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Abstract

Circular RNAs (circRNAs) are novel clusters of endogenous noncoding RNAs (ncRNAs) that are widely
expressed in eukaryotic cells. In contrast to the generation of linear RNA transcripts, circRNAs undergo a
“back-splicing” process to form a continuous, covalently closed, stable loop structure without 5' or 3' polarities
and poly (A) tails during posttranscriptional modification. Due to the widespread availability of several
technologies, especially high-throughput RNA sequencing, numerous circRNAs have been discovered not only
in mammals but also in plants and insects. Notably, due to their abilities to serve as microRNA (miRNA)
“sponges”, miRNA “reservoirs”, regulate gene expression and encode proteins, circRNAs participate in the
development and progression of different immune responses and immune diseases by enriching various forms
of epigenetic modification. CircRNAs have been demonstrated to be expressed in a tissue-specific and
pathogenesis-related manner during the occurrence of multiple immune diseases. Additionally, because of their
circular configurations, expression in blood and peripheral tissues and coexistence with exosomes, circRNAs
show inherent conservation along with environmental resistance stability and may be regarded as potential
biomarkers or therapeutic targets for some immune diseases. In this review, we summarize the characteristics,
functions and mechanisms of circRNAs and their involvement in immune responses and diseases. Although our
knowledge of circRNAs remains preliminary, this field is worthy of deeper exploration and greater research
efforts.
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Introduction

For decades, numerous experiments have
focused on protein-coding genes and their associated
transcripts in different species; however, these
hotspots account for only approximately 2% of the
entire human genome [1]. In fact, the vast majority of
the remaining sequences, up to 90%, cannot encode
proteins, indicating that noncoding RNAs (ncRNAs)
are dominant in the eukaryotic transcriptome [2]. In
accordance with the standard length of 200
nucleotides (nt), ncRNAs can be generally classified
into long ncRNAs (IncRNAs), microRNAs (miRNAs),
Piwi-interacting RNAs (piRNAs), small interfering
RNAs (siRNAs) and circular RNAs (circRNAs) [3].

Notably, the mechanisms underlying the activation or
inhibition of ncRNAs in transcriptional and
posttranscriptional regulation and the development of
human diseases are gradually being discovered.

As members of the ncRNA family, circRNAs,
which were once believed to be redundant
byproducts of gene splicing, are not fully understood
because circRNAs have only been recognized in the
past 3-5 years due to the extensive utilization of
high-throughput RNA sequencing and microarray
analyses [4]. By undergoing a unique “back-splicing”
process, circRNAs acquire a covalently closed loop
without 5 or 3’ polarities and a poly (A) tail
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configuration [5]; these features represent the basic
requirements for RNase resistance and inherent
conservation [6]. CircRNAs are predominantly
localized in the cytoplasm [7] and are originated
mainly from exons and partially from introns [8] and
exon-introns [9]. In addition to the canonical property
of miRNA “sponges”, circRNAs also possess a series
of Diological functions, including —miRNA
“reservoirs”, gene expression regulation and protein
coding, that allow circRNAs to be involved in the
extra- or intracellular modulation and occurrence of
different diseases [10]. Similarly, many studies have
suggested that circRNAs are more inclined to display
tissue-dependent expression and are frequently
expressed in several diseases [11], highlighting the
essential correlation between circRNAs and certain
diseases and the necessity to clarify the functions and
mechanisms of circRNAs in these diseases.

The immune system is responsible for the
surveillance and defense against the invasiveness of
different exogenous pathogens and the maintenance
of internal homeostasis by maintaining proper
immune tolerance and regulation. In fact, immune
surveillance and defense are the main immune
responses. Based on the types of exogenous antigens,
immune responses can exert antiviral, antibacterial
and antitumor functions depending on the diverse
immunocytes that synthetically construct the immune
defense. Elements, such as the inappropriate exposure
to self-antigens, dysregulation of immune responses
and stimulation of cross antigens, may launch
autoimmunity and promote the generation of certain
immune diseases. Although most recent studies have
concentrated on proteins, several studies have
reported that ncRNAs, particularly IncRNAs and
circRNAs, can also be novel candidates involved in
the regulation of immune responses and immune
diseases [12].

