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Abstract

Protein arginine methyltransferase (PRMT)5 is the major methyltransferase catalyzing symmetric
dimethylation (SDM). PRMT5 regulates developmental homeostatic and disease processes in
vertebrates and invertebrates, and a carcinogenic role has been observed in mammals. Recently
generated tools for PRMTS5 loss-of-function have allowed to demonstrate essential roles for
PRMTS5 in mouse and human lymphocyte biology. PRMT5 modulates CD4* and CD8* T

cell development in the thymus, peripheral homeostasis, and differentiation into CD4* Th17

cell phenotypes. Here, we provide a timely review of the milestones leading to our current
understanding of PRMT5 in T cell biology, discuss current tools to modify PRMT5 expression/
activity, and highlight mechanistic pathways.
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Methylation, the process of transferring a methyl group onto a substrate, plays crucial roles
in biology. Methylation modulates developmental, homeostatic, and disease processes by
providing a reversible mechanism to regulate gene expression and protein activity. The
most common methylation targets are cytosines on DNA and lysine or arginine residues

on proteins. The impact of DNA [1] and protein lysine methylation [2] in immune
processes has been extensively reviewed elsewhere [3]. In this review, we focus on arginine
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methylation catalyzed by protein arginine methyltransferase (PRMT)5 in T lymphocyte
biology, a field that has bloomed in recent years.

Protein arginine methylation has an important role in many processes, including RNA
processing, DNA repair, and transcriptional regulation [4,5]. Arginine methylation is
catalyzed by PRMT enzymes and typical targets in eukaryotes include histones and other
proteins, such as small nuclear ribonucleoproteins [4]. The PRMT family comprises three
types of enzymes, depending on how many methyl groups are added and where they are
positioned (Fig. 1A). Type | enzymes, namely PRMT1-4, PRMT6, and PRMTS, catalyze
asymmetric dimethylation (ADM) of arginine [6]. In contrast, type Il enzymes PRMT5 and
PRMTQ catalyze symmetric dimethylation (SDM) at the terminal amine group of arginine
[7,8]. Finally, type Il enzymes catalyze monomethylation, and PRMT?7 is the only PRMT
in this group [9]. PRMT5 has a prominent role among PRMTSs, as it is responsible for the
majority of type 11 SDM [10].

PRMTS5 plays a crucial role in the regulation of developmental and physiological

processes [4,5]. This protein is highly expressed during mouse and human embryonic/fetal
development and, at the steady state, in human bone marrow, lymphoid tissues, brain,
gastrointestinal tract, genitourinary tract and reproductive tissues' [11]. In addition, PRMT5
is overexpressed in many hematologic and solid human cancers [12] and, therefore, its role
in disease is currently a major focus of research and therapeutic targeting. Structurally,
PRMTS5 regulates the symmetric dimethylation of histone H4 at R3, histone H2A, also at
R3 and histone H3 at R8 [4]. In addition, it dimethylates arginine residues symmetrically in
spliceosomal proteins [5]. The biological outcomes of these PRMT5-mediated modifications
include the regulation of mouse and human stem cell maintenance, differentiation, and early
development, cell proliferation and cell death [4,5]. Because of these activities, PRMT5

can contribute to cell transformation and oncogenesis [12]. Accordingly, the importance of
PRMT5-catalyzed methylation as a cancer-driver is well established [12] and has resulted

in the development of various PRMTS5 inhibitor cancer therapeutics that are currently

being tested for hematologic and solid cancers in five Phase | clinical trials, listed under
ClinicalTrials.gov numbers NCT03573310, NCT03854227, NCT04089449, NCT02783300
and NCT03614728."

The recognition that PRMT5 plays a crucial role in immune processes is a more recent
development. Various mouse and human immune cells express PRMT5 constitutively

or upon activation [13,14]. For example, whereas EBV-transformed, diffuse large B-cell
lymphoma (DLBCL) and mantle cell lymphoma (MCL) B lymphocytes express PRMT5
[15-17], normal B lymphocytes express PRMTS5 only at certain stages of B cell development
in mice [13]. Moreover, mature mouse B cells express PRMT5 inducibly, following

BCR engagement [13]. In non-transformed human and mouse naive or memory helper

T lymphocytes Thl and Th2 cells, PRMT5 is induced maximally, 2-3 days post TCR
engagement [18], via the NF-kB/mTOR/Myc signaling axis [19]. These findings collectively
suggest a physiological and highly conserved role for this enzyme in lymphocyte biology.
Recently developed PRMT5-selective inhibitors and conditional knockout (cKO) mouse
tools are currently allowing to dissect the emerging role of PRMT5 in lymphocyte biology.
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Here, we provide a comprehensive review of the recent developments in our understanding
of PRMTS5 function in T lymphocytes.

A historical perspective on the role for PRMT5 in lymphocyte biology.

PRMT5-catalyzed SDM of arginine plays crucial roles in development, homeostasis and
disease [3]. These functions have often been deduced from the effects of small-molecule
inhibitors, or from the outcome of genetic knockdown/KO interventions. In this section,
we review how natural and synthetic pan-methylation inhibitors (Table 1) and genetic
strategies (Table 2) for PRMT5 loss-of-function first suggested, and then established a role
for PRMT5-catalyzed arginine methylation in lymphocyte biology.

Early studies establish a role for methylation in immune responses.

One of the earliest indications that methylation could play a key role in lymphocyte
activation came from studies showing that the turnover rate of S-adenosylmethionine (SAM)
was higher in stimulated than resting human peripheral blood mononuclear cells (PBMCs)
[20]. Further support for the conclusions drawn from these experiments was provided by
studies on the functional characterization of naturally occurring inhibitors of methylation,
such as (S)-adenosyl-L-homocysteine (SAH), methylthioadenosine (MTA) and sinefungin
(Fig. 1B). These inhibitors impact all methyltransferases (MTs), including DNA MTs
(DNMTSs), protein Lysine MTs (PKMTs) and PRMTSs [21].

