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Abstract: The human immune response is a complex process that responds to numerous exogenous
antigens in preventing infection by microorganisms, as well as to endogenous components in the
surveillance of tumors and autoimmune diseases, and a great number of molecules are necessary
to carry the functional complexity of immune activity. Alternative splicing of pre-mRNA plays an
important role in immune cell development and regulation of immune activity through yielding
diverse transcriptional isoforms to supplement the function of limited genes associated with the
immune reaction. In addition, multiple factors have been identified as being involved in the control
of alternative splicing at the cis, trans, or co-transcriptional level, and the aberrant splicing of RNA
leads to the abnormal modulation of immune activity in infections, immune diseases, and tumors. In
this review, we summarize the recent discoveries on the generation of immune-associated alternative
splice variants, clinical disorders, and possible regulatory mechanisms. We also discuss the immune
responses to the neoantigens produced by alternative splicing, and finally, we issue some alternative
splicing and immunity correlated questions based on our knowledge.
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1. Introduction

The coding sequence of eukaryotic genes is composed of exons and is formed by the
removal of introns, as a result of pre-mRNA splicing. Alternative splicing enables the
production of various RNA isoforms from a single gene by skipping or retaining some
alternative exons. In humans, high-throughput genome-wide analyses have shown that
about 95% of multi-exonic genes undergo alternative splicing, and about 37% of them
generate multiple protein isoforms [1-3]. The diverse products resulting from alternative
splicing are involved in the biological evolution of humans, especially for the function of
the human brain [4-6], and play a mostly complementary role for the genome to define
individual phenotypes in cell differentiation, aging, and sexual dimorphism [7-9].

Alternative RNA splicing and the surrounding environment of the organism have a
mutual effect on each other. For example, the virus protein, NSP16, of SARS-CoV-2 has
been found to bind to host splicing factors, Ul and U2, and globally suppress the mRNA
splicing of infected cells [10]. During the global COVID-19 pandemic of SARS-CoV-2,
scientists also tried to minimize the damage caused by the virus through modulating the
alternative splicing of the ACE2 primary RNA, encoding the cellular receptor for the virus,
to exclude critical domains required for virus entry, while keeping the vital physiological
functional domains of ACE2 in human cells [11]. By evoking the genome to produce novel
splice variants in response to stress, alternative splicing can also promote the ability of
organisms to adapt to new challenges under the limitation of a constant genome size.

Human immunity is a complex process carried out by the innate and adaptive immune
systems responding to surroundings, hormones, and psychosis [12-14]. About 60% of
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genes in lymphocytes express different splicing isoforms, and the alternative splicing of
the pre-mRNA has been found to be deeply involved in the differentiation of immune
cells and the regulation of immune response [15-17]. How alternative splicing regulates
immunity is an interesting topic, both in biological and in clinical research. This review
focuses on the research progress of alternative splicing in the human immune response
and immune-related diseases, as well as the possible regulatory mechanisms of alternative
splicing in recent years.

2. Influence of Alternative Splicing on Innate Immunity

Dendritic cells are considered the initiators of innate immunity and professional anti-
gen presenting cells for the activation of adaptive immunity. Splicing-sensitive arrays
indicate widespread alternative splicing events in human dendritic cells induced by bacte-
rial challenge. These alternatively spliced genes are involved in dendritic cell development,
endocytosis, and antigen presentation [18]. Macrophages are derived from blood mono-
cytes and are involved in detection, phagocytosis, and cytokine secretion. Thousands of
alternative splicing alterations have been detected when inducing the cells differentiation
and activation in vitro [19]. The killer-cell immunoglobulin-like receptors (KIRs) expressed
on natural killer (NK) cells mediate the interaction of major histocompatibility complex
(MHC) class I molecules on most healthy cells. KIR isoforms produced by alternative
splicing contribute to the complexity of the KIR gene system of NK cells to modulate NK
cell killing function in the innate immune response [20,21].

Differentiated innate immune cells identify evolutionarily conserved components
expressed by pathogens through pattern recognition receptors. After recognition of a
pathogen, MyD88 protein acts as an adapter to connect the signals received from outside
and the signals transferred to the inside of the cell. Under the control of splicing complexes,
SF3A and SF3B, the MyD88 gene undergoes alternative splicing to produce a long isoform,
MyDB88L, and short isoform, MyD88S, which play a role in activating and inhibiting the
innate immunity, respectively, of innate immune cells by regulating Toll-like receptor
signals [22,23]. Upon activation, intracellular signaling cascades are triggered to promote
the expression of proinflammatory molecules, interferons (IFN), interleukins (IL), and
chemokines involved in the clearance of antigens.