In this review, we summarize the identification,
biogenesis and functions of circRNAs. We also
elucidate the correlation and regulatory mechanisms
of circRNAs in various immune responses and
diseases. Finally, we discuss some of the limitations of
current explorations and highlight the potential
clinical value of circRNAs as novel diagnostic
biomarkers and potential therapeutic strategies.

Identification, biogenesis and functions
of circRNAs

Identification: circRNAs are novel
gene-splicing products with high stability and
inherent conservation

In 1979, Hsu and Coca-Prados published a report
presenting the first conclusive evidence of the

existence of circRNAs in the cytoplasm of eukaryotic
cells by electron microscopy [13], opening a new era
of the understanding of the abundance of RNA
transcripts. However, unfortunately, studies
investigating circRNAs stagnated for the following
20-30 years due to insufficient attention after the
initial interest. CircRNAs were even considered
byproducts of gene splicing for a long time. Due to the
advent of transcriptome sequencing technology and
improved computational approaches [14], circRNAs
were sequentially discovered in a series of organisms,
including humans [15], Drosophila [16], plants [17],
Cryptococcus [18)], Zebrafish [19] and protists [20]. In
addition to their broad range of expression, circRNAs
appear to be more stable than linear RNAs in vivo
because of their covalently closed loop structures; this
stability results in resistance against RNase and RNA
exonucleases [6]. Moreover, circRNAs display high
levels of conservation regardless of the evolutionary
distance between species. For example, approximately
20% of murine circRNAs are orthologous to those in
humans [21]. Based on the above characteristics, an
increasing number of studies have demonstrated that
circRNAs are involved in multiple physical processes,
such as synaptic development and neuronal
differentiation [11]. Taken together, these data suggest
that circRNAs are novel, rather than simply
nonfunctional, products of gene splicing and that they
are highly stable and intrinsically conserved.

Biogenesis: circRNAs are formed through a
special splicing pattern and are normally
divided into three categories

In contrast to conventional linear splicing
forming a linear and exoteric 5’ to 3’ structure of joint
exons, circRNAs contain a loop configuration that is
covalently closed and terminally deficient [22]. Both
“back-splicing” and “exon-skipping” have been
confirmed in vitro and in vivo, respectively, and are
canonical splicing patterns of circRNAs [14, 23].
Nevertheless, accumulating evidence suggests that
“back-splicing” seems to be more important than
“exon-skipping” because this pattern is more
frequently observed [15]. Briefly, following the
appearance of a breakpoint, the ligation of the
downstream 5’ splicing donor site to the upstream 3’
splicing acceptor site in a reverse confirmation is
induced, followed by the alternative trimming of
intron sequences and the final generation of circRNAs
[24]. Different breakpoint locations determine the
diversity of the circRNA components, indicating that
circRNAs can be circularized by exons, introns,
intergenic regions, nontranscriptional areas or
random combinations through “back-splicing” [25].
In fact, circRNAs can be generally classified into the
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following three categories according to their inner
elements: exonic circRNAs (ecircRNAs) [26],
exon-intron circRNAs (eiciRNAs) [9] and circular
intronic RNAs (ciRNAs) [27]. EcircRNAs, which
exclusively comprise one or more exons, account for
most (over 80%) [6] identified circRNAs and
selectively arise from “lariat-driven circularization”
[28] or “intron-pairing-driven circularization” [23]
(Figure 1A). EiciRNAs, which are circularized via
“exon-skipping” events, harbor flanking intron
sequences at the offside of core exons that should
generally be spliced; therefore, EiciRNAs are referred
to as eiciRNAs or retained-intron circRNAs [9]
(Figure 1B). CiRNAs are also produced by a
lariat-derived mechanism relying on a consensus
GU-rich domain near the 5 splice site of pre-mRNA
and a C-rich domain near the breakpoint [8].
Intriguingly, the GU-rich domain can protect the
C-rich domain from branching or degrading, thus
generating stable ciRNAs or so-called intron-derived
circRNAs [29] (Figure 1C). Additionally, pre-tRNAs
can be cleaved by the tRNA splicing endonuclease

complex, and the spliced exons and introns are ligated
to form tRNA intronic circular RNAs (tricRNAs) [30]
(Figure 1D).