High concentrations of S-adenosyl methionine (SAM), the methyl-donor for all methylation
reactions, also has indirect inhibitory activity via its end product SAH (Fig. 1B) [21]. The
accumulation of SAH in the course of the reaction triggers an inhibitory feedback loop,
which limits the methylation of the target [22]. The fungal product sinefungin is a potent
SAH analog with enhanced protein methyltransferase inhibitory activity [23]. Another
potent naturally occurring pan-MT inhibitor, the nucleoside MTA, is commonly used as
research tool compound [24]. MTA has been reported to directly inhibit methyltransferases,
although some studies suggest that it may function by inhibiting SAH hydrolase [24]. MTA
bears the advantage of enhanced cell permeability relative to SAM and SAH, making it

a pan-MT inhibitor of choice [21]. In addition to the naturally-occurring synthetic pan-

or broad spectrum MT inhibitors, synthetic inhibitors have also been developed. These
include the irreversible SAH hydrolase inhibitors MDL28842 and DHCaA [25,26], and

the reversible SAH hydrolase inhibitor DZ2002 [27]. Synthetic pan-MT inhibitors are
significantly toxic, by comparison with natural pan-MT inhibitors [21]. Thus, their toxicity
limits their usefulness and makes natural inhibitors the inhibitors of choice.

Other naturally-occurring indirect MT inhibitors include adenosine and deoxyadenosine,
which accumulate in cells of adenosine deaminase-deficient (ADA) patients [28] and

inhibit the SAH hydrolase [29,30]. In humans, ADA deficiency causes severe combined
immunodeficiency [31], characterized by B/T cell lymphopenia and severe T cell
dysfunction [32]. CD4* T cells from these patients proliferate poorly and exhibit defects in
cytokine production following stimulation [33]. The immunological defects of ADA [33,34]
have therefore suggested a link between methylation and lymphocyte biology. Studies in
human peripheral blood lymphocytes where ADA was inhibited while exogenously restoring
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the pyrimidine product of ADA provided evidence that the antiproliferative effects of
ADA deficiency were indeed due, at least in part, to inhibition of SAH hydrolase and
accumulation of SAH that inhibits methylation [35]. Further support to this conclusion
was provided by a mouse model of ADA deficiency (Ada") that recapitulates the T/B
lymphopenic phenotype of ADA patients, which was accompanied by marked inhibition of
SAH hydrolase in thymic and spleen lymphoid compartments [36].

Exploration of the role of methylation on lymphocyte activation revealed that MT inhibition
by both naturally-occurring (sinefungin, MTA and SAM) [37-41] and synthetic (MDL28842
and DHCaA) [25,26] inhibitors interfered with mouse and/or human T lymphocyte
proliferation and mouse B cell proliferation. MT inhibition has also been shown to impair
activation of NFAT, the interleukin 2 (/L2) promoter, and secretion of IL-2 in PMA-activated
human Jurkat CD4* T cells [42]. In addition, MT inhibition has blunted the secretion of Th1l
cytokines (IFN-vy, IL-2, TNF-a, GM-CSF) and Th2 cytokines (IL-4, IL-5, IL-6, IL-10) from
primary mouse Thl and Th2 cells, respectively [43-45].

The lymphocyte suppressive activities of MT inhibitors, and the beneficial MTA treatment
of lupus-prone mice (MRL/Ipr) have led to the idea that MT inhibition might be beneficial
in human autoimmune systemic lupus erythematosus (SLE), although this remains to be
assessed [45]. Similarly, the pan-MT inhibitors MTA and DZ2002 have robustly suppressed
the clinical symptoms of experimental autoimmune encephalomyelitis (EAE), the mouse
model of Multiple Sclerosis (MS) [41,46]. High doses of MTA were found to be more
effective in reducing the severity of EAE than the MS therapies approved at the time,
glatiramer acetate and IFN-B; a combination of MTA with either of these therapies resulted
in the highest reduction of disease severity compared to controls [47]. In tumors with

low expression or mutations of the MTA-degrading enzyme MTA phosphorylase (MTAP),
MTA accumulates and can impact other cells in the tumor microenvironment. For example,
tumor-derived MTA has been shown to accumulate in MTAP-deficient melanoma tumor
cells and inhibit human T cell proliferation in a mixed lymphocyte reaction, revealing a
novel immune evasion strategy employed by tumor cells [48]. Overall, early studies with
pan-MT inhibitors and other models provided strong evidence of the importance of MT in T
lymphocyte biology and provided the rationale to further explore the specific role of arginine
methylation in T cells.

Later studies establish a role for arginine methylation in lymphocyte biology.

Another round of studies provided evidence that the T cell immunomodulatory effects of
the pan-MT inhibitors were due primarily to protein arginine methyltransferase (PRMT)
inhibition [49]. For example, human Jurkat T cell activation has been linked to PRMT
activity and arginine methylation of Vav1 and other proteins [50,51]. Vav-1 is a signaling
molecule downstream of the TCR that is methylated upon CD28 costimulation in human
and mouse transformed T cells [51]. Vav1, an important effector of CD28, was found

to undergo CD28-dependent symmetric arginine dimethylation in Jurkat T cells activated
with SEB-treated B5-3.1 cells, suggesting that Vavl might be a PRMT5 target [51]. This
possibility was confirmed via immunoprecipitation (IP) experiments [51]. The functional
significance of Vav1 arginine methylation was supported by experiments showing that loss
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of Vav1l methylation correlated with suppressed IL-2 production in human Jurkat T cells
treated with the pan-MT inhibitor DZ2002 relative to untreated cells [51]. In other human
Jurkat T-cell experiments, symmetric arginine dimethylation was detected on proteins bound
to the /L2 promoter during Jurkat T cell activation via PMA [42]. Loss of this modification
in Jurkat T cells treated with PRM 75 siRNA indicated that the enzyme responsible for the
SDM of these proteins was PRMT5 [42].