During innate immunity against microbes, specifically viruses, IFN produced by host
cells had attracted much attention for the regulation of IFN production and signaling.
The network of IFN-stimulated genes (ISGs) was driven by IFN secretion to establish
an antiviral state. ISGs can also be antagonized by viruses for successful infection, while
alternative splicing of ISGs in host cells can alter the localization and activity of ISG proteins
to play a vital role in the control of host innate immunity to viral infection [24]. Zinc finger
RNA-binding protein (ZFR) is a potent regulator of alternative splicing and can suppress
the IFN response through regulating the splicing and activity of ISGs. Moreover, ZFR itself
is also expressed in various isoforms to carry out different functions. Monocytes express
truncated ZFR isoforms, and macrophages mainly express full-length ZFR to guard the
IEN responses [25]. SAT1 is also an antivirus associated gene, and SAT1 transcripts in
virus-infected cells display higher inclusion of exon 4 to express an isoform of SAT1 that is
generally degraded by nonsense mediated decay, thereby facilitating the infection by virus
in cells [26]. There are also many other genes with alternative splicing variants that have
been predicted to potentially regulate innate immunity [27,28]. Though elucidating the
details of the mechanism will require more studies, it is believed that alternative splicing is
broadly involved in the innate immunity of host-pathogen interactions. On one hand, host
cells produce splice variants to inhibit the invasion and replication of microbes. On the
other hand, viral infection results in the production of aberrant isoforms of antiviral genes
to facilitate the invasion and replication of viruses.
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Development of T cells in thymus

3. Contribution of Alternative Splicing to Humoral Immunity

Humoral immunity is mediated by antibodies, which are produced by B lymphocytes.
Upon maturation, B lymphocytes produce IgM as the first type of immunoglobulin, fol-
lowed by immunoglobulin IgG, IgE, and IgA, as a result of irreversible rearrangement
of the immunoglobulin gene after activation. In contrast, the IgM-to-IgD transition is
produced through alternative splicing of a long primary mRNA transcript from the Ig
heavy chain gene, IGH [29,30]. The nuclear RNA-binding protein, HuR, is well known for
its function in mRNA splicing and nuclear export. HuR deficiency in B cells affects the
proliferation and differentiation of B lymphocytes by controlling the splicing of hundreds
of genes, including the IgM-to-IgD antibody class switch [31].

4. Control of T Cell Development and Activation Mediated by Splicing Isoforms

T cells develop from hematopoietic stem cells in the thymus and express the lineage-
specific biomarker of T cell receptors on the cell membrane. A few notable alternatively
spliced molecules have been clearly identified as being involved in the development
and functional regulation of T cells. The spliced isoforms of transmembrane protein
tyrosine phosphatase, CD45, are the first and most studied molecules in T cells [32,33].
The CD45 gene can express isoforms CD45RA, CD45RB, CD45RC, and CD45R0O through
alternative exons (exons 4, 5, and 6) within the extracellular domain. The different CD45
isoforms are expressed at different developmental stages of T lymphocytes in the thymus
during the negative and positive selection of the cells [34,35], and also correspond to
different functional statuses of T cells after they face the antigens in peripheral lymphoid
tissues [36,37] (Figure 1A). Though different CD45 isoforms are found in different subsets
of the T cells, it is hard to say if the isoforms result in the differentiation of T cells. In
recent years, light has been thrown on the interaction and function of CD45 with the T
cell receptor (TCR). Researchers found that CD45 was involved in the formation of the
immune synapse for initiating the activation of the TCR through cytoplasmic domains of
CD45 to dephosphorylate the tyrosine kinase, Lck [38,39]. In the later stage of the signal
transduction of T cell activation, TCRs are excluded from CD45 for their optimal activation.
The differentially spliced CD45 isoforms have different sizes. The larger variant, RABC
(approximately 40 nm for ectodomains), is excluded more rapidly and efficiently than
the smaller isoform, RO (approximately 25 nm for ectodomains), from the TCR [40—-42]
(Figure 1B). These studies indicate that the structure of the extracellular domains of CD45,
encoded by alternative splicing, controls the TCR signaling during the activation of T cells.

difpm.

o

gii{gamm

Activation of Tcell in periphery \ )
RABC RBC RAB RB RA
CD45 soforms

(B)

Figure 1. Expression and function of CD45 isoforms on T cells. (A) Expression of CD45 isoforms on the surface of T

lymphocytes in thymus and peripheral lymphoid tissues. (B) Relationship of CD45 isoforms to the T cell receptor (TCR).