Although the basic mechanisms of circRNA
biogenesis have already been verified, some factors,
including the sequence properties, protein regulators
and transcriptional phases, may also influence the
efficiency or products of “back-splicing”. 1) Flanking
intronic elements are much longer, have more
complementary matches or repeats and have been
reported to promote circRNA circularization [16].
Nevertheless, in some cases, short intron sequences
(30- to 40-nt inverted repeats), especially Alu
repetitive elements, can enhance the accessibility of
two separated pre-mRNA splice sites in a
base-pairing manner, ultimately facilitating circRNA
formation [31]. 2) Circularized exons are much longer
than noncircularized exons created by linear splicing
[6], and the exon length is positively related to the
efficiency of circRNA biogenesis [31]. For example,
single-exon circRNAs contain exons that are on
average 3-fold longer than those of linear RNAs [32].

\
(%Oareakpoml

°—>@

j‘o Vt EcircRNA (Exon 1)

EcircRNA (Exon 1/2/3)

=

EiciRNA (Exon 1/2, Intron 1)

Intron 1 | Intron 2

v
2

CiRNA (Intron 1

~Qols

TricRNA

tRNA

Figure 1. Biogenesis models of circular RNAs (circRNAs). Due to the emergence of differentially located breakpoints, primary RNA transcripts undergo “back-splicing”
to produce the 5' splicing donor site and 3' splicing acceptor site. Subsequently, the 5' splicing donor site is combined with the 3' splicing acceptor site in reverse order to form
a covalently closed loop without 5' or 3' polarities and poly (A) tails. (A) Exonic circRNAs (ecircRNAs) are composed exclusively of exons without flanking introns. The number
of exons ranges from one to two or more depending on the breakpoints. Over 80% of circRNAs arise from ecircRNAs. (B) Exons (at least one) accompanied by flanking introns
that have not been degraded during “back-splicing” compose exon-intron circRNAs (eiciRNAs). (€) Intron-derived circRNAs (ciRNAs) are produced through a lariat-derived
mechanism depending on a consensus GU-rich domain near the 5' splicing site and a C-rich domain near the breakpoint. The remaining noncircularized introns are sequestered.
(D) tRNA intronic circRNAs (tricRNAs) originate from the exons and introns of pre-tRNAs cleaved by the tRNA splicing endonuclease complex. Abbreviations: ciRNA: circular
intronic RNA; ecircRNA: exonic circRNA; eiciRNA: exon-intron circRNA; tricRNA: tRNA intronic circular RNA.
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3) Hyperedited RNAs possess unique and sufficient
sequences for circularization [33]. 4) Different
splicing-associated proteins are critical regulators of
cyclization. The RNA binding proteins (RBPs)
muscleblind (MBL) and Quaking (QKI) bind and
enhance the proximity of splicing sites, thus driving

relies on repetitive intron sequences longer than
300-nt, but sequences with intron repeats shorter than
40-nt are likely to induce posttranscriptional
“back-splicing” [39], indicating that circRNAs can
arise from cotranscription or posttranscription.

Functions

circularization [34, 35]. However, adenosine
deaminase acting on RNA 1 (ADAR1) is negatively
correlated with circRNA production due to its high
affinity to double-stranded RNAs (dsRNAs) and
melting of the stem structure [33]. Additionally,
heterogeneous  nuclear  ribonucleoprotein L
(HNRNPL), FUS RNA binding protein (FUS) and
DExH-box helicase 9 (DHX9) can regulate circRNA
formation [36-38]. 5) There is no absolute distinction
between circRNA generation and cotranscription or
posttranscription. Recent studies have reported that
the cotranscriptional circularization of circRNAs

The biological functions of circRNAs, such as
serving as miRNA “sponges” or miRNA “reservoirs”,
regulating gene expression and encoding proteins,
have been successively clarified in recent years
(Figure 2).