The first specific arginine methyltransferase inhibitor, AMI-1, was reported in 2004 [52].
AMI-1 selectively inhibits type | arginine methyltransferases PRMT1, PRMT3, PRMT4
and PRMTS6, and, at higher concentrations, type Il arginine methyltransferase PRMTS5.
Compound 4, a less polar derivative of AMI-1, is more selective than AMI-1 toward
PRMT1, PRMT3, and PRMT4. In addition, it has higher inhibitory activity toward PRMT5
[43]. Compound 4 has reduced IFN-y secretion from primary murine Th1 cells and IL-4
secretion from murine Th2 cells in vitro, more effectively than AMI-1 [43].

Although all, or at least most PRMTs may have immunomodulatory activities, PRMT5
has been the most conclusively shown to be immunomodulatory [42,49-51]. This link,
combined with the discovery that PRMT5 may be a promising therapeutic target for
hematologic malignancies [16,17], breast cancer [53] and lung cancer [54] has led to
parallel efforts by several academic and industry groups to develop selective PRMT5
inhibitors (Box 1). Such efforts have led to the discovery of a series of selective PRMT5
inhibitors, including CMP5/BLL1" HLCL61!Y and HLCL65'V [15,18,55]. These inhibitors
bind reversibly to both the methyl donor SAM and the substrate binding sites [18].

The PRMTS5 selective inhibitor EPZ015666 interacts only with the substrate binding site
[55]. Other inhibitors include compound GSK3326595 [56] and compounds DC_P33, and
DC_CO01 [57]. Other SAM competitive PRMTS5 inhibitors include PJ-68 [58], P5i-6 [59],
and LLY-283 [60].

Most of these compounds have been tested in in vitro cancer models, demonstrating
anti-proliferative activity: GSK3326595, has inhibited the proliferation of human mantle

cell lymphoma (MCL) cell lines [56]. GSK3326595-related, but more potent compounds
DC_P33 and DC_CO01 have also displayed antiproliferative activities against transformed
human cell lines [57]. CMP5 and HLCL61 decreased human B cell transformation and the
proliferation of acute myeloid leukemia (AML) cells, respectively [15,61]. PJ-68 treatment
of chronic myelogenous leukemia cells led to a decrease in the number of CD38* cells [58].
P5i-6 arrested the human colorectal cancer cell lines HT-29 and DLD-1 in the S/G2 phase of
the cell cycle, inhibiting their proliferation [59]. Finally, LLY-283 had similar anti-oncogenic
effects than the inhibitors above in human leukemia cell lines [60]. An impact of selective
PRMTS5 inhibitors on normal mouse T lymphocytes was first demonstrated with inhibitors
CMP5 and HLCL65, which showed anti-proliferative activity on memory Thl cells and, to a
lesser extent, naive and memory Th2 cells [18,19]. These suppressive effects on proliferation
were conserved from mouse to human primary T cells and were also observed with PRMT5
siRNA knockdown in human primary CD4* Th cells, demonstrating the role of PRMT5 in

T cell proliferation [18,19]. Recently, additional selective PRMT5 inhibitors EPZ015666,
PF-9927 and C220 have had similar in vitro anti- proliferative effects on human CD4* or
CD8* T cells [62-64].
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Genetic mouse models conclusively demonstrate a role for PRMT5 in lymphocyte biology.

Genetic mouse models addressing the role of PRMT5 in hematopoiesis and T cell
development have the advantage of eliminating the possibility of off-target effects, a
common problem with small molecule inhibitors. The constitutive ablation of Prmt5in
mice is embryonic-lethal [65]. As a result, all studies addressing the phenotypic outcome
of the genetic inactivation of Prmt5in mice have been carried out on Cre-lox cKO mouse
models, which allow temporal- and/or site-specific Prmt5 ablation [66-69]. Recent studies
revealed that the homozygous ablation of Prmi5in hematopoietic stem and progenitor cells
(HSPCs) in PRMT5/fl-Mx1-cre mice resulted in a dramatic reduction in the abundance

of HSPCs in the bone marrow (BM), in addition to BM failure and animal death within
three weeks [68]. These mice also exhibited defects in early thymocyte development,

as evidenced by the increased abundance of CD4*CD8* double positive (DP) and the
decreased abundance of CD4~CD8~ double negative (DN) and CD8* single positive (SP)
thymocytes [68]. Given that Mx1-Cre inactivates Prmt5in all hematopoietic lineages, the
design of these experiments did not address the question of whether the observed effects on
thymocyte development were cell-autonomous or whether they were due to the modulation
of thymocyte differentiation by other lineages of Prmt5-deficient hematopoietic cells.

The preceding data and the effects of PRMTS5 inhibitors on T cell function raised the
question of what would be the impact of the targeted ablation of Prmit5in T cells.

The development of inducible and/or cell-specific cKO PRMT5 models [66,69] has now
allowed to provide insights into the roles of Prmt5in mouse T cell biology (Fig. 2, Key
Figure). Models from two laboratories, namely CD4crePRMT5/2 and CD4crePRM TS5/l
provide constitutive T cell-specific Prmt5 deletion during thymic development [66,69]. Both
models report using the same CDA4cre transgene [70], but a notable difference is that the
homozygous deletion of Prmt5in T cells is harbored either within a full-body heterozygous
PRMT5 KO (initially driven at an earlier generation via p-actin cre [66]) or a wildtype WT
[69] background, respectively. While no defects in thymocyte development were observed
in the CD4crePRMT5/2 model [66], the CD4crePRMT5™ model from our group found
decreased numbers of CD4* SP and regulatory T cells (Treg)in the thymus [69]. The