CD6 is another transmembrane glycoprotein expressed by medullary thymocytes and
all mature T cells. Human CD6 mRNA consists of 13 exons, among which 7 exons at the 5
end encode the extracellular region and transmembrane domain, and the 6 exons at the 3/
end encode the cytoplasmic domain [43-45]. The alternative splice sites of CD6 are located
in nucleotide sequences for both the intracellular and extracellular domains. The isoform
CD6A3 is produced from exon 5 skipping and consequently lacks the extracellular third
scavenger receptor cysteine-rich domain, which can bind to CD166 on antigen presenting
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cells. Thus, the splicing out of exon 5 results the CD6Ad3, which is unable to localize
at the T cell-antigen presenting cell interface, during the process of antigen presentation.
Immunofluorescence assays indicate that after the activation of T cells, a portion of full-
length CD6 was substituted by the CD6Ad3 isoform [46,47]. This mechanism controlling
the expression of the CD166 binding domain through alternative splicing may help regulate
signaling, delivered by CD6 during T cell activation. Based on the cytoplasmic regions,
the isoforms of CD6 were identified and named as CD6a, CDé6b, CD6c, CD6d, CD6e, and
CDé6f, and each isoform is formed by alternative splicing of the cytoplasmic encoding
exons [48,49]. As an early consequence of T cell activation through the TCR complex, the
cytoplasmic domains of CD6 undergo hyperphosphorylation, then interact with multiple
kinases of different families within the cell [50,51]. The existence of these isoforms enables
CDé6 to flexibly regulate signal transduction and T cell function.

Besides the modulation of multiple CD molecules, cytotoxic T cell immune response
is also correlated with a number of cytokines. IL-15 isoforms can impair IFN-y production
upon TCR engagement in mice [52]. Skipping of exon 5 in IL-7 leads to increased STATS sig-
naling via IL-7R, to promote T cell survival [53]. Moreover, the IL-7 isoforms have also been
identified with the ability to down-regulate splicing regulators, leading to the inclusion of
exon 6 of CD95 on memory CD4+ T cells [54]. Bose et al. recently found that the global
splicing efficiency of T cells became optimal within 2 h but declined between 4 and 6 h after
the stimulation of T cells with phorbol myristate acetate, leading to the altered expression
of IL-2 [55]. These results suggest that in the immnue response, interleukins might regulate
or serve as targets for alternative splicing in the modulation of T cell function.

5. Abnormally Spliced Isoforms in Immune-Associated Diseases

Aberrant expression of alternatively spliced variants has been found to be associated
with almost all the immune-associated diseases. One of the situations is infection. For
example, various spliced forms of IL-7 have been identified in HIV patients, granuloma-
tous lesions of mycobacteria tuberculosis patients, and tumor cell lines [53,54]. Another
situation is the breaking of immune tolerance by aberrant splicing. Full-length IL-33 is a
nuclear protein and may function as an alarm signal, released during cell death. While the
splicing out of exons 3 and 4 confers cytoplasmic localization and facilitates extracellular
secretion, that spliced isoform, not full-length IL-33, is strongly associated with airway type
2 inflammation in allergic airway diseases [56,57]. Autoimmune diseases also result from
the imbalance of immune homeostasis. The alternatively spliced CD45RO isoform has been
found to be increased in systemic lupus erythematosus (SLE), and CD45 isoforms have been
suggested as biomarkers of SLE and are capable of distinguishing the functional status of T
lymphocytes [58]. Several meta-analyses of genome-wide association screens on multiple
sclerosis (MS) patients, and healthy controls, demonstrated significant association of single
nucleotide polymorphisms correlated with CD6 alternative splicing and MS [59-61]. For
the expression of CD6 isoforms in different immune activities, CD6 has also been suggested
to be a potential target for the therapy of MS [62,63]. CD21 is membrane glycoprotein
binding to the complement C3d fragment, which provides the co-stimulatory signal for
the survival and activation of B cells [64,65]. The mature B cells express the short CD21
(CD215) lacking exon 10a, and follicular dendritic cells selectively express long isoforms
of CD21 (CD21L) containing exon 10a [66]. In clinic, CD215+ expression was proposed
to be used as a prognostic factor for better survival of the patients of diffuse large B-cell
lymphoma, and CD21L+ in rheumatoid synovia indicated high inflammation [67,68], while
the regulatory mechanism for the splicing isoforms has not been reported.