I. CircRNAs suppress miRNA expression by

functioning as specific miRNA “sponges”

MiRNAs are large clusters of small ncRNAs that
negatively regulate the level of target mRNAs by
directly binding their 3'-untranslated regions
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Figure 2. CircRNAs perform a series of biological functions. (A) Since primary RNA transcripts are generated by transcription, these immature products undergo
“back-splicing”, which competitively suppresses linear splicing, producing circRNAs, including eiciRNAs, ciRNAs and ecircRNAs, at the cost of losing their linear equivalents.
EiciRNAs and ciRNAs can conversely activate their parental genes by forming transcription complexes and binding the 300-nt region upstream of the transcription start site
(TSS). Both eiciRNA and ciRNA transcription complexes require RNA polymerase I, but UT snRNAs are also needed to complete the eiciRNA transcription complex. Notably,
eiciRNAs and ciRNAs are primarily located in the nucleus, whereas ecircRNAs dominantly translocate to the cytoplasm to perform other tasks. (B) EcircRNAs contain a certain
number of miRNA response elements (MREs) that create fundamental structures to interact with target miRNAs as specific miRNA “sponges”, which significantly interrupt the
expression and behaviors of downstream miRNAs. In contrast, by using MREs, ecircRNAs can also store miRNAs to stabilize their expression and release under certain
conditions, serving as miRNA “reservoirs”. Additionally, ecircRNAs harbor some internal ribosome entry sites (IRESs) to launch the cap-independent translation, open reading
frames (ORFs) and start codons to initiate the “protein coding” in polymerases. Various translation initiation factors, such as Né-methyladenosine (m6A), eukaryotic initiation
factor 3 (elF3), elF4G2, YTH Né-methyladenosine RNA binding protein 3 (YTHDF3) and methyltransferase like 14 (METTL14), are involved in this process. Moreover, many
ecircRNAs can combine with RNA binding proteins (RBPs) via complimentary sequences, blocking the binding between RBPs and mRNAs/miRNAs as protein “sponges” and
cooperatively regulating the procedures of translation. In conclusion, circRNAs broadly participate as critical links in intracellular events and form an intricate regulatory
network. Abbreviations: ciRNA: circular intronic RNA; ecircRNA: exonic circRNA; eiciRNA: exon-intron circRNA; IRES: internal ribosome entry site; miRNA: microRNA; MRE:
miRNA response element; ORF: open reading frame; RBP: RNA binding protein; snRNA: small nuclear RNA.
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(3'-UTRs) and interfering with the translation process
[40]. The complementary sequences of miRNAs in the
3"-UTRs of target mRNAs are commonly referred to as
miRNA response elements (MREs) [41]. Similarly,
circRNAs, which are mainly located in the cytoplasm,
contain different MREs that can interact with target
miRNAs, serving as competing endogenous RNAs
(ceRNAs) [42]. In addition, without the 5 or 3’
terminal ends, circRNAs are free from RNase
digestion, facilitating their functions as miRNA
“sponges” [43].

Despite abundant unknowns regarding the
functions and mechanisms of most discovered
circRNAs, the miRNA “sponge” property has already
been mentioned in several studies. CDRlas (also
known as ciRS-7) has been previously identified to
sequester and impair the functions of miR-7 by
possessing more than 70 conserved MREs and
collaborating with the argonaute (AGO) protein to
influence miR-7 actions in the central nervous system
(CNS) [44]. Sex determining region Y (Sry)-derived
circRNA harboring 16 putative miR-138 interacting
sites significantly diminishes the presence of miR-138,
followed by an increase in the level of miR-138
downstream genes [45]. The ubiquitination effects of
itchy E3 ubiquitin protein ligase (ITCH) are amplified
following the overexpression of circ-ITCH, which
sustainably functions as a “sponge” of miR-7, miR-17
and miR-214 [46]. Circ-TCF25, i.e., the “sponge” of
miR-103 and miR-107, is associated with some
malignant phenotypes of bladder cancer cells and
promotes the expression of cyclin-dependent kinase 6
(CDK®6) [47]. A considerable number of identified
circRNAs have been confirmed or predicted to be
“sponges” of specific miRNAs [48-50]. Furthermore,
numerous targets of these miRNAs also participate in
the modulation of the immune system, highlighting
the potential roles of circRNAs in immune responses
and immune diseases.

However, studies and bioinformatic analyses
indicate that certain circRNAs with various MREs are
actually in the minority. Many circRNAs only possess
a few or even no miRNA target sites [21, 35]. In
addition, accumulating evidence has clarified that the
lack of MRE polymorphisms does not prevent the
sequestering of target miRNAs [10]. Moreover, the
amount of specific circRNAs has been restricted, but
the expression of their target miRNAs is not altered or
even decreased in the presence of some potential
negative feedback loops, significantly limiting
circRNA functioning as miRNA “sponges” [51].
Therefore, the hypothesis that circRNAs induce
miRNA suppression by behaving as specific miRNA
“sponges” remains controversial.

