A,B), and there were 

no differences in the frequency or total number of B220+ B cells or naïve IgD+B220+ B cells (Fig 

1C,D, S2C,D).  

Augmented GC responses are often accompanied by an impaired cycling of GCB cells 

between the DZ and LZ, resulting in the skewing of GC polarity (Deng et al., 2024; Leung et al., 

2022; Rivas et al., 2021). We did not detect any change in the frequency of DZ or LZ GCB cells 

in Prmt1+/- Cγ1-cre mice (Fig 1E). Complete loss of Prmt1 in GCB cells results in the 

accumulation of memory B cell precursors in the LZ, which can be identified by an increased 

frequency of CXCR4lowCD86high centrocytes among IgDlowCD95+ GCB cells (Litzler et al., 2023). 

As expected, CXCR4lowCD86highCCR6+ memory B cell precursors were significantly elevated in 

Prmt1-/- Cγ1-cre mice. We noted a trend towards more memory B cell precursors in the GC LZ of 
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Prmt1+/- Cγ1-cre mice but overall, it was largely unaltered, suggesting pre-memory B cell 

development in the GC is functionally intact with the partial deletion of Prmt1, unlike in Prmt1-/- 

Cγ1-cre mice (Fig 1F). 

 

 

Figure 1. The monoallelic deletion of Prmt1 in activated B cells increases frequencies of GCB 

cells in the spleen. (A) Experimental scheme for assessing splenic GCB cell responses in Cγ1-cre, 

Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre using NP-CGG plus Alum. (B) Representative flow 

cytometry plots and pooled frequencies and numbers of splenic GCB cells (B220+IgD-

GL7highCD95high) from Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre mice 13- or 14-days post-

immunization with NP-CGG plus Alum. Data pooled from 2 to 4 independent experiments with 3 

to 4 mice per genotype. (C) Representative flow cytometry plots and pooled frequencies of total 

splenic B220+ B cells from mice in (B). (D) Representative flow cytometry plots and pooled 

frequencies of naïve B220+IgD+ B cells from mice in (B). (E) Representative flow cytometry plots 

and ratio of DZ-to-LZ GCB cells from mice in (B). (F) Representative flow cytometry plots and 

pooled frequencies of CXCR4lowCCR6+ memory B cell precursors from mice in (B). All error bars 

represent the mean ±SD. All P-values were calculated by One-Way ANOVA with Dunnett’s 

multiple comparison test. Open circles represent male mice; closed circles are female mice. 
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TFH cells are necessary for the formation and expansion of GCs. Thus, we set out to 

determine if the augmented GC frequency in Prmt1+/- Cγ1-cre mice was also accompanied by an 

elevated TFH response. We did not detect any discernable differences in the frequency or total 

numbers of CD4+ T cells in Prmt1+/- Cγ1-cre mice (Fig S2E), although we did observe a trend 

towards more activated CD4+CD62L-CD44+ T cells (Fig S2F). Consistent with the elevated 

frequency of GCB cells in Prmt1+/- Cγ1-cre mice, there was a modest trend towards more FOXP3-

CXCR5+PD1+ T follicular helper cells (Fig S2G). GCs also contain immunosuppressive FOXP3+ 

T follicular regulatory (TFR) cells that accumulate during the contraction phase of the GC response 

(Linterman et al., 2011; Merkenschlager et al., 2023). Unlike the TFH response, frequencies and 

numbers of regulatory FOXP3+ TFR cells were unchanged (Fig S2H), suggesting the elevated GCB 

cell frequency in Prmt1+/- Cγ1-cre mice did not arise from any breach in immunological tolerance.  

Taken together, we demonstrate that Prmt1 is not haplo-insufficient for the GC response. 

Furthermore, we find that the monoallelic and bi-allelic deletions of Prmt1 in activated B cells 

have opposing effects on the GC response: whereas complete Prmt1 deficiency impairs GC 

expansion, the heterozygous deletion of Prmt1 in activated B cells elevates the frequency of 

splenic GCB cells in response to an acute immunization. 

 

3.2 Antibody production and plasma cell differentiation are elevated in Prmt1+/- Cγ1-cre mice 

The elevated GCB cell numbers in immunized Prmt1+/- Cγ1-cre mice prompted us to 

investigate whether the monoallelic deletion of Prmt1 could similarly elevate antibody production. 

Because the antibody response in Prmt1-/- Cγ1-cre mice has been previously characterized (Litzler 

et al., 2023), we only focused on Prmt1+/- Cγ1-cre mice for subsequent analysis of the humoral 

immune response. In non-immunized Prmt1+/- Cγ1-cre mice, we observed a significant increase in 



 32 

IgG1 and IgM titers and trends towards more IgG2b antibody production. IgG3 titres were also 

largely unchanged between Cγ1-cre and Prmt1+/- Cγ1-cre mice (Fig 2A,B).  

Immunoglobulins produced at resting state would most likely be elicited against chronic 

environmental stimuli and may be influenced by the differential half-life and selection of each 

antibody isotype. Thus, we also set out to determine how the monoallelic deletion of Prmt1 affects 

the antibody response during the acute immunization with NP-CGG plus Alum adjuvant (Fig 2A). 

NP-CGG plus Alum induces a TH2-skewed immune response, with the preferential production of 

IgG1 antibodies. At day 13 or 14 post-immunization with NP-CGG, we quantified titres of total 

anti-NP IgG1 and high-affinity anti-NP2 IgG1 in sera. Anti-NP IgG1 responses were similar 

between Cγ1-cre and Prmt1+/- Cγ1-cre mice (Fig 2C), suggesting the immune response against NP 

was largely unaltered, despite the increase in GCB cell numbers. However, in keeping with the 

elevated production of IgM antibodies at resting data, there was a significant increase in the 

production of total anti-NP IgM antibodies in immunized Prmt1+/- Cγ1-cre mice. High-affinity 

anti-NP2 IgM antibodies — which would have been generated during the GC reaction — were also 

elevated (Fig 2D), but there was no change in the overall affinity of the anti-NP IgM response (Fig 

2E). Likewise, the affinity of the anti-NP IgG1 response was unchanged (Fig 2E). Thus, whereas 

complete Prmt1 deficiency impairs IgG1 antibody responses (Litzler et al., 2023), the partial loss 

of Prmt1 in activated B cells elevates antigen-specific IgM antibody production without affecting 

the affinity maturation of anti-hapten antibodies.  
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Figure 2. Antibody production and plasma cell frequencies are elevated in Prmt1+/- Cγ1-cre 

mice. (A) Experimental scheme for assessing anti-NP and anti-CGG antibody responses in 

Prmt1+/- Cγ1-cre using NP-CGG plus Alum. (B) Immunoglobulin titers from non-immunized 

control mice (Cγ1-cre or wild-type littermates) and Prmt1+/- Cγ1-cre mice. Data pooled from 3 to 

5 independent experiments with 3 to 5 mice per genotype. P-values were calculated by Mann-

Whitney U Test. (C) Quantification of total anti-NP27 IgG1 and high-affinity anti-NP2 IgG1 titers 
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in immunized control mice (Cγ1-cre n = 4-7 or wild-type littermates n = 6) and Prmt1+/- Cγ1-cre 

mice days 13 or 14 post-immunization with NP-CGG plus Alum. (D) Quantification of total anti-