Tumor pathogenesis is complex, and it is also correlated with the surveillance of
the immune system. Alternative splicing of pre-mRNAs is associated with tumor cell
signal transduction in regulation of mitosis and migration, or helping tumor cells escape
from immune surveillance, which has been well summarized in previously published
reviews [69-72]. Additional knowledge of cancer type-specific changes in transcript splic-
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ing provides valuable clues for physicians in prognosing, diagnosing, and implementing
therapeutic strategies for cancer.

6. Regulatory Mechanisms of Alternative Splicing in the Inmune Response

Studies in the recent several decades have demonstrated that multiple factors have
been involved in the alternative splicing at cis, trans, or co-transcriptional levels.

(1) Cis regulation: cis-elements for splicing refer to the sequences in the pre-mRNA
that correlate with the modulation of splicing, which include the GU sequence at the 5
end as the splice donor site, the AG sequence at the 3’ end as the splice acceptor site,
and the adenine branch point for definition of the exon and intron by the spliceosome.
Also included are exonic splicing enhancers, exonic splicing silencers, intronic splicing en-
hancers, and intronic splicing silencers [4,73,74]. Alternative exons are generally associated
with weak splice site signals [75]. Mutations in DNA might disrupt existing splice sites
or create new splice sites and result in alternative splicing of pre-mRNA (Figure 2). C77G
variation in exon 4 of the human CD45 gene was identified as being correlated with the
altered expression of CD45 isoforms and modulated function of T cells [76-78]. Besides
DNA mutation, RNA editing can directly influence the splicing. N6-methyladenosine
(m6A) represents one of the most abundant and dynamic RNA modifications in eukaryotes
and controls the RNA structure and interactions with RNA-binding proteins [79]. The
m6A reader and moderator, ALKBHS, can specifically remove m6A from target mRNAs.
ALKBH5-mediated m6A erasure was found essential for correct RNA splicing in spermato-
cytes and spermatids, and failure to do so led to the production of aberrant splice variants
that were rapidly degraded [80]. The infection by viruses, including dengue, Zika, West
Nile, and hepatitis C viruses, alters m6A modification of RNA transcripts, with different
viruses having different effects on host RNAs through promoting translation or alternative
splicing to regulate infection [81].
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Figure 2. Schematic diagram showing regulation of alternative splicing in cis. Left panel, splicing in of exon b (Eb). Right
panel, alternative splicing leading to removal of exon b. E: exon; A: branch site for RNA splicing; **: mutated nucleotides.