2. CircRNAs act as designated miRNA “reservoirs” to
stabilize miRNA functions

In addition to serving as specific inhibitors of
target miRNAs by functioning as miRNA “sponges”,
circRNAs harbor the opposite ability to stabilize or
activate the functions of miRNAs, which is so-called
miRNA “reservoirs”. The canonical pattern of miRNA
“reservoirs” was discovered and identified in the
regulatory network of ciRS-7, miR-7 and miR-671.
Intriguingly, the miR-671-dependent Ago2-involved
cleavage results in the turnover of ciRS-7, leading to
the disconnection between ciRS-7 and miR-7 and
finally the release of miR-7. In this scenario, miR-671
could play as an activator that liberates miR-7, but
ciRS-7 accumulates and stores miR-7 as a putative
miR-7 “reservoir”’, resulting in an immediate
elevation in miR-7 activity and a substantial
repression of miR-7 targets [52]. Similarly, a recent
study reported that circ-HIAT1, originating from its
parental gene Hippocampus Abundant Transcript 1
(HIAT1), protects three of its targets, i.e., miR-195-5p,
miR-29a-3p and miR-29¢-3p, from the inhibition of the
androgen receptor (AR) via a binding interaction,
thereby functioning as an miRNA “reservoir” to
stabilize the expression of target miRNAs and
suppress the downstream CDC42 level [53]. Although
current explorations of miRNA “reservoirs” are
limited and more studies are still needed to
comprehensively understand the mechanisms of
circRNA-miRNA networks [54], this property, which
differs from the miRNA “sponge” property, enriches
the diversity of the regulation of the interaction
between circRNAs and miRNAs and proposes
potentially novel strategies for disease therapy.

3. CircRNAs are involved in the modulation of gene
expression

Universally, due to their intracellular location
and special structure, circRNAs can regulate the
expression of their parental or downstream genes by
cooperating with RNA polymerases, competing with
linear splicing and sequestering proteins as
“sponges”, ultimately producing alterations in gene
expression during the transcription, posttranscription
and translation phases.

3.1. CircRNAs combine with RNA polymerases to organize
the transcription complex

The intracellular distribution of ciRNAs and
eiciRNAs is primarily enriched in the nucleus,
suggesting that both ciRNAs and eiciRNAs are likely
to function at the transcriptional level [45]. The
mRNA levels of sirtuin 7 (SIRT7), minichromosome
maintenance complex component 5 (MCMb5) and ankyrin
repeat domain 52 (ANKRDS52) are notably decreased
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following the depletion of their corresponding
ciRNAs, 1i.e., ci-sirt7, ci-mcmb5 and ci-ankrd52,
respectively [8]. In fact, the abovementioned ciRNAs
play critical roles in transcription by collaborating
with RNA polymerase II and initiating the
transcription of their parental genes [55]. Similarly,
eukaryotic translation initiation factor 3 subunit | (EIF3))
and poly (A) binding protein interacting protein 2 (PAIP2)
are positively correlated with their corresponding
eiciRNAs, i.e., eici-eif3j and eici-paip2, respectively,
because the transcriptional processes of these two
parental genes is triggered by an interaction among
their eiciRNAs, the Ul small nuclear RNA (snRNA)
(ULA and U1C) and RNA polymerase II to establish
an activating complex and their binding the promoter
region 300-nt upstream of the transcription start site
(TSS) [56].

3.2. “Back-splicing” competitively inhibits the classical
procedure of linear splicing

In contrast to their activator roles of elevating
gene expression, circRNAs switch their characteristics
to inhibit the parental genes via a unique
“back-splicing” pattern. First, after “back-splicing”
successfully generates circRNAs, the remaining
primary RNA transcripts are forced to undergo
alternative splicing (AS) [57]. Then, “back-splicing”
also serves as an endogenous competitor of canonical
linear splicing because of the common need for the
spliceosome machinery [58]. Furthermore, several
circRNAs, such as circ-FMN, circ-DMD and
circ-HIPK2/3, are able to disguise translation start
codons, preventing linear coding transcripts from
being translated [14, 59, 60]. Thus, protein-coding
mRNAs are confronted with a “survival crisis” caused
by circRNAs derived from the same pre-mRNAs and
appear to be suppressed. Therefore, circRNA
synthesis incurs the cost of losing the linear
equivalents of the circRNAs [61].