NP27 IgM and high-affinity anti-NP2 IgM titers in immunized control mice (Cγ1-cre n = 4 or 

wild-type littermates n = 6) and Prmt1+/- Cγ1-cre mice day 14 post-immunization with NP-CGG 

plus Alum. P-value was calculated by an unpaired Student’s t-test for total anti-NP27 IgM titers, 

while the P-value was calculated by Mann-Whitney U Test for high-affinity anti-NP2 IgM. (E) 

Affinity maturation of the anti-NP IgG1 and anti-NP IgM responses from (C) and (D). Data in (C-

E) are pooled from 3 to 4 independent experiments. (F) Titres of anti-CGG IgG1 or IgM antibodies 

at day 13 or 14 from Cγ1-cre and Prmt1+/- Cγ1-cre immunized with NP-CGG. P-value calculated 

by an unpaired Student’s t-test. (G) Titres of anti-CGG IgG antibodies at day 13 or 14 from Cγ1-

cre and Prmt1+/- Cγ1-cre immunized with NP-CGG. P-values calculated by Two-Way ANOVA 

with Šídák's multiple comparisons test. *p<0.05, **p <0.01, ***p <0.001. (H) Avidity of anti-

CGG IgG antibodies at day 13 or 14 from Cγ1-cre and Prmt1+/- Cγ1-cre immunized with NP-CGG 

from mice in (G). Data in (F-H) are pooled from 3 independent experiments. (I) Representative 

flow cytometry plots and pooled proportions of splenic IgD-CD138high PCs from Cγ1-cre and 

Prmt1+/- Cγ1-cre mice day 14 post-immunization with NP-CGG. P-value was calculated by an 

unpaired Student’s t-test. (J) Representative flow cytometry plots and pooled proportions of IgM+ 

and IgG1+ splenic PCs from (J). Data in (I-J) are pooled from two independent experiments. 

Opened circles represent male mice; closed circles are female mice. 

 

Anti-NP antibody responses are clonally restricted, preferentially recruiting B cells 

expressing the IgHV1-72 heavy chain and V1 light chain combination (Allen et al., 1988). In 

addition to the anti-NP antibody response, we also examined antibody production against the 

complex CGG carrier protein. CGG induces a polyclonal immune response, which might be more 

sensitive to affinity maturation defects. Anti-CGG IgM titres were unchanged in Prmt1+/- Cγ1-cre 

mice, but we did observe an increase in anti-CGG IgG1 and total anti-CGG IgG production (Fig 

3F, G), suggesting Prmt1+/- Cγ1-cre mice manifest an enhanced polyclonal IgG antibody response. 

However, affinity maturation of the anti-CGG IgG response was unchanged (Fig 3H), like the 

anti-NP response.  

In line with the elevated antibody production in Prmt1+/- Cγ1-cre mice, proportions of 

splenic PCs were also increased at day 14 post-immunization with NP-CGG (Fig 2I), but no 

change in the frequency of IgG1+ or IgM+ PCs was observed (Fig 2J). We confirmed the elevated 

polyclonal antibody response in Prmt1+/- Cγ1-cre mice using a Pfizer-like SARS-CoV-2 mRNA 
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vaccine — which induces an antibody response against the SARS-CoV-2 receptor binding domain 

(RBD) protein. At day 14, anti-RBD IgG titers were elevated in Prmt1+/- Cγ1-cre mice, mirroring 

the elevated anti-CGG IgG titres (Fig S3E). Importantly, the elevated antibody production in 

Prmt1+/- Cγ1-cre mice was restricted to the primary immune response: recall responses against 

NP-CGG or the SARS-CoV-2 mRNA vaccine were unchanged in Prmt1+/- Cγ1-cre mice (Fig S3B, 

F). 

In summary, we find that the partial deficiency of Prmt1 in activated B cells augments 

antibody production during the primary immune response, which can partly be explained by 

heightened PC output in Prmt1+/- Cγ1-cre mice. We also find no effect of Prmt1 heterozygosity on 

affinity maturation, suggesting the monoallelic deletion of Prmt1 does not affect GC dynamics, 

despite increasing frequencies of splenic GCB cells.  

 

3.3 Prmt1 protein dosage restricts the fitness and differentiation of GCB cells and PCs 

We next set out to determine whether the phenotypes in Prmt1+/- Cγ1-cre mice could be 

explained by intrinsic effects of Prmt1 heterozygosity on B cell growth and differentiation. To that 

end, we cultured purified splenic B cells from Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre 

mice on 40LB fibroblasts expressing CD40 ligand (CD40L) and B-cell activating factor (BAFF) 

in the presence of the T cell-derived cytokine, interleukin-4 (IL-4). Together, these signals generate 

GC-like B cells ex vivo, called induced GCB cells or iGBs (Nojima et al., 2011).  

When iGB expansion was scored over time, Prmt1-/- Cγ1-cre iGBs showed the expected 

growth defect at days 5 and 6, consistent with their previously reported proliferation defects 

(Litzler et al., 2023). However, there were no appreciable differences in cell growth or proliferation 



 36 

between Prmt1+/- Cγ1-cre iGBs and Cγ1-cre iGBs (Fig 3A, S4A). Likewise, incorporation of EdU 

in GCB cells in vivo — which marks cells in S phase — revealed comparable levels of proliferating  

 

Figure 3. Prmt1+/- Cγ1-cre B cells have an intrinsic fitness advantage. (A) Cell counts of Cγ1-

cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs grown with 1 ng/mL IL-4 from days 3 to 6 post-

plating. Data are representative of three independent experiments, with each data point 

representing the mean ± SD. P-values were calculated by Two-Way ANOVA with Dunnett's 

multiple comparisons test. ***p<0.001, ****p<0.0001 (B) PRMT1 protein expression in Cγ1-cre, 
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Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs at day 4, with the quantification of PRMT1 expression 

levels shown below. Actin was used as a loading control. (C) Western blot of asymmetrically di-

methylated arginine in Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs at day 4. (D) 

Representative flow cytometry plots and pooled frequencies of GC-like iGBs (B220+GL7+CD38-

CD95+) and PCs (B220+CD138+) between Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs 

from days 4 to 6 post-plating. Data are representative of three independent experiments, with each 

data point representing the mean ± SD. P-values were calculated by Two-Way ANOVA with 

Dunnett's multiple comparisons test, ****p<0.0001. (E) Experimental scheme for assessing the 

fitness of Prmt1+/- Cγ1-cre and Prmt1-/- Cγ1-cre iGBs. Image of fibroblasts was created with 

BioRender. (F) Representative flow cytometry plots and pooled frequencies of CD45.1+ and 

CD45.2+ iGBs, (G) CD45.1+ and CD45.2+ GC-like iGBs (B220+GL7+CD95+), and (H) CD45.1+ 

and CD45.2+ PCs (CD138+) at day 6. Data in (F-H) are pooled from four independent experiments. 

P-values in (F-H) were calculated by a paired t-test.  

 

GCB cells between Cγ1-cre and Prmt1+/- Cγ1-cre mice (Fig S4B). Both PRMT1 protein and 

asymmetrically di-methylated arginine (ASYM) substrates were nearly absent in Prmt1-/- Cγ1-cre 

iGBs, which was consistent with PRMT1 being the primary mediator of the ASYM mark in 

mammalian cells (Fig 3B,C). In contrast, PRMT1 protein expression was reduced by about half in 

Prmt1+/- Cγ1-cre iGBs compared to Cγ1-cre iGBs at day 4, suggesting an efficient excision of the 

single Prmt1 allele (Fig 3B). Examining the ASYM mark in Prmt1+/- Cγ1-cre iGBs revealed 

substrate-dependent differences with Cγ1-cre control iGBs (Fig 3C). Several bands showed no 

differences between Cγ1-cre and Prmt1+/- Cγ1-cre iGBs. However, ASYM was partially reduced 

in bands around the 50 kDa marker and was substantially depleted around the 100 kDa marker 

(Fig 3C). 