reason for this discrepancy is unclear, but could stem from the different exons deleted

in the models (exon 4 vs exon 7), or the ubiquitous heterozygote Prmt5 KO background

in the CD4crePRMT5M'2 model. The latter supposition is intriguing since heterozygote T
cell-specific cKO (CD4crePrmt5f"WT) controls showed a similar decrease in thymic CD4*
SP cell numbers than homozygote T cell-specific cKO (CD4crePRMT5/f) mice in our
study [69]. This would imply that full wildtype (WT) controls are necessary to fully capture
Prmt5 deletion effects on thymocyte development. Nonetheless, thymic total CD4* and Treg
number defects appear to stem from a defect in expansion, rather than at the thymocyte
development level, given that all evaluated thymic populations were present at percentages
similar to those of control mice. At the peripheral level, both models showed that deletion
of Prmt5 at the CD4*CD8* thymocyte stage severely impaired peripheral CD4*, CD8" and
iNKT peripheral T cell compartments [66,69]. This effect was linked to reduced transcript
and protein expression and altered transcript splicing of the IL-2R common gamma chain
(yc) and JAK3 in naive and anti-CD3/CD28 stimulated CD4*, CD8* and in iNK T cells
from CD4crePrmt5f/2 mice [66]. Ultimately, this resulted in decreased strength of yc
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receptor-associated cytokine signaling relative to controls [66]. In the course of revising
this manuscript, an additional report on CD4crePrmt5f/fl mice also confirmed loss of iINK
T cells in thymus and spleen of these animals, in addition to a requirement for Prmi5in
peripheral CD4* and CD8* T cell maintenance [14].

An additional mouse model (CD4creERT2PRMT5/fy used tamoxifen-inducible Armt5
deletion in CD4" Th cells in mice to dissect the role of Prmt5 in peripheral immune Th cell
responses and disease; this model allowed normal T cell development prior to CD4-creERT2
driven deletion upon tamoxifen treatment [69]. The peripheral CD4" Th cell Prmt5cKO
mice (short-term tamoxifen-treated CD4creERT2PRMTS/!l mice) were completely resistant
to EAE development. Moreover, the central nervous system (CNS) of these mice failed to
develop in vivo myelin oligodendrocyte glycoprotein (MOG)-specific pathogenic Th17 and
Th1 cell responses after MOG immunization, as evidenced from abrogated MOG-splenocyte
T cell proliferation and IFN-y or IL-17* T cell detection via flow cytometry, as well as
impaired recruitment of memory T cells into the CNS, as observed via CNS infiltrating

cell quantification at the peak of EAE disease [69]. In addition, a severe defect in the
differentiation of naive T cells towards the Th17 phenotype was observed -- deemed to be
mediated by impaired cholesterol metabolism and ROR-yt activation (see below). These
results conclusively established that mouse CD4* T cell Prmit5was necessary to drive
pathogenic Th cell-mediated EAE autoimmunity [69]. This has important implications for
autoimmune therapy, although the possibility of global immunosuppressive effects will need
to be carefully evaluated.

Mechanisms of PRMT5-dependent control of cellular function.

PRMTS5 regulates cell biology and function through a number of mechanisms and
methylation targets, resulting in gene expression control and modulation. Various molecules
have been identified as direct targets of PRMT5 methylation in vertebrates, invertebrates
and/or plants, including histones [71], splicing proteins [72], DNA damage response
components such as p53 protein [73,74] as well as signaling pathway components and
transcription factors such as NF-kB [75,76], Vavl [51], SREBP [77] and hnRNPA1

[78] (Fig. 3). The majority of these targets and mechanisms have been identified in

cancer or transformed cell studies, and these findings may or may not reflect what

occurs in non-transformed lymphocytes. Much is yet unknown regarding the specific
mechanisms by which PRMT5 methylation controls lymphocyte development, activation,
and differentiation. However, a few breakthroughs have recently provided substantial
insights into how PRMT5 methylation promotes T cell proliferation, peripheral homeostasis
and Th17 differentiation. In the following section, we discuss these mechanisms and
highlight remaining outstanding questions (Outstanding Questions) in the field.

PRMT5 can promote T cell signaling, IL-2 production and T cell proliferation.

To our knowledge, the first evidence that PRMT5 and SDM played a role in T cell activation
was generated in human CD4* Jurkat T cells, an acute T cell leukemia cell line often used
as an in vitro model. In this study, MTA treatment and PRMT5 knockdown suppressed two
key surrogates of Jurkat T cell activation, namely IL-2 and NFAT-dependent transcription
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[42]. Although PRMTS5 was not induced after Jurkat T cell activation, this effect was linked
to PRMT5 activity when increased methylation in the /L2locus was observed relative to
controls [42]. IL-2 is an essential driver of T cell proliferation, but the impact of PRMTS5 on
such a process required studies in non-transformed primary T cells. Subsequently, selective
PRMTS5 inhibition with CMP5 and HLCL65 strongly suppressed IL-2 production and T cell
proliferation in mouse and human Thl and Th2 primary T cells [18]. PRMTS5 expression
and SDM were induced in these cells in vitro, reaching a maximum peak 2-3 days
following TCR engagement with anti-CD3/CD28. Maximal PRMTS5 induction coincided
with maximal proliferation following TCR-induced activation [18]. The requirement for
PRMTS5 in mouse and human primary naive CD4* Th and differentiated Th1 and Th2 cell
proliferation after anti-CD3/CD28 activation has been conclusively validated at the genetic
level via Prmt5 PRMT5 shRNA or siRNA knockdown and in CD4creERT2PRMTS5fl ckO
mouse primary T cell experiments [18,66,69]. Furthermore, suppressed IL-2 production
due to PRMTS5 inhibitor HLCL65 treatment appeared to mediate -- at least partially --