3.3. CircRNAs are special forms of protein “sponges”

Similar to the miRNA “sponge” property,
circRNAs can utilize specific regions to interact with
some proteins, acting as protein “sponges”. RNA
binding proteins (RBPs) widely affect the cyclic parts
of RNA transcripts, such as mRNAs and miRNAs,
from creation to degradation. Particularly, RBPs
harbor complementary sequences to bind their RNA
targets, allowing circRNAs to combine with the
structures. Thus, similar to the relationship among
poly (A) binding protein nuclear 1 (PABPNI),
circ-PABPN1 and the RBP Human antigen R (HuR),
the translation of target mRNAs is partially or
completely blocked [62]. In addition, recent studies
have demonstrated that circ-Amotl1 can determine the
subcellular translocation of several RBPs, such as

PDK1, MYC, and STAT3 [63], and that circ-Foxo3
functions as a scaffold to assemble the functional
proteins P21 and CDK1, forming a large complex that
regulates translation [64], significantly influencing

target gene expression and enriching the methods by
which circRNAs regulate RBPs.

4. CircRNAs have the ability to encode proteins

In accordance with conventional opinions, the
5'-cap and 3'-poly (A) tail are important elements that
initiate and drive translation. Nevertheless, circRNAs
form a stable loop without 5 and 3’ ends, which is
likely the key to their noncoding property.
Intriguingly, internal ribosome entry sites (IRESs)
have been discovered in some circRNAs [65]. IRESs
are symbols of cap-independent translation [66], and
in vitro assays have revealed that circRNAs may
acquire translation abilities once the IRESs are
inserted into their loops [67]. In addition, several
circRNAs arising from exons or exon-introns may
possess open reading frames (ORFs), thereby
conferring translation potential. Circ-ZNF609 can be
translated into a protein in a splicing-dependent and
cap-independent manner mainly depending on its
two start codons in the 735-nt ORF, which are closely
correlated with polysomes [68]. Furthermore, certain
translation initiation factors, such as
Né-methyladenosine (m6A), eukaryotic initiation
factor 3 (elF3), elF4G2, YTH No-methyladenosine
RNA  binding protein 3 (YTHDEF3) and
methyltransferase-like 14 (METTL14) [69], are able to
trigger circRNA translation. Although several
circRNAs have successively been proven to encode
proteins [70-72], several studies question this result.
Ribosome footprint detection shows no evidence of
the presence of translatable circRNAs in osteosarcoma
[21]. Thus, whether and how circRNAs can encode
proteins require further and deeper exploration.

Functions and mechanisms of circRNAs in
immune responses

Immune responses are protective reactions of the
immune system against exogenous invasiveness to
maintain internal homeostasis. Depending on
different immunocytes, the immune system can
induce appropriate responses to resist viruses,
bacteria and tumors. Notably, circRNAs have recently
been considered participants in the regulation of
immunocytes and various immune responses (Table
1).

CircRNAs and immunocytes

Immunocytes are the core components of
immune responses that implement immune
surveillance, defense and regulation. Current studies
investigating circRNAs in immunocytes

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 2

594

predominantly focus on macrophages, which play
critical and indispensable roles in immune responses.

According to their phenotypes and functions in
response to different immune microenvironments,
macrophages can be authoritatively classified into the
following two groups: canonically activated
macrophages (M1) and alternatively activated
macrophages (M2) [73]. Zhang et al reported that 189
circRNAs were differentially expressed between M1
and M2 macrophages, strongly indicating that
circRNAs are indeed acquired during macrophage
polarization [74]. Additionally, circRNAs may
influence the antigen presentation process of
macrophages. For instance, circ-RasGEF1B positively
regulates the expression of intercellular adhesion
molecule 1 (ICAM-1), which is an adhesion protein that
anchors on the surface of the cell membranes of
macrophages and promotes cell-cell interactions
during antigen presentation by modulating the
stability of mature ICAM-1 mRNA [75]. Moreover,
circ-RasGEF1B is necessary for the proper activation of
macrophages exposed to lipopolysaccharide (LPS)
[76]. Holdt et al confirmed that circ-:ANRIL could
associate with pescadillo ribosomal biogenesis factor 1

(PES1) to impede exonuclease-mediated pre-rRNA
generation and ribosome formation, thus elevating
apoptosis and suppressing proliferation in
macrophages by inducing the expression of Tp53 [77].
Additionally, circ-ZC3H4  participates in the
SiOs-induced stimulation of pulmonary macrophages
[78]. Therefore, circRNAs broadly affect macrophages
from development to activity.