(2) Trans regulation: trans-acting factors, formerly referred to as splicing factors, are
RNA binding factors, including RNA binding proteins (RBPs) and noncoding RNA, that are
involved in the formation of the spliceosome and directly take part in the splicing process
(Figure 3). The proteins directly involved in the splicing are also called splicing factors,
and the binding profile and functions of splicing factors have been broadly studied [75,82].
Ribonucleoprotein (hnRNP) family member, hnRNP L, and its cell-type specific paralog,
hnRNP L-like (hnRNP LL), are some of the trans-acting factors first identified in repressing
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the splicing of the variable exons in the CD45 gene. Knockdown of the expression level
of hnRNP proteins, in vitro or in vivo, leads to altered CD45 pre-mRNA splicing and
increased expression of CD45RA in human lymphoid cell lines. Exon array analysis
showed that hnRNP LL acts as a global regulator of alternative splicing in activated T
cells [83-85]. Besides the hnRNP family, the serine/Arginine family is another group
of splicing factors, which comprises a number of structurally conserved proteins with
arginine and serine residues in the domains. The member Serine/ Arginine splicing factor 1
(SRSF1) has been found abundantly expressed in most tissues, acting as a master controller
of T cell activity, and being involved the immune regulation of SLE [86-88]. During the
alternative splicing of exon 5 in CD6, SRSF1 binds to the regulatory sequence in intron
4 and promotes the inclusion of exon 5. When the T cell has been activated, the binding
level of SRSF1 to the CD6 pre-mRNA decrease, and exon 5 is prone to be skipped [89].
Tang et al. found that SRSF1 could promote the exclusion of exon 13 in CD46, which is
a membrane protein to protect host cells from complements induced injury [90]. RNA
binding proteins, PTBP1 and PTBP3, are expressed on B cells and belong to the PTB protein
family, which specially bind to the pyrimidine-rich sequence of target RNAs and control
the posttranscriptional splicing. PTBP1 was found having a regulatory effect on the splicing
of CD46, while promoting the inclusion of exon 13 [90]. Genome-wide analysis indicates
that the regulatory effect of PTB protein on exon splicing is up the binding position. When
the proteins crosslink to the 3'UTR of the transcript, they can modulate RNA variants’
degradation by nonsense-mediated mRNA decay, thus suppressing the expression of
target genes [91,92]. Experiments with an animal model indicate that PTBP proteins are
essential for the development and antibody production of B cells [93-95]. In addition, the
splicing factor, RBM10, is also found to be involved in the alternative splicing following
viral infection, tumor progression, and inflammation development [26,96-98]. Recently,
multiple RNA sites for RBPs have been identified in the ENCODE phase III project, after
the typical ENCODE phase I and II projects [99]. The binding sites influence the binding
and function of splicing factors, and ultimately control the post-transcriptional processes
including RNA splicing.

N i

—
re-mRNA - \

pre-mRNA P R < RBP |

T O I — A o ——: — - I
G ——— - I ———c [
SpIiCing ) U SphCIng /\U‘

G v G

(e £ C_‘A_Ae [ e | T — —c .

te, -'7 e, -‘7 = ~ - ’7

--------------- ~ -
=~ -~ —— - -
. l intron a + exon b +intron b

mature mRNA intron a intron b lariat

E

a

y lariat u lariat mature mRNA
ED £C + A AG + a—AG Y

o
T e —

EELIACTITR

Splicing in of exon b Splicing out of exon b

Figure 3. Schematic diagram showing regulation of alternative splicing in trans-act. Left panel shows the normal splicing

to include all three exons. Right panel shows exclusion of exon Eb, due to alternative splicing mediated by RNA-binding
protein(s), RBP(s), and non-coding RNA. E: exon; A: branch site for RNA splicing; RBP: RNA-binding protein(s); ncRNA:
non-coding RNA complementary to the pre-mRNA.
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(3) Co-transcriptional regulation: co-transcriptional regulation differs from cis and
trans regulation, since there are no direct alterations of pre-RNA sequences and RNA-
binding proteins. During co-transcriptional regulation, the transcriptional process regulates
post-transcriptional splicing, mainly through controlling the speed of RNA polymerase
11[100,101]. DNA methylation in promoters is well established with repressed activity of
transcriptional initiation, while DNA methylation in gene bodies serves as the foundation
to block the binding of CTCE, resulting in faster movement of RNA polymerase II and
the limited time for recognition of the weak splice alternative exon 5 in the CD45 gene,
resulting in increased skipping of alternative exons [102]. A series of histone modifications
on the alternative exon’s region was also correlated with the polymerase II elongation rate
and alternative splicing of the CD6 and CD44 genes [89,103]. No matter whether it’s due
to DNA methylation or histone modification, a similar mechanism is involved whereby
the polymerase II elongation rate is modified to affect alternative splicing of exons at the
co-transcriptional level (Figure 4).
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Figure 4. Schematic diagram showing regulation of alternative splicing at the co-transcriptional level. Left panel shows the

normal splicing to include all three exons. Right panel shows exclusion of exon Eb, due to alternative splicing mediated by
RNA Pol II speed. E: exon; A: branching site for RNA splicing; Pol II: RNA polymerase II.