In the iGB system, ~95% of iGBs acquire a GC-like phenotype (B220+GL7+CD95+), with 

a small fraction of iGBs differentiating into PCs, marked by high expression of CD138. The 

percentage of GC-like iGBs was significantly reduced in Prmt1-/- Cγ1-cre iGBs but did not differ 

between Cγ1-cre and Prmt1+/- Cγ1-cre (Fig 3D). Similarly, the proportion of CD138+ PCs were 

increase with complete Prmt1 deficiency, as described previously (Litzler et al., 2023), but did not 

differ between Cγ1-cre and Prmt1+/- Cγ1-cre cultures (Fig 3D). Accordingly, protein expression of 
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IRF4 — a transcription factor necessary for PC differentiation (Klein et al., 2006) — was 

significantly elevated in Prmt1-/- Cγ1-cre iGBs, but this was not the case for Prmt1+/- Cγ1-cre iGBs 

(Fig 5SD). Thus, Prmt1 is not haplo-insufficient to support GCB cell proliferation, nor for the 

acquisition of GC or PC phenotypes ex vivo.  

Prmt1 expression in GCB cells directly opposes the PC program, and the inhibition of Type 

I PRMT arginine methylation increases PC differentiation in a dose-dependent manner (Litzler et 

al., 2023). Thus, we were surprised to find no obvious alteration in PC differentiation with half the 

dose of Prmt1, especially since splenic PC frequencies were increased in immunized Prmt1+/- Cγ1-

cre mice. While the reduction in asymmetrically methylated arginine in Prmt1+/- Cγ1-cre iGBs was 

insufficient to promote PC differentiation, we speculated that it would at least be sufficient to poise 

Prmt1+/- Cγ1-cre iGBs towards the PC program. To that end, we treated Cγ1-cre and Prmt1+/- Cγ1-

cre iGBs with increasing doses of a Type I PRMT inhibitor (MS023) and analyzed the frequency 

of PCs after five days of treatment. Treating Prmt1+/- Cγ1-cre iGBs with MS023 increased 

proportions of IRF4highCD138+ iGBs to a much greater extent than treated Cγ1-cre iGBs (Fig 

S5F,G). Furthermore, MS023 treatment significantly enhanced IRF4 expression among CD138- 

Prmt1+/- Cγ1-cre iGBs but not CD138- Cγ1-cre iGBs — analogous to the augmented IRF4 protein 

expression in CD138- Prmt1-/- Cγ1-cre iGBs (Fig S5H). Thus, half the dose of Prmt1 is sufficient 

to poise B cells towards the PC fate but insufficient to measurably augment PC differentiation ex 

vivo.  

Although Prmt1+/- Cγ1-cre iGBs did not manifest any obvious alterations in proliferation 

and PC differentiation, this did not rule out selective advantages of partially deleting Prmt1 in B 

cells. Thus, we next set out to directly test the fitness of Prmt1+/- Cγ1-cre B cells. To that end, we 

cocultured naïve CD45.1+ wild-type B cells with either naïve CD45.2+ Cγ1-cre, Prmt1+/- Cγ1-cre, 
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or Prmt1-/- Cγ1-cre B cells at a 1:1 ratio on 40LB feeders supplemented with IL-4 and assessed 

their competitive growth at day 6 post-plating (Fig 3E). CD45.2+ Prmt1-/- Cγ1-cre iGBs were 

significantly out-competed by CD45.1+ wild-type iGBs at day 6 (Fig 3F). In contrast, CD45.2+ 

Prmt1+/- Cγ1-cre iGBs significantly out-competed the CD45.1+ WT iGBs (Fig 3F), indicating the 

partial loss of Prmt1 in activated B cells confers a cell-intrinsic fitness advantage.  

Given both GCB and PC compartments were elevated in immunized Prmt1+/- Cγ1-cre 

mice, we wondered if the fitness advantage of Prmt1+/- Cγ1-cre B cells would extend to both GC-

like iGBs and PC populations. We, therefore, determined proportions of CD45.2+ and CD45.1+ 

cells among B220+GL7+CD95+ GC-like iGBs and CD138+ PCs.  Prmt1+/- Cγ1-cre GC-like iGBs 

overtook their WT competitors, while Prmt1-/- Cγ1-cre GC-like iGBs were significantly 

outcompeted (Fig 4G). In the case of PCs, both Prmt1+/- and Prmt1-/- Cγ1-cre PCs out-competed 

the WT PCs at day 6 (Fig 4H). Full Prmt1 deficiency significantly elevated frequencies of 

CD45.2+CD138+ PCs (Fig S4E), as expected (Litzler et al., 2023). However, there was no 

difference in the frequency of PCs between CD45.2+ Prmt1+/- Cγ1-cre and CD45.1+ WT iGBs (Fig 

S4E), indicating that Prmt1 heterozygosity augments the fitness of PCs rather than expediting PC 

differentiation.  

In short, the monoallelic deletion of Prmt1 in B cells post-activation confers a cell-

autonomous fitness advantage.  

 

3.4 IL-4 and IL-21 differentially control the fitness of Prmt1+/- Cγ1-cre and Prmt1-/- Cγ1-cre iGBs  

In the LZ, GCB cells respond to IL-4 and IL-21 produced by TFH cells (Weinstein et al., 

2016). Furthermore, they receive activation signals through BCR ligation to protect themselves 

from apoptosis (Chen et al., 2023). PRMT1 methylates STAT proteins, notably STAT1 and STAT3 
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(Djajawi et al., 2024; Sen et al., 2018; Yang et al., 2022), which act downstream of IL-4 and IL-21 

in B cells, in addition to playing a critical role in dampening BCR signal transduction (Infantino 

et al., 2010; Infantino et al., 2017). However, our ex vivo investigations of Prmt1+/- Cγ1-cre B cells 

so far relied only on IL-4 and anti-CD40 stimulations. Thus, we set out to explore the growth and 

fitness of Prmt1+/- Cγ1-cre B cells grown with IL-21 or BCR stimulation, both equally important 

activation signals for GCB cells. By doing so, we reasoned we would be able to identify the 

signalling pathways altered in B cells with half the dose of PRMT1, as done previously in other 

systems (Enterina et al., 2022; Meyer et al., 2021). 

The addition of agonist anti-IgM and anti-IgG antibodies to Prmt1+/- Cγ1-cre iGBs did not 

significantly alter cell growth compared to stimulated Cγ1-cre iGBs (Fig S6B), nor did we observe 

any effect on their differentiation. However, BCR stimulation in Prmt1-/- Cγ1-cre iGBs did 

augment PC differentiation and impair their competitive fitness (Fig S6B,C,D,E). We could also 

not detect any difference in the competitive fitness of Prmt1+/- Cγ1-cre iGBs grown with or without 

BCR stimulation (Fig S6E). Overall, the monoallelic deletion of Prmt1 does not render B cells 

more sensitive to BCR-induced activation, unlike Prmt1 complete deficiency.  