In addition to macrophages, circRNAs can also
contribute to the biogenesis and behaviors of other
immunocytes. Maass et al reported that toll-like
receptor 6 (TLR6) and myosin IF (MYOIF), which are
two key genes allowing neutrophils to complete
innate immune responses, possess a circRNA that
probably influences the functions of its parental gene
[79]. Wang et al exhibited that hsa_circ_100783
induced the loss of CD28 in CD8*T cells during their
aging by affecting phosphoprotein-related signaling
transduction [80]. In addition, some studies have
reported that circRNAs are closely associated with the
diverse signaling transduction pathways in peripheral
blood mononuclear cells (PBMCs) [81-83]. However,
explorations of circRNAs in immunocytes remain
preliminary, and there are still many unknowns.

Table 1. CircRNAs are closely associated with different types of immune responses.

Immune Subjects CircRNAs Species Tissues Sponge Potential Functions / Biogenesis References
Responses Targets
Immunocytes Macrophages  Hsa_circ_003780 Murine Bone Marrow - Contributes to the process Zhang et al (2017) 74
Hsa_circ_010056 - of macrophages’ polarization
Hsa_circ_010231 -
Hsa_circ_003424 -
Hsa_circ_013630 -
Hsa_circ_001489 -
Hsa_circ_018127 -
Circ-RasGEF1B Murine Cell Line - Elevates expression of [CAM-1; Ng et al (2016) 73]
Maintains appropriate activation of Ng et al (2017) (761
macrophages when exposed to LPS
Circ-ANRIL Homo Sapiens  Endarterium - Combines with PES1 to impede the Holdt et al (2016) 7]
generation of pre-rRNA and ribosome;
Inhibits biogenesis of macrophages by
TP53
Circ-ZC3H4 Homo Sapiens  Alveolar - Participates in the SiO>-induced Yang et al (2018) (78]
Murine Cell Line stimulation of pulmonary macrophages
Neutrophils Circ-TLR6 Homo Sapiens  Blood - Influences functions of parental genes Maass et al (2017) 179
Circ-MYOIF -
CD8*T cells Hsa_circ_100783 Homo Sapiens PBMC - Induces loss of CD28 Wang et al (2015) (801
during aging of CD8T cells
Anti-Virus Virus Circ-RNP Homo Sapiens ~ Cell Line - Can be formed via nuclear export Li et al (2017) (86l
of NF90/NF110 during virus infection
Ebola Virus Circ-chr19 Homo Sapiens  Cell Line miR-30b Serves as miR-30b “sponge” Wang et al (2017) (s8]
to enhance expression of CLDN18
Anti-Bacteria  TB Hsa_circ_001937 Homo Sapiens PBMC - Modulates the NF-xB signaling; Qian et al (2018) 181
Represents grades and stages of TB Huang et al (2018) [3]
Anti-Tumor ~ CRC Hsa_circ_0020397 Homo Sapiens  Cell Line miR-138 Serves as miR-138 “sponge” to Zhang et al (2017) 0]
promote expression of TERT and PD-L1
Circ-FAT1 Homo Sapiens ~ Cell Line - Can be transferred to exosomes; Dou et al (2016) 951

Serves as a promising cancer biomarker

Abbreviations: CLDN18: claudin 18; CRC: colorectal cancer; ICAM-1: intercellular adhesion molecule 1; LPS: lipopolysaccharide; PBMC: peripheral blood mononuclear cell;
PESL1: pescadillo ribosomal biogenesis factor 1; TB: tuberculosis; TERT: telomerase reverse transcriptase.
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CircRNAs and antiviral immune responses