Among the splicing regulators, non-coding RNAs, including linear long non-coding
RNA (IncRNA), linear small non-coding RNA (sncRNA), and circular RNA (circRNA),
are also considered to play an important role in splice regulation at the trans or co-
transcriptional level. LncRNAs are usually generated endogenously from the genome
and lack significant protein coding capacity. MALAT1 (the metastasis-associated lung
adenocarcinoma transcript 1, also known as NEAT?2) is a highly conserved IncRNA and pre-
dominantly localizes within the nucleus, where it regulates the splicing of numerous genes
by interaction with splicing factors or other miRNAs [104,105]. Besides being associated
with multiple tumors, MALAT1 was also found with altered expression in the infectious
disease [106,107], immune associated atherosclerosis [108], and asthma [109] in recent years.
Among the endogenous IncRNAs, natural antisense transcripts (NATs) are transcribed
from DNA strands at the same locus as the sense gene, but in the opposite direction. Global
transcriptome analysis of lymphoblastoid cell lines manifested that about 40% of human
genes have NATs, and these NATs are affected by alternative splicing of exons in about
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75% of the sense-antisense annotations [110,111]. The NAT of CD45 was proposed with the
potential to regulate the alternative splicing of CD45 at a co-transcriptional level through
recruiting factors to modify the DNA methylation of sense genes [112,113].

SncRNAs are generated from IncRNAs or directly transcribed from protein-coding
or nonprotein-coding transcriptional units. In the nucleus, a special group of sncRNAs
directly takes part in the formation of the spliceosome together with splicing factors and
is involved in the catalysis of the splicing reaction [114,115]. U1 small nuclear RNA was
identified as being involved in defining exons 7 and 8 of CD46 [90]. Through dissection
of the high-throughput data of SARS-CoV-2 viral bound human proteins and computed
analysis of the alternative splicing events, Srivastava et al. revealed that SARS-CoV-2
interacted with 51 human RBPs and 22 miRNAs of host cells, of which the majority of them
were highly expressed in gonadal tissues and immune cells, including T cells, NK cells,
and monocytes [116,117]. The results indicate that one microbe can interact both with RBPs
and noncoding RNAs to alter post-transcriptional regulation in specialized immune cells.

CircRNAs are a newly recognized class of closed noncoding RNAs, in which the 5’
and 3’ termini are covalently linked by back-splicing of exons from pre-mRNA. During
back-splicing, the internal exons of pre-mRNA are excised to form a circRNA, and the
remaining pre-mRNA are spliced in an alternative pattern to form linear RNA, which
indicates the back-splicing of circRNA competes with the canonical splicing of their linear
equivalents [118]. Moreover, circRNAs are relatively stable in the cells to serve as miRNA
sponges and contribute to modulating gene expression [119,120]. The circPan3 generated
from the linear primary transcript of the Pan3 gene increases the expression of IL-13 in small
intestinal immune cells through binding to and stabilizing the mRNA of IL-13Rec1 [121].
Based on the interaction with miRNAs and splicing competition for linear RNA production,
the expression of circRNAs was correlated with the pathogenesis of multiple tumors, T cell
ageing, virus infection, and autoimmune diseases [122-124].

The summary of the splicing regulators (Table 1) indicates that the alternative splicing
of a single gene, for example CD45 and CD46, could be regulated in multiple ways in differ-
ent situations. Both proteins and noncoding RNAs can regulate the splicing at the trans-act
or co-transcriptional level. The proteins generally affect alternative splicing on a broad, or
even globally, genomic scale. While alternative splicing is regulated by exogenously synthe-
sized oligo RNAs or endogenous natural antisense transcripts, greater target site specificity
occurs due to sequence guided complementation. The first application of antisense RNA
in clinic was for the treatment of patients with spinal muscular atrophy [125-127]. This
should also be a promising therapeutic strategy for delivering splice-switching oligomers
to lymphoid cells for splicing-associated immune diseases by correcting mis-splicing or
altering the balance of different splice isoforms.
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Table 1. The representative splicing regulators associated with immunity.

Regulator

Acting Way Target Gene Associated Function Ref.