IL-21 induces Bim-dependent apoptosis when given to naïve B cells directly (Jin et al., 

2004; Mehta et al., 2003). Therefore, to monitor the effects of IL-21 on Prmt1+/- Cγ1-cre B cells, 

we first plated naïve Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre B cells on 40LB fibroblasts 

with IL-4 but switched IL-4 with IL-21 at day 3 post-plating, continuously adding IL-21 to the 

culture up until day 6. In line with the synergistic effects of IL-21 and IL-4 on GCB cell 

proliferation (Nojima et al., 2011; Weinstein et al., 2016), adding IL-21 to the culture accelerated 

iGB proliferation, as assessed by CTV staining (Fig S2A). As with the IL-4 cultures, Cγ1-cre and 

Prmt1+/- Cγ1-cre iGBs also grew at a comparable rate (Fig 4A). However, the addition of IL-21 to 
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the co-culture significantly enhanced the fitness advantage of GC-like Prmt1+/- Cγ1-cre iGBs 

compared to IL-4 alone (Fig 4B-F). Interestingly, Prmt1-/- Cγ1-cre iGBs did not manifest a growth 

defect with IL-21, and the fitness defect observed among all CD45.2+ Prmt1-/- Cγ1-cre iGBs in the 

IL-4 cultures was lost after the addition of IL-21. However, discriminating GC-like iGBs from PCs 

revealed that this apparent rescue arose from differential sensitivities of these two populations: 

GC-like Prmt1-/- Cγ1-cre iGBs showed a modest fitness disadvantage, while the corresponding 

PCs drastically overtook their WT competitors (Fig 4B-E). The competitive fitness of Prmt1-/- 

Cγ1-cre PCs in the IL-21 cultures was also increased compared to the IL-4 co-cultures (Fig 4F), 

despite IL-4 induces greater levels of PC differentiation, indicating IL-21 elevates PC fitness in 

Prmt1-/- Cγ1-cre iGBs to a much greater extent than IL-4.  

In naïve B cells and GCB cells, IL-21 activates the PI3K/AKT/mTOR pathway (Dvorscek 

et al., 2022; Zotos et al., 2021), which is a critical regulator of cell metabolism, growth, and 

survival (Glaviano et al., 2023; Luo et al., 2023; Panwar et al., 2023). We postulated that the fitness 

of Prmt1+/- Cγ1-cre iGBs may be enhanced by IL-21 through augmented PI3K/AKT/mTOR 

activation. To that end, we grew iGBs with IL-4 until day 4, at which point we purified the iGBs 

from the 40LB feeders, allowed them rest, and then stimulated them with IL-21. As a read-out for 

mTOR activation, we analyzed protein expression of phosphorylated ribosomal S6 (p-S6), which 

is a downstream substrate of the PI3K/AKT/mTOR pathway and is often used a marker for mTOR 

activation (Ma and Blenis, 2009; Yang et al., 2014). At 2 hours post-stimulation, protein expression 

of p-S6 was significantly elevated in Prmt1+/- Cγ1-cre iGBs and to a lesser extent in Prmt1-/- Cγ1-

cre iGBs (Fig 4G).  

We conclude that Prmt1 differentially interacts with IL-4 and IL-21 cytokine signalling to 

restrict the differentiation and fitness of GCB cells and PCs. 
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Figure 4. IL-21 augments the fitness of Prmt1+/- Cγ1-cre B cells. (A) Cell counts of Cγ1-cre, 

Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs grown with IL-21 from days 4 to 6 post-plating. Data 

are representative of three independent experiments, with each data point representing the mean ± 

SD. (B) Experimental scheme for assessing the competitive fitness of iGBs grown with IL-21. 

Image of fibroblasts was created with BioRender. (C) Representative flow cytometry plots and 

pooled frequencies of CD45.1+ and CD45.2+ iGBs, (D) GC-like iGBs (B220+GL7+CD38-CD95+), 

and (E) PCs (B220+CD138+) between Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs at day 

6. Data in (C-E) are representative of four independent experiments. P-values in (C-E) were 

calculated by a paired t-test. (F) Ratios of CD45.2+ to CD45.1+ iGBs between IL-4 and IL-21 

cultures. P-values calculated by Two-Way ANOVA with Šídák's multiple comparisons test. (G) 

Normalized protein expression of p-S6 (geometric mean fluorescence intensity) in Prmt1+/- Cγ1-

cre and Prmt1-/- Cγ1-cre iGBs stimulated with 10 ng/mL IL-21 for 2 hours. Data pooled from three 

independent experiments. P-values calculated by unpaired Student’s t-test.  
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Supplementary Figure 1. Flow cytometry gating strategies for assessing frequencies of 

splenic GCB cells, TFH and TFR cells, and PCs. (A) Gating strategy for enumerating frequencies 

of GCB cells, DZ and LZ GCB cells, as well as LZ memory B cell precursors. (B) Gating strategy 
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for enumerating frequencies of splenic TFH and TFR cells. (C) Gating strategy for enumerating 

frequencies of total splenic PCs, IgG1+ PCs, and IgM+ PCs. 
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Supplementary Figure 2. Splenic B cell and T cell populations in immunized Prmt1+/- Cγ1-

cre mice. (A) Spleen-to-body mass ratio of Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre mice 

day 13 or 14 post-immunization with NP-CGG. (B) Total splenocyte counts from mice in (A). (C) 

Numbers of splenic B220+ B cells and (D) numbers of naïve IgD+B220+ B cells from Cγ1-cre, 

Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre mice day 13 or 14 post-immunization with NP-CGG. (E) 

Representative flow cytometry plots and pooled frequencies and numbers of splenic B220-CD4+ 

T cells from Cγ1-cre and Prmt1+/- Cγ1-cre mice at day 14 post-immunization with NP-CGG. (F) 

Representative flow cytometry plots and pooled frequencies and numbers of activated CD4+ T 

cells from mice in (E). (G) Representative flow cytometry plots and pooled numbers of 

CD4+FOXP3- TFH cells from mice in (E). (H) Representative flow cytometry plots and pooled 

numbers of CD4+FOXP3+ TFR cells from mice in (E). (I) Representative flow cytometry plot for 

the PD-1 fluorescence minus one control, used to gate on CD4+FOXP3- TFH cells. (J) 

Representative flow cytometry plot for the BCL6 BV421 isotype control, used to gate on 

CD4+FOXP3+ TFR cells. Data in (E-H) were pooled from 2 independent experiments, with 3 mice 

per genotype. Opened circles represent male mice; closed circles are female mice. 
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Supplementary Figure 3. Memory responses are intact in Prmt1+/- Cγ1-cre mice. (A) Prime 

and boost strategy for assessing memory responses in Cγ1-cre and Prmt1+/- Cγ1-cre mice using 

NP-CGG. (B) Quantification of anti-NP27, anti-NP2, and anti-CGG IgG1 titers 6 days post-boost. 