these CD4* Th cell proliferation defects, as evidenced from restored Th1 cell proliferation
following exogenous IL-2 supplementation [18]. Of note, chromatin immunoprecipitation
using an anti-pan-SDM antibody resulted in PMA activation-dependent detection of SDM
proteins bound to the /L2 promoter in human Jurkat T cells [42]. Together with the PRMT5-
dependence of IL-2 production, this may imply a positive role for SDM by PRMT5 on
proteins close to the /L2locus. However, the nature of these /L2 promoter associated
proteins has not been elucidated. While this may be unrelated, probing PMA-activated
Jurkat T cells with the pan-SDM antibody after PRMT5 siRNA knockdown showed
detectable decreases of SDM on bands corresponding to SmD3 and SmB,B’ spliceosome
proteins [42]. Control of TCR signaling by PRMT5 might also potentially mediate some

of the proliferative effects of PRMT5 in T cells. Since Vav-1 is thought to interact with
NF-kB and NFAT complexes [79], the methylation of Vav-1 is presumed to lead to activation
NFAT- and NF-xB-dependent genes during T cell activation [51], although this remains to
be robustly tested. Nevertheless, this body of work establishes a crucial role for PRMT5 in
T cell expansion and activation and, although mechanistic details are not fully elucidated,
these effects may possibly be mediated by promoting TCR signaling and growth factor
cytokine and cytokine receptor expression.

PRMTS5 can promote y-chain signaling, controlling NK cell development and homeostatic T
cell expansion and survival.

Lymphocyte development, differentiation and survival require signaling through cytokine
receptors. Multiple receptors, namely, IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 receptors,
share the yc subunit [80]. Congenital mutations in the -yc result in severe combined
immunodeficiency (SCID) generally characterized by absent T and NK cells, and
dysfunctional B cells in mice and humans [81]. Signaling through -y-chain cytokine
receptors is mediated via the JAK3 kinase, and yc mutations result in other types of
human SCID disease [81]. Prmt5 promotes normal mouse T and NK cell lymphocyte
development and peripheral survival by controlling yc and JAK3 expression [66]. These
effects were linked to Prmt5 methylation of splicing proteins and enhanced pre-mRNA
splicing of the IL-2 receptor y-chain, as evidenced from decreased Sm protein SDM,
decreased //2rg and Jak3 expression and changes in //2rg and Jak3 alternatively spliced
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isoforms in CD4crePRMTS5M/2 mice CD4*, CD8" and iNK T cells [66]. Of note, PRMT5
methylation of Sm proteins has been shown to be essential for spliceosome formation, which
is expected to increase constitutive splicing efficiency and gene expression, as well as alter
the pattern of alternative splicing in several non-T cell models [72,82]. In mouse CD4™*

and CD8* T cells, at least one Sm protein, SmD3, has been shown to be methylated by
Prmt5 [66]. Although a direct causative link between altered Sm methylation/splicing and in
vivo effects in CD4crePRMT5/2 has not yet been demonstrated, CD4crePRMT5M2 mice
suffered from loss of INK T cells and a reduction in peripheral lymphoid organ survival of
CD4* Th and CD8* T cells was observed in mice [66]. Other mouse models where Prmt5
is deleted at thymic or earlier stages of development have also been linked to a robust loss
of iNK T cells and reduced total numbers of CD4* SP, Treg and CD8* SP thymocytes
relative to control mice [68,69], possibly due to reduced thymic expansion. However, the
most dramatic loss of CD4* and CD8" T cells has been observed in spleen and lymph nodes
of CD4crePRMTSfl mice [66,69], consistent with -y-chain and JAK3 signaling roles in
peripheral homeostasis and survival [83,84].

PRMT5 can promote cholesterol biosynthesis and Th17 differentiation.

PRMTS5 has also been recently recognized as an important modulator of cellular metabolism
[69,77,85]. Effects on overall energy metabolism [85], as well as on lipid metabolism
[69,77] have been observed in human cancer cells. Specifically, PRMT5 has been shown to
promote Warburg anaerobic glycolytic metabolism in human breast and pancreatic cancer
cells [85,86], as evidenced from decreased glucose consumption or decreased Extracellular
Acidification Rate (ECAR), respectively, following PRMT5 knockdown. Presumably, these
metabolic impacts might potentially be mediated by gene expression control exerted by
PRMTS5 at the chromatin, splicing or translation levels. However, PRMTS5 also regulates
cellular metabolism by direct methylation of the key lipid metabolism transcription factor
sterol response binding protein (SREBP1) [69,77]. SREBP1 is retained in the ER by
INSIG-1 interaction, preventing its pro-lipid biogenesis nuclear activity. When cholesterol
and lipid concentrations in cellular membranes decrease, due to reduced lipidic/cholesterol
availability, SREBPL1 is proteolytically cleaved to its active nuclear form [87]. PRMT5
methylation of SREBP on its C-terminal domain increases SREPB stability and nuclear
activity relative to unmethylated SREBP and has been linked to high lipid and/or cholesterol
biosynthesis [77]. This suggests that PRMT5 methylation may promote lipid and/or
cholesterol biosynthesis.