Mutation in DNA sequence of CD45 exon 4 alters the

DNA mutation—C77G Cis CD45 . [78]
splicing of the exon.
.. . Viral infection modulates alternative splicing of
RNA editing—M6A Cis CIRBP CIRBP through RNA modification. [81]
HnRNP LL protein binds to CD45 transcript to
RBP—hnRNP LL Trans D45 control the expression of CD45RA and RO. [84]
RBP—SRSF1 Trans CD46 SRSF1 protein promptes the exclusion of exon 13 [90]
in CD46.
RBP—PTBP1 Trans CD46 PTBP1 protein prom.otes the inclusion of exon 13 [90]
in CD46.
RBP—RBM10 Trans SATI RBM10 is resPor}s'lble f'or SATl'exc')n 4 skipping for [26]
limiting viral replication.
MALATT1 regulates the splicing of multiple genes
IncRNA—MALAT1 Trans SAT1 including SAT1 by interaction with serine/arginine [104]
splicing factors.
sncRNA—U1 RNA Trans CD46 U1 small nuclear RNA defines exons 7 and 8 of CD46. [90]
circRNA—circPan3 Trans Pan circPan3, ({rlglgated from the back—§phcmg of Pan3 [121]
transcript, increases the expression of IL-13.
DNA binding protein, CTCEF, linking DNA
e . L methylation to modulate the splicing of CD45
DNA modification co-transcriptional CD45 through controlling the RNA polymerase II [102]
elongation rate.
Histone modification modulates the alternative
Histone modification co-transcriptional CD44 splicing of CD44 through controlling the RNA [103]

polymerase II elongation rate.

7. Neoantigens Produced by Alternative Splicing

Neoantigens are novel peptides with epitopes or antigenic determinants to the im-
mune system, which are generated in specific situations, for example during the patho-
genesis and progression of tumors. All the DNA mutation, RNA editing, and post-
transcriptional splicing have the possibility to produce neoantigens [128,129], and several
types of software have been reported for the prediction of neoantigens, based on the in-
formation from RNA-seq data [130-133]. In normal cells, not all of these aberrant RNA
variants have the possibility to produce protein isoforms. It was proposed that about
30% of alternatively spliced transcripts in human cells contain premature termination
codons that will result in the degradation of the RNA through nonsense-mediated de-
cay [134]. Moreover, great numbers of these RNA variants are noncoding RNA. However,
the nonsense-mediated decay regulation mechanism is also frequently disrupted in cancer
cells, which allowing the aberrant transcripts to escape degradation [135,136]. Therefore,
accumulations of aberrant transcripts are frequently observed in cancer cells.

The neoantigens identified from tumor patients of multiple myeloma have been
verified in vitro by experiments with potential to activate neoantigen specific T cells [137].
Tumor cells in vivo have a series of ways to escape the surveillance of the immune system,
including low expression of MHC for the poor antigen presentation, excluding of effector
cells from the invasion of tumors, and being replaced with immune suppressor cells [138].
This condition promotes the development of specific tumor vaccines, and tumor targeted
therapy strategies, such as anti-CTLA-4 and anti-PD-1, have been applied in clinic in recent
years as precision medicine and achieved many successes [139,140].
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8. Prospect

We present a short review concerning alternative splicing in immune activity. In
addition, we also pose some questions associated with splicing and list them here for
researchers having the same interests for further discussion and exploration.

(1)  Tumor cells have strategies to escape immune surveillance of neoantigens generated
from the spliced variants, while for the normal somatic cells, there are also novel
protein variants produced to deal with altered exogeneous surroundings or endoge-
nous modulation. How does the immune system recognize and deal with these novel

protein isoforms in the life span?

(2) What are the physiological functions of the spliced isoforms? Most human genes have
alternatively spliced RNA isoforms. Presently, only a small portion of them correlate
with clinical disorders, such as cancer, heart disease, and immune disease, and have
attracted the attention of scientific researchers, while the functions of most of them
has not been identified. It is considered that spliced isoforms might play an important
role through providing diversity transcripts in the long-term evolution of immune
responses [141]. If without function, will these alternative exons be removed as junk

sequences in the future evolution of humans?

(3) If alternative splicing is correlated with clinical diseases, the next step will be how to
target the abnormal alternative splicing to provide treatment. For refractory autoim-
mune diseases, besides the application of chemical medicines, whether the production
of the alternative splicing be prevented or be targeted for degradation should be a

question worthy of consideration and exploration.

In summary, immune activity is an extremely complex response to exogenous sur-
roundings and endogenous regulation involving multiple factors. Alternative splicing, by
producing RNA or protein isoforms, plays a crucial role in the immune response from the
physiological development of immune cells and regulation of immune activity, to clinical
immune-associated disorders. There are also some questions, as mentioned above, about
the relationship between immunity and alternative splicing, which is waiting for answers
from the scientific progress of related fields. Nevertheless, antisense oligonucleotides have
a high potential for modulating alternative splicing in future clinical trials, since they have

the potential to target specific DNA or RNA sequences.
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