Data pooled from two independent experiments, with 3-5 mice per genotype. (C) Prime and boost 

strategy for assessing memory responses in Cγ1-cre and Prmt1+/- Cγ1-cre mice using a Pfizer-like 

SARS-CoV-2 mRNA vaccine. (D) Quantification of anti-RBD IgG1 titers and (E) anti-RBD IgG 

titers day 14 post-immunization with the Pfizer-like SARS-CoV-2 mRNA vaccine from one 

experiment. (F) Anti-RBD IgG titers 7 days post-boost in Cγ1-cre and Prmt1+/- Cγ1-cre mice. Data 

in (D-F) are from one experiment. Opened circles represent male mice; closed circles are female 

mice. 
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Supplementary Figure 4. Prmt1 is haplo-sufficient for supporting normal B cell proliferation 

and differentiation. (A) Representative flow cytometry plots of CTV staining in Cγ1-cre, Prmt1+/- 

Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs grown with IL-4 or IL-21. (B) Representative flow cytometry 

plots and pooled frequencies of GCB cells in S phase (EdU+) from Cγ1-cre and Prmt1+/- Cγ1-cre 

mice 14- or 15-days post-immunization with NP-CGG. Data are representative of two independent 

experiments. (C) Gating strategy for enumerating frequencies of CD45.1+ and CD45.2+ naïve B 

cells (B220+CD38+CD95-) at day 0 for iGB competitive co-cultures. (D) Representative flow 



 48 

cytometry plots and pooled frequencies of CD45.1+ and CD45.2+ naïve B cells at day 0 from iGB 

competitive co-cultures. Data are pooled from four independent experiments. (E) Frequencies of 

CD45.1+ and CD45.2+ GC-like iGBs (B220+GL7+CD38-CD95+) from Cγ1-cre, Prmt1+/- Cγ1-cre, 

and Prmt1-/- Cγ1-cre competitive co-cultures. Data pooled from four independent experiments. (F) 

Frequencies of CD45.1+ and CD45.2+ PCs (CD138+) from Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-

/- Cγ1-cre competitive co-cultures. Data pooled from four independent experiments. P-values in 

(E-F) were calculated using an unpaired Student’s t-test.  
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Supplementary Figure 5. Prmt1+/- Cγ1-cre iGBs are poised for PC differentiation. (A) Western 

blot image of PRMT1 protein expression in Cγ1-cre, Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs 

from figure 3B. (B) Western blot image of asymmetrically di-methylated arginine in Cγ1-cre, 

Prmt1+/- Cγ1-cre, and Prmt1-/- Cγ1-cre iGBs from figure 3C. (C) Ponceau staining of blot from 

(B). (D) Representative flow cytometry plots and normalized protein expression levels (geometric 

mean fluorescence intensity, gMFI) of IRF4 between CD138+ and CD138- Cγ1-cre, Prmt1+/- Cγ1-
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cre, and Prmt1-/- Cγ1-cre iGBs. Data are pooled from three independent experiments. P-values 

calculated by One-Way ANOVA with Dunnett’s multiple comparison test. (E) Western blot of 

asymmetrically methylated arginine substrates in Cγ1-cre iGBs treated with a Type I PRMT 

inhibitor (MS023) as well as in untreated Cγ1-cre, Prmt1+/- Cγ1-cre and Prmt1-/- Cγ1-cre iGBs. 

Ponceau staining of the same membrane was used to control for protein loading. (F) Representative 

flow cytometry plots and pooled frequencies of IRF4highCD138+ PCs at day 6 from Cγ1-cre and 

Prmt1+/- Cγ1-cre iGBs treated with increasing doses of the MS023 inhibitor. Data are pooled from 

two independent experiments. (G) Cell counts of MS023-treated Cγ1-cre and Prmt1+/- Cγ1-cre 

iGBs. (H) Representative flow cytometry plots and protein expression levels of IRF4 (gMFI) 

between CD138+ and CD138- Cγ1-cre and Prmt1+/- Cγ1-cre iGBs treated with MS023. Data in (G-

H) are pooled from three independent experiments. P-values in (F) and (H) were calculated by 

Two-Way ANOVA with Tukey's multiple comparisons test.  

 

 

 
 

Supplementary Figure 6. Prmt1-deficient B cells are prone to BCR-induced growth inhibition 

and PC differentiation. (A) Experimental scheme for assessing the impact of BCR stimulation 

on iGB growth and fitness. (B) Cell counts of CD45.1+ and CD45.2+ iGBs at day 6 grown with or 

without BCR stimulation. (C) Pooled frequencies of CD45.1+ and CD45.2+ GC-like iGBs. (D) 
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Pooled frequencies of CD45.1+ and CD45.2+ PCs. (E) Pooled proportions of CD45.1+ and 

CD45.2+ cells among all iGBs. (F) Pooled proportions of CD45.1+ and CD45.2+ cells among all 

GC-like iGBs. All data are representative of two independent experiments.  
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Chapter IV: Discussion 

PRMT1 has a well-established role in controlling B cell development as well as T-

dependent and T-independent antibody responses in the periphery. PRMT1 promotes normal B cell 

development in the bone marrow by restricting pre-B cell proliferation (Dolezal et al., 2017). 

PRMT1 is also indispensable for mature B cell survival and antibody production (Hata et al., 2016; 

Infantino et al., 2017), and in GCB cells, PRMT1 limits the differentiation of GCB cells towards 

the MBC and PC fates, supporting continuous DZ-to-LZ cycling and affinity maturation (Litzler 

et al., 2023). Here, we reveal a dual role of Prmt1 protein dosage in limiting both the fitness and 

differentiation of GCB cells and PCs, at least in part by interacting with IL-4 and IL-21 cytokine 

signalling. While complete Prmt1 deficiency in activated B cells impairs GCB cell expansion and 

fitness, the monoallelic deletion of Prmt1 in activated B cells increases splenic GCB cell 

frequencies and heightens antibody production, which we linked to heightened B cell fitness ex 

vivo. Our study highlights the importance of protein arginine methylation in controlling B cell 

activation and fitness.  

Compared to other PTMs, protein arginine methylation is regarded as being relatively 

stable: arginine methylated substrates increase dramatically in activated B cells from their naïve 

state, and they remain stable for at least three hours post-activation (Infantino et al., 2017). 

However, the stoichiometry and expression of arginine-methylated proteins vary during cellular 

activation and differentiation, demonstrating arginine methylation can be dynamic (Geoghegan et 

al., 2015). In Prmt1+/- Cγ1-cre B cells, only subtle changes in arginine methylated substrates were 

observed. Even so, reducing PRMT1 protein dosage by half had significant consequences on B 

cell fitness, activation, and the GC response. Adding to previous investigations of PRMT1 in 

mature B cells and GCB cells (Infantino et al., 2017; Litzler et al., 2023), we identified several 
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bands of asymmetrically methylated proteins that were noticeably sensitive to changes in PRMT1 

protein dosage. These bands most likely represent specific substrates for PRMT1 in activated B 

cells and could form the basis for future work to fully delineate the molecular pathways governed 

by Prmt1 in GCB cells. PRMT1-mediated arginine methylation is also described to positively 

control the half-life of substrate proteins, such as for E2F1 and DDX3 (Hsu et al., 2024; Zheng et 

al., 2013), and we could speculate that the substrates with a shortest half-life would be the most 

sensitive to changes in PRMT1 dosage. In the future, it will be interesting to investigate how 

PRMT1 protein dosage controls the relative stability of substrate proteins in B cells. Such 

investigations will be necessary for furthering our understanding of PRMT1-mediated arginine 

methylation in controlling GCB cell proliferation, differentiation, and survival. 