Recently, similar metabolic effects were observed in murine and /or human T
lymphocytes[69]. PRMT5 knockdown in human transformed human Jurkat T cells [69]
led to reduced glycolytic metabolism-- measured by ECAR—and reduced oxidative
phosphorylation --- measured by Oxygen Consumption Rate (OCR), metabolism [69].
These results should also be studied in primary murine and human T cells since Jurkat
T cells are derived from a T cell leukemia line, and constitute a highly artefactual
model. Of note, PRMT5 has also been recently implicated in lipid metabolism and Th17
cell differentiation. Specifically, CD4crePRMT5/fl Tho and Th17 cells were found to
be deficient in the expression of enzymes in the cholesterol biosynthetic pathway in
activated primary murine T lymphocytes [69]. This pathway yields cholesterol pathway
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intermediates (CPI) that directly activate the Th17 transcription factor ROR-yt, as evidenced
from induced Th17 differentiation in mouse CD4* Th cells treated with various cholesterol
pathway intermediates [88]. Also, PRMT5knockdown in Jurkat T cells resulted in loss

of SREBP methylation and RORyt activity [69]. Accordingly, PRMTS5 expression was
found to be essential for Th17 differentiation, as evidenced from the lack of Th17
differentiation in CD4crePRMT5Mf CD4 T cells [69]. Also, Th17 differentiation was
restored in CD4crePRMTS/fl CD4 T cells supplemented with the CPI desmosterol during
Th17 differentiation [69]. Finally, in a mouse model of EAE, as discussed above, induced
Prmt5 deletion in the peripheral CD4* Th cell compartment completely protected the
animals from disease development relative to WT control mice, revealing the importance
of this pathway in this model of autoimmune disease.

Concluding remarks

The importance of PRMT5-catalyzed methylation as a cancer-driver is well established

and has resulted in the development of PRMTS5 inhibitor cancer therapeutics currently

being assessed in various clinical trials. Recent studies have now conclusively established
arole for PRMT5 in CD4*, CD8" and iNK T cell immune responses [18,66,69]. This

field therefore constitutes an exciting novel area of Immunology research. Although some
mechanistic insights are starting to emerge, many questions remain (Outstanding Questions),
particularly with regard to our understanding of the mechanisms by which PRMTS5 controls
lymphocyte biology. Many of the PRMT5 methylation targets that have been identified

in cancer or transformed cell lines are also expressed in mouse and human lymphocytes.
Hence, future studies identifying specific PRMT5 methylation targets and the mechanisms
they control in non-transformed lymphocytes should address a portion of this knowledge
gap. Increased mechanistic insight relevant to the role of PRMT5 in the immune system

and across species may help address fundamental basic Immunology questions and possibly
reveal additional candidate therapeutic targets to treat certain autoimmune and inflammatory
diseases.
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DNA damage response
biological network of pathways that detects lesions in DNA and promotes their repair.

Extracellular Acidification Rate (ECAR)
measure of the cell culture medium acidification that results from lactate production through
glycolysis. It is used as a method of quantifying glycolytic activity.

iNKT cell
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type of NKT cell characterized by the expression of an invariant ap T-cell receptor
(TCR) and classical NK cell markers. iNKT cells recognize glycolipid antigens such as
a-galactosylceramide presented by the MHC class 1-like molecule CD1d.
Myelin Oligodendrocyte Glycoprotein (MOG)
glycoprotein present on the myelin sheath. It is a prototypical target antigen in the EAE
animal model of multiple sclerosis CNS autoimmunity.
Oxygen Consumption Rate (OCR)
Quantitative measurement of the loss of culture media oxygen resulting from consumption
during tri-carboxylic acid cycle/oxidative phosphorylation. It is used as a measure of
oxidative phosphorylation activity.
ROR-yt
signature transcription factor of inflammatory Th17 cells.
Scurfy like autoimmunity
Autoimmune condition in the scurfy mouse model caused by mutations in the transcription
factor FoxP3 that abrogate Treg development. These mice develop multi-organ inflammation
and die at around four weeks of age.
Th1l cell
An inflammatory T helper cell lineage that produces IFN-y and characterized by the
transcription factor T-bet. Th1 differentiation is triggered by polarizing cytokine interleukin
12 (IL-12).
Th17 cell
inflammatory T helper cell lineage producing interleukin 17 (IL-17) and characterized by
the transcription factor ROR-yt. Th17 differentiation is triggered by transforming growth
factor beta (TGF-B), interleukin 6 (IL-6), interleukin 21 (IL-21) and interleukin 23 (IL-23).
Warburg anaerobic glycolytic metabolism
type of glycolytic metabolism that does not require oxygen. In contrast to classical
aerobic glycolysis that provides pyruvate and fuels the TCA cycle/mitochondria oxidative
phosphorylation, Warburg glycolysis diverts pyruvate to lactate. Warburg glycolysis is
observed in cancer cells and certain types of activated immune cells.
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Outstanding Questions Box

. Which T cell relevant PRMTS5 targets modulate T cell biology and through
which mechanisms?

. What is the specific role of PRMTS5 in the normal biology of other
lymphocytes (CD8" T cells, B cells, NK cells,..)?

. Does PRMTS5 play a role in other immune cells, such as neutrophils,
macrophages, dendritic cells, innate lymphoid cells?

. Are PRMTS5 alterations linked to human multiple sclerosis or other T cell-
mediated diseases?

. What is an appropriate benefit/risk ratio of PRMTS5 inhibition on immune cell
compartments during PRMTS5 inhibitor-based cancer treatments?
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Highlights Box

. PRMTS5 promotes thymic CD4* SP, CD8* SP, Treg and iNK murine T cell
production.

. PRMTS5 promotes activation-induced proliferation in mouse and human T
cells.

. PRMTS5 promotes peripheral homeostatic CD4* and CD8* T cell proliferation
and survival via modulation of yc cytokine receptor splicing.

. PRMTS5 promotes Th17 differentiation via enhancement of cholesterol
biosynthesis and production of ROR-yt agonistic cholesterol pathway
intermediates.

. T cell PRMTS5 is required for T cell mediated autoimmunity in EAE mouse
models of Multiple Sclerosis.
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Figure 1.

(A). Arginine methylation reactions. Arginine methylation is catalyzed by arginine
methyltransferases (PRMTs), which transfer a methyl group onto the w-nitrogen of

arginine (Arg). All mammalian PRMTs modify arginine to its monomethylated state.