A critical finding from our study was the responsiveness of Prmt1+/- Cγ1-cre and Prmt1-/- 

Cγ1-cre iGBs to IL-21. IL-21 is a pleotropic cytokine produced by TFH cells. Production of IL-21 

increases as GC responses progress (Gonzalez et al., 2018), with critical roles in inducing PC 

differentiation as well as upregulating c-Myc expression and inducing PI3K/AKT/mTOR 

activation (Luo et al., 2023; Petersone et al., 2023; Zotos et al., 2021). The fitness advantage of 

Prmt1+/- Cγ1-cre iGBs was noticeably enhanced after IL-21 was added to the competitive co-

cultures compared to IL-4 alone. Similarly, the growth and fitness of Prmt1-deficient iGBs was 

seemingly rescued by the addition of IL-21, and IL-21 significantly elevated Prmt1-/- Cγ1-cre PC 

fitness. Importantly, activation of ribosomal protein S6 — a read-out for mTOR activation — was 

significantly elevated in Prmt1+/- Cγ1-cre and Prmt1-/- Cγ1-cre iGBs stimulated with IL-21. 

Collectively, these data suggest Prmt1 dosage fine-tunes the signals induced by IL-21R ligation in 

B cells. Further work will be needed to dissect the exact contribution of Prmt1 within the 

IL21R/PI3K/AKT/mTOR pathway in GCB cells. S6 kinase 2 (S6K2), one of the two kinases 
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responsible for S6 activation, is a bona fide PRMT1 substrate in HEK293 cells (Khalil et al., 2023). 

PRMT1-mediated arginine methylation also blocks the phosphorylation and activation AKT 

substrates that are known to promote GCB cell proliferation and positive selection, notably 

FOXO1, whose expression is also upregulated by IL-21 in GCB cells (Inoue et al., 2017; Petersone 

et al., 2023; Yamagata et al., 2008). Determining whether PRMT1 methylates these substrates in 

activated B cells would lend insight into the regulation of IL-21 signalling by protein arginine 

methylation. It is also presently unclear whether other pathways downstream of IL-21 are altered 

in Prmt1+/- Cγ1-cre and Prmt1-/- Cγ1-cre B cells. For instance, IL-21 upregulates c-Myc, another 

critical mediator of GCB cell expansion. Determining whether c-Myc expression is similarly 

elevated in Prmt1+/- Cγ1-cre and Prmt1-/- Cγ1-cre iGBs will be important. Indeed, Prmt1 is highly 

expressed in LZ GCB cells upregulating the positive selection signals, c-Myc and mTOR (Litzler 

et al., 2023). Furthermore, PRMT1-mediated arginine methylation is described to directly regulate 

c-Myc transcriptional activity in various cell types (Favia et al., 2019; Tikhanovich et al., 2017). 

Unravelling the interaction of PRMT1 and IL-21 signalling in GCB cells will be imperative for 

gaining insight into the role of arginine methylation in GC selection. 

Our competitive co-culture assays also suggest a differential interaction of IL-4 and IL-21 

signalling with PRMT1 protein dosage in activated B cells. Here, we find that PC fitness was 

significantly elevated by IL-21 compared to IL-4 in Prmt1-/- Cγ1-cre iGBs, even though IL-4 more 

robustly increased PC differentiation with complete Prmt1 deficiency. Similarly, IL-21 elevated 

the fitness of Prmt1+/- Cγ1-cre iGBs and fully rescued the growth defect of Prmt1-/- Cγ1-cre iGBs. 

TFH-derived IL-4 and IL-21 activate B cells through distinct JAK-STAT signalling pathways: IL-

4 primarily signals through STAT6 (Haniuda et al., 2020; Turqueti-Neves et al., 2014; Wurster et 

al., 2002; Zhu et al., 2001), while IL-21 signals through STAT3 (Avery et al., 2010; Fike et al., 
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2023; Luo et al., 2023). However, IL-4 can also activate STAT3 (Haniuda et al., 2020). PRMT1 is 

known to regulate STAT protein activity in immune cells and cancer cells. In T cells, PRMT1 

promotes the recruitment of STAT3 to the IL-17 locus, promoting IL-17 expression and TH17 

differentiation (Sen et al., 2018). PRMT1 also catalyzes the asymmetric di-methylation of STAT3 

at Arg688 to promote osteosarcoma metastasis (Yang et al., 2022), and PRMT1 activity restricts 

anti-tumor immunity by negatively regulating STAT1 signalling in melanoma cells (Djajawi et al., 

2024). Future work will be needed to assess the role of Prmt1 in controlling STAT protein 

expression, activation, and recruitment to target genes in B cells following IL-4 and IL-21 

stimulation, which could be addressed by immunoblotting and ChIP-seq. IL-4 and IL-21 

production by TFH cells also evolves as the GC reaction progresses: IL-21 expression begins at 

earlier time points, whereas IL-4 expression is detectable at later time points (Gonzalez et al., 2018; 

Weinstein et al., 2016). We could speculate that the arginine methylation requirements might 

change as B cells progress through the GC reaction and respond to TFH-derived IL-4 and IL-21. 

Understanding how PRMT1-mediated arginine methylation interacts with IL-4 and IL-21 

signalling in GCB cells in vivo will be necessary to expand our understanding on how PRMT1 

controls GCB cell proliferation, differentiation, and fitness in response to cytokine signalling. 

The opposing effects of completely versus partially deleting Prmt1 on B cell fitness 

coincided with divergent consequences on the antibody response. Owing to the impaired expansion 

of GCs in Prmt1-/- Cγ1-cre mice immunized with NP-CGG (Litzler et al., 2023), anti-NP IgG1 

production and affinity are reduced. Anti-NP IgG1 titres in Prmt1+/- Cγ1-cre mice were largely 

normal. However, total anti-NP IgM titers were elevated in Prmt1+/- Cγ1-cre mice, and titers of 

high-affinity anti-NP2 IgM antibodies — which would have been generated by affinity maturation 

during the GC reaction — were increased, aligning with the elevated GCB cell response in Prmt1+/- 
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Cγ1-cre mice. In Cγ1-cre transgenic mice, IgM+ B cells are thought to represent GCB cells that 

express Cγ1 germline transcripts and Aicda transcripts without undergoing class-switching to IgG1 

(Casola et al., 2006). The differential effect of Prmt1 heterozygosity on anti-NP IgM and IgG1 

antibody production may reflect the intrinsic selective advantages of IgM and IgG1 antibodies. NP 

responses mature rapidly and are dominated by intra-clonal competition (Le et al., 2008). NP-CGG 

plus Alum also preferentially induces switching to IgG1 (Esser and Radbruch, 1990; Jack et al., 

1977; Perlmutter et al., 1978). Moreover, IgG1+ GCB cells are already heavily selected during the 

GC response and outcompete IgM+ GCB cells as the immune response progresses (Sundling et al., 

2021). Polyclonal anti-CGG IgG1 and IgG production — a response that involves both intra- and 

inter-clonal competition — was also significantly elevated in Prmt1+/- Cγ1-cre mice, contrasting 

with the drastic reduction in anti-CGG IgG1 antibodies in immunized Prmt1-/- Cγ1-cre mice. These 

findings align with the elevated proportion of PCs in immunized Prmt1+/- Cγ1-cre mice in vivo as 

well as the clear increase in PC fitness in ex vivo generated Prmt1+/- Cγ1-cre PCs. The elevated 

antibody response in Prmt1+/- Cγ1-cre mice was also observed in non-immunized mice, 

specifically by an increase in IgM antibody production, which would most likely originate from 

long-lived IgM+ PCs in the bone marrow or spleen. In the future, it would be useful to understand 

the role of arginine methylation in controlling the long-term survival of PCs in Prmt1+/- Cγ1-cre 

mice such as by analyzing their persistence in the spleen or by tracking their homing to the bone 

marrow following an acute immunization.  

Considerable attention has also been placed on the regulation of BCR signalling by Prmt1 

in pre-B cells and follicular B cells. BCR ligation in Prmt1-deficient B cells heightens the activity 

of PI3K/ERK pathways and dampens the activation of FOXO1, a transcription factor necessary 

for GC formation, class-switching, and affinity maturation (Dengler et al., 2008; Dominguez-Sola 
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et al., 2015; Infantino et al., 2010; Infantino et al., 2017; Inoue et al., 2017). Our data indirectly 

support the notion that BCR signalling is similarly altered when Prmt1 is deleted following B cell 

activation, as evidenced by heightened plasmablast differentiation and diminished fitness in BCR-

stimulated Prmt1-/- Cγ1-cre iGBs. Prmt1+/- Cγ1-cre iGBs were not responsive to BCR-induced PB 

differentiation, nor did BCR ligation have any noticeable effect on their growth or fitness compared 

to Cγ1-cre iGBs. We conclude that Prmt1 heterozygosity does not affect BCR signalling. It is 

possible that the arginine residue methylated on the BCR Ig𝛼 subunit has a relatively long half-

life, and hence, is less sensitive to variations in PRMT1 protein dosage. It is also plausible that 

other PRMTs could compensate for the loss of PRMT1 protein expression in Prmt1+/- Cγ1-cre 

iGBs to ensure BCR signalling remains functionally intact. For instance, knockdown of Prmt1 

increases substrate scavenging by other PRMTs, notably PRMT5, an arginine methyltransferase 

that is also suggested to control BCR signalling in B cell lymphoma (Sloan et al., 2023; Zhu et al., 

2019). The extent to which alternative PRMT-mediated methylation patterns are affected in 

Prmt1+/- Cγ1-cre iGBs — and how they might even contribute to the fitness advantage of Prmt1+/- 

Cγ1-cre B cells — will need to be explored. Such investigations would also inform strategies for 

targeting PRMT1 and other PRMTs in B cell lymphoma.  

Studies investigating PRMT1 in the context of lymphoma have largely focused on the 

therapeutic potential of downregulating PRMT1 activity. PRMT1 is overexpressed in patients with 

DLBCL and is associated with poor clinical outcomes (Leonard et al., 2012; Litzler et al., 2023). 

Type I PRMT inhibitors also block the growth of B cell lymphoma cell lines in vitro and in 

xenograft mouse models (Fedoriw et al., 2019). However, a recent clinical trial investigating the 

therapeutic potential of the Type I PRMT inhibitor, GSK3368715, in patients with DLBCL 

reported a poor therapeutic efficacy (El-Khoueiry et al., 2023). The poor efficacy of GSK3368715 
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could have arisen from the interplay between Type I and Type II PRMTs in cancer cells (El-

Khoueiry et al., 2023; Fedoriw et al., 2019; Gao et al., 2019; Nguyen et al., 2023). Heterogeneity 

in the patient population may have also contributed to the study’s findings (El-Khoueiry et al., 

2023). Here, we indicate that the reduction of PRMT1 protein expression by half in activated B 

cells has the potential to augment B cell fitness. Our findings provide additional explanations for 

the poor efficacy of Type I PRMT inhibitors in patients with B cell lymphoma and warrant further 

investigations into how PRMT1 protein dosage may contribute to the fitness of B cell lymphomas.  

There has also been little attention on whether disruptions in PRMT1 activity promote 

lymphomagenesis, as is the case for leukemia. Bona fide co-activators of PRMT1, notably BTG1 

and BTG2, are commonly mutated in DLBCL (De Simone et al., 2023; Delage et al., 2023). BTG1 

and BTG2 belong to the BTG/TOB protein family and generally act as tumor suppressors (Schmitz 

et al., 2018; Zhang et al., 2023), although BTG1 does have oncogenic roles in GC-derived 

lymphomas. In mice, BTG1 missense mutations elevate the fitness of GC-derived B cell lymphoma 

through enhanced c-Myc protein synthesis and mTOR signalling, accelerating lymphomagenesis 

(Mlynarczyk et al., 2023). BTG2 super-enhancer mutations that downregulate BTG2 expression 

have also been linked to the development of lymphoma (De Simone et al., 2023). BTG1 and BTG2 

are well-described co-activators of PRMT1 (Berthet et al., 2002), and perturbations in BTG1 or 

BTG2 can directly affect PRMT1 substrate binding and methylation. BTG2 knockdown reduces 

PRMT1-mediated arginine methylation in B cell precursors and leukemia, elevating the growth of 

leukemia cells in vivo (Dolezal et al., 2017). Indeed, the overexpression of BTG2 in pre-B cells 

promotes differentiation, which is dependent on PRMT1. In mouse embryonic fibroblasts and bone 

marrow-derived B cell progenitors, loss of Btg1 confers a cell-intrinsic survival advantage 

following cellular stress responses. Mechanistically, Btg1 loss abrogates PRMT1-mediated 
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methylation and activation of the cellular stress response protein, Activating Transcription Factor 

4 (ATF4), which otherwise promotes cell death under cellular stress conditions (Yuniati et al., 

2016). Btg1 knock-down in pre-B acute lymphoblastic leukemia (ALL) also confers resistance to 

glucocorticoid therapies, which depends on the regulation of glucocorticoid receptor expression 

by PRMT1, although PRMT1 knockdown does not recapitulate the phenotype of BTG1 deficiency 

in pre-B ALL cells (van Galen et al., 2010). Collectively, these data suggest that selective or total 

disruptions in PRMT1-mediated arginine methylation have the potential to elevate cellular fitness, 

either directly through PRMT1 depletion or indirectly through the depletion of bona fide PRMT1 

co-activators. BTG1 and BTG2 are commonly mutated in activated B cell (ABC)-DLBCL, which 

are lymphomas derived from plasmablasts (Schmitz et al., 2018). But whether BTG1 or BTG2 

mutations affect PRMT1 activity in ABC-DLBCL is unknown. PRMT1 is preferentially expressed 

in DLBCL samples upregulating c-Myc and mTOR, especially among lymphoma samples 

exhibiting a GCB cell-like phenotype (Goverdhan et al., 2017; Litzler et al., 2023; Xu-Monette et 

al., 2016). PRMT1 inhibition also potently inhibits the growth of GCB-like DLBCL cell lines more 

efficiently than ABC-like DLBCL cell lines (Goverdhan, 2017). In the future, it will be necessary 

to determine the frequency of PRMT1 mutations across different DLBCL subtypes and whether 

there are alterations in the PRMT1 activity following BTG1 or BTG2 loss in human B cell 

lymphoma. It would also be informative to understand the differential dependency of DLCBL 

subtypes on PRMT1 activity. Such work would further elucidate the therapeutic potential of 

targeting PRMT1 in B cell lymphoma.  
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Conclusion 
 
 In the present work, we outline the role of PRMT1 protein dosage in restricting the fitness 

and differentiation of GCB cells and PCs. The monoallelic deletion of Prmt1 in activated B cells 

resulted in elevated frequencies of splenic GCB cells and PCs in response to an acute 

immunization, in addition to increasing IgM and IgG antibody production without visibly affecting 

affinity maturation. Aligning with the enhanced antibody response in Prmt1+/- Cγ1-cre mice, the 

partial deficiency of Prmt1 in activated B cells imparted a fitness advantage to ex vivo-generated 