From the monomethylated state, Type | PRMTSs are able to catalyze asymmetric
demethylation (ADM) of Arg [6]. Type Il PRMTs are able to catalyze symmetric
dimethylation (SDM) from the monomethylated state [7,8]. Type I1l PRMTs are

solely able to catalyze monomethylation [9]. (B). S-adenosyl methionine (SAM) is the
methyl donor for all methyltransferase (MT) reactions, including DNA methyltransferase
(DNMT), Protein Lysine methyltransferase (PKMT), and Protein Arginine methyltransferase
(PRMT) reactions. After SAM has donated its methyl group, it is converted to (S)-
adenosylhomocysteine (SAH). SAH inhibits MT activity by a negative feedback loop but
methylation can generally proceed if SAH is broken down by the SAH hydrolase enzyme
[21]. In contrast, if SAH hydrolase is not active, SAH accumulates in the cytoplasm

and inhibits SAM-dependent methylation reactions. Therefore, MT inhibitors often act by
inhibiting SAH hydrolase and increasing the concentration of the natural inhibitor SAH [21].
Products with MT inhibitory activity are indicated with a thick red outline. SAM can act

as an inhibitor by producing high amounts of SAH, while SAH hydrolase inhibitors do the
same by inhibiting the SAH degradation [21]. Finally, SAH analogs also have general MT
inhibitory activity [21].
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Key Figure, Figure 2. PRMTS5 can modulate multiple facets of T cell development and function
in humans and mice.

T cell specific, CD4cre-driven, Prmt5 deletion during thymic development in
CD4crePrmt5f/fl or CD4cre-Prmt5™1/2 mice results in robust defects in thymic numbers of
NKT cells[14,66,69]. Additional defects in CD4* , CD8" and Treg total thymic numbers, but
not percentages, is observed in comparison to defined control mice in CD4crePrmt5f/fl
mice [69]. In spleen and lymph nodes of CD4crePrmt5f/fl or CD4cre-Prmt5T1/2 mice,
reduced CD4", CD8*, Treg and iNK T cells indicate a role in homeostatic proliferation
[14,66,69]. Studies with human and mouse naive and memory T cells treated with
PRMTS5 inhibitors or via siRNA, shRNA or mouse cKO strategies, demonstrate deficient
activation and proliferative responses [14,22,66,69]. Tregs in mice with a Treg-specific
deletion of Prmt5 (Foxp3crePrmt5/f) have reduced Treg function and develop scurfy-like
autoimmunity, consistent with a role for Prmt5 in Treg function [67]. Arrows represent the
links between PRMTS5 and various immune cells and/or functions. This figure was created
using BioRender (https://biorender.com/).
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Figure 3. General PRMT5 methylation targets and mechanisms.
Studies in animal and plant cells show that PRMT5 symmetrically dimethylates (SDM)

multiple targets in cytoplasmic and nuclear compartments, thereby influencing key cellular
processes. Histone methylation: in the nucleus, SDM of histones H4R3, H3R8 and H2A
generally results in chromatin repression via direct histone effects and recruitment of
repressor complexes [8,89,90]. Most of the chromatin remodeling effects have been shown
in non-T cell models [12]. Splicing: splicing proteins, such as SmD3 and SmB,B’, which
can be found in the cytoplasm and nucleus, are also methylated by PRMT5 [82]. SDM

of Sm proteins PRMT5 enhances spliceosome assembly and promotes alternative splicing
switches [91]. SmD and SmB methylation has been observed in mouse T cells and is
thought to increase //2rg and Jak3 alternative splicing and expression [66]. Signaling:
multiple cytoplasmic proteins, such as NF-kB and Vav-1, involved in receptor signaling
pathways are methylated by PRMT5 [51,75]. Vav-1 methylation has been observed in
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Jurkat T cells and is believed to promote T cell costimulation [51]. Metabolism: SREBP

is a lipid biogenesis transcription factor located in the endoplasmic reticulum and Golgi.
Upon cleavage in the Golgi, SREBP is activated and translocates to the nucleus, where

it transactivates fatty acid and cholesterol biosynthesis enzyme expression [92]. PRMT5
has been shown methylate SREBP and promote cholesterol metabolism in mouse T cells,
thereby promoting Th17 differentiation [69]. Translation: PRMTS5 has been shown to SDM
ribonucleoprotein hnRNPAL in cancer cells, thereby promoting translation of internal
ribosomal entry site (IRES)-containing transcripts [78]. This figure was created using
BioRender (https://biorender.com/).
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Table 1.

Small molecule inhibitors of pan-methyltransferase reactions, PRMTs and PRMT5.