GCB cells and PCs in the presence of IL-4, which was augmented by IL-21 and associated with 

elevated mTOR activation. Furthermore, we provide evidence for the differential interaction of IL-

4 and IL-21 cytokine signalling by Prmt1 in activated B cells. We conclude that Prmt1 protein 

dosage is a critical determinant of GCB cell and PC fitness, directly interacting with cytokine 

signalling pathways involved in positive selection and GCB cell differentiation. This work expands 

our understanding on how arginine methylation controls humoral immunity. Further work will be 

necessary to dissect the mechanism through which PRMT1 intersects with IL-4 and IL-21 

signalling in GCB cells, in addition to investigating potential role of Prmt1 heterozygosity in 

lymphomagenesis. Importantly, this work provides potential explanations for the poor efficacy of 

Type I PRMT inhibitors in patients with B cell lymphoma. 
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Supplementary Tables 
 

Table S1: Antibodies used for flow cytometry and ELISAs. 

 
Antibody Manufacturer Catalogue 

Number 

Dilution or 

Concentration  

Rat Anti-Mouse/Human CD45R/B220 Alexa 

Fluor 700 (clone: RA3-6B2) 

BioLegend 103232 1/200  

Rat Anti-Mouse IgD FITC  

(clone: 11-26c.2𝜶) 

BD Pharmingen 553439 1/200 

Rat Anti-Mouse/Human GL7 Pacific Blue 

(clone: GL7) 

BioLegend 144614 1/200 

Rat Anti-Mouse GL7 Alexa Fluor 647 (clone: 

GL7) 

BD Pharmingen 561529 1/200 

Hamster Anti-Mouse CD95/Fas Alexa Fluor 

647 (clone: Jo2) 

BD Pharmingen 563647 1/200 

Hamster Anti-Mouse CD95/Fas PE-Cy7 

(clone: Jo2) 

BD Pharmingen 557653 1/200 

Hamster Anti-Mouse CD95/Fas FITC (clone: 

Jo2) 

BD Pharmingen 554257 1/200 

Rat Anti-Mouse B7-2/CD86 Biotin (clone: 

GL1) 

Invitrogen 13-0862-82 1/100 

Rat Anti-Mouse CXCR4/CD184 PE (clone: 

2B11) 

Invitrogen 12-9991-82 1/100 

Rat Anti-Mouse CXCR4/CD184 PerCP-

eFluor 710 (clone: 2B11) 

Invitrogen 46-9991-80 1/100 

Hamster Anti-Mouse CCR6 PE-Cy7 (clone: 

29-2L17) 

BioLegend 129816 1/100 

Rat Anti-Mouse IgM BV421 (clone: R6-60.2) BD Pharmingen 562595 1/50 

Rat Anti-Mouse IgG1 PE (clone: A85-1) BD Pharmingen 550083 1/500 

Rat Anti-Mouse CD138 BV605 (clone: 281-

2) 

BD Pharmingen 563147 1/100 

Rat Anti-Mouse CD4 FITC (clone: RM4-5) Invitrogen 11-0042-82 1/200 

Rat Anti-Mouse/Human CD44 PE-Cy7 

(clone: IM7) 

Invitrogen 25-0441-81 1/300 

Rat Anti-Mouse CD62L/L-Selectin APC 

(clone: MEL-14) 

Invitrogen 17-0621-81 1/200 

Rat Anti-Bovine/Dog/Cat/Mouse/Pig/Rat 

FOXP3 PE (clone: FJK-16s) 

Invitrogen 12-5773-80 1/200 

Mouse Anti-Mouse BCL6 BV421 (clone: 

K112-91) 

BD Pharmingen 563363 1/20 

Hamster Anti-Mouse PD-1 PerCP-eFluor 710 

(clone: J43) 

Invitrogen 46-9985-80 1/100 

Rat Anti-Mouse CXCR5/CD185 Biotin 

(clone: SPRCL5) 

Invitrogen 13-7185-82 1/25 
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Rat Anti-Mouse CD38 PE (clone: 90) BioLegend 102708 1/200 

Mouse Anti-Mouse/Human RPS6 Phospho 

(Ser235/Ser236) PE (clone: A17020B) 

BioLegend 608603 1/200 

Rat Anti-Mouse/Human IRF4 PE  

(clone: 3E4) 

Invitrogen 12-9858-82 1/50 

Mouse Anti-Mouse CD45.1 APC  

(clone: A20) 

BD Pharmingen 558701 1/200 

Mouse Anti-Mouse CD45.2 APC-Cy7  

(clone: 104) 

BD Pharmingen 560694 1/200 

Streptavidin BV605 BioLegend 405229 1/100 

Mouse Biotin APC Miltenyi Biotec Bio3-18E7 1/200 

Mouse IgM, κ Isotype Control (clone: G155-

228) 

BD Pharmingen 553472 –  

 

 Rat Anti-Mouse IgM (clone: II/41) BD Pharmingen 553435 2 ug/mL 

Biotin Rat Anti-Mouse IgM (clone: R6-60.2) BD Pharmingen 553406 1/500 

Mouse IgG1, κ Isotype Control (clone: 

MOPC-31C) 

BD Pharmingen 557273 –  

 

Rat Anti-Mouse IgG1 (clone: A85-3) BD Pharmingen 553445 2 ug/mL 

Biotin Rat Anti-Mouse IgG1 (clone: A85-1) BD Pharmingen 553441 1/1000 

Mouse IgG2b, κ Isotype Control (clone: 

MPC-11) 

BD Pharmingen 557351 –  

 

Rat Anti-Mouse IgG2b (clone: R9-91) BD Pharmingen 553396 2 ug/mL 

Biotin Rat Anti-Mouse IgG2b (clone: R12-3) BD Pharmingen 553393 1/1000 

Mouse IgG3, κ Isotype Control (clone: A112-

3) 

BD Pharmingen 553486 –  

 

Rat Anti-Mouse IgG3 (clone: R2-38) BD Pharmingen 553404 2 ug/mL 

Biotin Rat Anti-Mouse IgG3 (clone: R40-82) BD Pharmingen 553401 1/2000 

Goat Anti-Mouse IgG HRP Jackson 

ImmunoResearch 

115-035-071 1/1000 

HRP-Conjugated Streptavidin ThermoScientific N100 1/5000 

 

 

Table S2: Antibodies used for Western blotting. 

 

Antibody Manufacturer Catalogue 

Number 

Dilution or 

Concentration  

Rat anti-Human, Mouse, Rat  

PRMT1 (clone: 7D2) 

MilliporeSigma MABE431 1/1000 

Rabbit Anti-dimethyl-Arginine Antibody, 

asymmetric (ASYM24) 

Sigma-Aldrich 07-414 1/1000 

Rabbit Asymmetric Dimethyl-arginine 

Antibody (ADMA) Asym26 

EpiCypher 13-0011 

 

1/1000 

Rabbit Anti-Actin Sigma-Aldrich A2066 1/3000 

Goat Anti-rabbit IgG IRDye 800CW LICORbio 926-32211 1/20000 

Goat anti-Rat IgG (H+L) Alexa Fluor 680 Invitrogen A-21096 1/20000 
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