Page 24

Compound Refs | Immune Effect Species Refs
B10.BR, MRL/Mp-F: 4
(%3] Significantly inhibit the o ?MR Lipn) ﬁnic‘; a | 4]
SAM/SAH _rl)_rgil;lfleszratlon of both B and and a/g TCR (Vall*,
VB3*) tg mice
Significant inhibition of the | BALB/c mice [37]
Sinefungin proliferation of both B and
T cells
Inhibition of T cell Sprague Dawley rats, [38,39,42,
signaling, T cell humans, Balb/c mice, 43,45,51]
proliferation, suppression B10.BR, MRL/Mp-Fas
Natural of interleukin 2 (IL-2) IPr (MR L/Ipr) mice, o/
Inhibitors MTA secretion, reducing the TCR (Vall*, VB3*) tg
amount of interferon mice and AKR mice
gamma (IFN-y) and
interleukin 4 (IL-4)
producing cells production.
Build-up occurs in Human, Tg-m1/m1 mice | [28,29,31,
ADA and results 32,35,36]
: in severe combined
ggg)r:ozldneeé osine immunodeficiency with B/T
P Y cell lymphopenia and
an-MT .
inhibitors particularly severe T cell
defects.
Selective inhibition of the Sprague Dawley rats, [25,26,42,94,95]
generation of cytotoxic T DBN1 LacJ mice, CD- 1
cells during transplantation mice, C3H/He J mice
MDL 28842 rejection, reduced T cell
proliferation and 1L-2
production.
Reduced T cell proliferation [26]
DHCaA and IL-2 production [26]
Synthetic Suppression of CD4* T C57BL/6 mice, mouse [27,46,51, 96,97]
Inhibitors cell activation resulting in T cell hybridoma T8.1-
blocked EAE induction Vavl, BALB/c mice,
and amelioration of MRL-Fas™ mice and
established EAE. A follow- BXSB mice
up study found treatment
DZ2002 of isolated CD4* T cells
reduced Thl and Th17
polarization. Isolated B
cells that were activated
with DZ2002 displayed
reduced proliferation
PRMTL1, [52] BALB/c mice [43]
PRMTS3, Reduction in IFN-y
PRMT4 and 6 AMI-1 secretion from Th1 cells
inhibition and IL-4 secretion from
(PRMTS at high Th2 cells
PRMT concentrations)
inhibitors
PRMT1, Reduces IFN-vy secretion BALB/c mice [43]
PRMTS3, from Th1 cells and
PRMT4, and Compound 4 IL-4 secretion from Th2
PRMT5 cells more effectively than
inhibition AMI-1
Substrate and - (MBP)ACl -11- SpeCifiC [18]
PRMT5 g Suppression of "
M SAM bindin HLCL65 : TCR-transgenic (Tg)
Inhibitors | O 9 inflammatory Th1 cells mice and B20.PL mice
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Compound Refs | Immune Effect Species Refs
[15] | Suppression of IL-2 hu-PBL-SCID mouse [15,19]
and inflammatory Th1 model and Prmisiox/a
E:l’gl]PS/BLLl cells and, at higher mice
concentrations, Th2 and
naive T cells
Decreased cell proliferation | Cell lines [61]
HLCL61 AML cells
Significant inhibition of Cell line [55]
EPZ015666 tumor growth in mantle cell
lymphoma
Anti-proliferative effect Cell line [56]
on human MCL cell
fgﬁfﬁ{gvs GSK3326595 line, currently being used
inhil?itors in clinical trials for
lymphoma.
DC_C01 was found to have | Cell line [57]
antiproliferative effects in
DC_co1 the MCL lines of Z-138,
Maver-1, and Jeko-1
61 Creyfp 67
51 1 hibits both PRMTS and (Fé’gpf’zg(c . [67]
PRMT?7. FOXP3 inhibition, e ICre Ay
DS-437[61] resulting in inhibited Foxp3 o,
f?mM etitive Treg function and tumor 016959) and CD4 (Tg
compt immunity (Cdd-cre)1Cwi/BfluJ,
inhibitors 017336) mice
. Anti-tumor effect in Cell line [60]
LLY-283 hematological cell lines.
Treatment of chronic Cell lines and peripheral | [58]
myelogenous leukemia blood or bone marrow
PI-68 resulted in decreased from human patients
B numbers of disease- and
PRMT5-associated CD38*
cells
Not defined Treatment results in Human colorectal cancer | [59]
inhibition of growth HT-29 cell lines DLD-1 and
and DLD-1. In DLD-1 Hep2G
P5i-6 cells, cell cycle arrest was

observed in the S/G2 phase.
Similar inhibition of growth
of hepatic cancer cell line
HepG2 was also observed.

Abbreviations: ADA (Adenosine deaminase deficiency), EAE (Experimental autoimmune encephalomyelitis), AML (Acute myeloid leukemia),

MCL (Mantle cell lymphoma)
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Table2.

Tools for genetic PRMT5 loss-of-function.
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Foxp3-cre

Foxp3-expressing cells
(Tregs)

Method Types Target cell/s Immune Effect Refs
SiRNA Erealrrssformed Jurkat T Suppression of 1L-2 production [42]
Knockdown Reducing PRMTS5 expression affects proliferation [16]
Antisense Transformed Mino and of transformed B cells (1.8-fold decrease in JeKo
(RNA
interference) lentivirus JeKo B cell lines cell growth after PRMT5 knockdown), low PRMT5
expression needed for normal growth.
ShRNA, siRNA ?nlém_?gzpcrgn?ry hi Suppression of human Th1 and Th2 cell proliferation (18]
Cre driver
Germline Full Homologous A germline full-body knockout of Prmt5 has proved to [65]
body KO mice recombination — All cells be embryonic-lethal. This demonstrates that Prmt5 is
y Cre was not used essential in development.
Early loss of Prmt5in hematopoietic cell development [68]
results in drastic loss of hematopoietic stem cells,
Mxl-cre Early hematopoietic resulting in bone marrow failure and death within
progenitors three weeks. Prmt5 heterozygous mice had normal bone
marrow, spleen, and thymus cell populations along with
normal peripheral blood count
No defects in thymocyte development were observed [14,66,69]
+ +
CDflt.CD? dOLI’Dbllae' . in a CD4crePRMTS/A model. Impaired thymocyte
‘FIJ'O;IIIVS;IZE)E fnen)t 0 development, with loss of DP, CD4+ SP and Treg
CDa-cre (deletion in aFI)I T cells as well as resistance to EAE development are
Conditional call subsets, including observed in one CD4crePrmt5™/f model. A third model,
knockout mice CD4* CD8* and iNK T CD4crePrmt5f1/ reproduced similar results of robust loss
cells)' of NK T cells and requirement of Prmt5 for peripheral T
cell maintenance
Reduced proliferative, Th17 and Th1 recall responses [69]
ERT2 - . as well as severely reduced numbers of memory T cell
CD4-cre Peripheral CD4" T cells infiltration in the CNS. Resistance to EAE development.
Impaired Th17 differentiation
Foxp3-selective Prmt5 deletion results in scurfy-like [67]

autoimmunity; normal numbers of Tregs but deficient
suppressive function

Abbreviations: IL (Interleukin), DP (Double positive), SP (Single positive)
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