Innate immunity is the body’s first line of
defense against viral infection. RNA viruses initiate
various signaling pathways to fulfill infection by viral
nucleic acids. The 5'-triphosphate (5-ppp) and
double-stranded segments of specific viral RNAs can
be recognized and bound by several dsRNA-binding
proteins, including retinoic acid-inducible gene-I
(RIG-I), laboratory of genetics and physiology 2
(LGP2), melanoma differentiation-associated gene 5
(MDADJ) and toll-like receptor 3 (TLR3) [84], leading to
the interruption of viral gene activation. In contrast,
the antiviral immune responses triggered through
exogenous circRNAs are independent of the 5-ppp
and double-stranded structure. Recent studies have
shown that endogenous circRNAs can be
distinguished from exogenous circRNAs through
biosynthesis. ~ Self-circRNAs  are  frequently
programmed by introns and are combined with RBPs
that mark their origins. Conversely, few proteins,
such as HDV and Viroids, bind exogenous circRNAs.
Hence, nonself circRNAs are differentiated, and
antiviral immune responses can be triggered by the
RIG-I-mediated pathway, which provides an essential
antiviral signal [85]. However, the mechanisms by
which RIG-I recognizes exogenous circRNAs require
further investigation. Intriguingly, antiviral immune
responses affect circRNAs. Li et al verified that
immune responses and virus infection influence the
biogenesis of host circRNAs. NF90/NF110 promotes
circ-RNP formation in the nucleus, while virus
infections inhibit circ-RNP biogenesis by inducing the
nuclear export of NF90/NF110. Notably, a
competitive binding relationship exists between host
circRNAs and viral mRNAs [86], indicating that
circRNAs are likely to resist viral infection.
Additionally, circRNAs play a putative role in
controlling multiple signaling pathways, such as the
Toll-like receptor, Tp53 and Wnt pathways, in the
cellular response to SV40 (a DNA virus) infection by
miRNA “sponges” [87]. Wang et al verified that
circ-chr19 enhances claudin-18 (CLDN18) expression
by targeting miR-30b-3p, thus functioning as a ceRNA
in Ebola virus infection [88]. Considering that CLDN18
influences cell permeability, which is the basis of Ebola
pathogenesis, circ-chr19 may serve as a potential
biotarget for Ebola virus treatment. Furthermore,
alterations in circRNAs have been confirmed to
participate in immune resistance to Avian Leukosis
virus infection in chicken [89], expanding our
knowledge of how circRNAs modulate antiviral
immune responses.

CircRNAs and antibacterial immune responses

In addition to antiviral immune responses,
circRNAs are associated with antibacterial immune
responses. Mycobacterium tuberculosis is known as the
root cause of tuberculosis (TB), and many circRNAs
are dysregulated in patients with TB [82]. CircRNAs
in PBMCs from TB patients are significantly
upregulated in the cytokine-cytokine receptor and
chemokine-mediated signaling pathways [81].
Notably, hsa_circ_001937 is markedly increased in
PBMCs from TB specimens compared with that in
specimens from patients who are healthy or have
other respiratory diseases, such as chronic obstructive
pulmonary disease (COPD), lung carcinogenesis and
pneumonia. In addition, the potential miRNA targets
of hsa_circ_001937 participate in antibacterial immune
responses by modulating the NF-xB signaling
pathway. Particularly, the level of hsa_circ_001937 can
represent the grades and stages of TB in patients [83].
Thus, hsa_circ_001937 possesses some features of the
ideal biomarker for TB diagnosis.

CircRNAs and antitumor immune responses

The close relationship between circRNAs and
miRNAs lays the foundation for circRNAs to
participate in the regulation of antitumor immune
responses. As previously reported, hsa_circ_0020397
induces the expression of telomerase reverse
transcriptase (TERT) and PD-L1 by binding and
inhibiting the activity of miR-138 in colorectal cancer
(CRC) cells [90]. In fact, the interaction between PD-1
and PD-L1 on specific tumor cell surfaces exhausts
immunocytes and promotes immune escape.
Circ-Amotll can indirectly restrain the presence of
miR-17-5p by upregulating Dnmt3a, which may
induce a highly DNA methylation enriched condition
in the promoter region of miR-17, leading to the
elevated expression and subcellular translocation of
STATS, launching tumor-mediated immune
inhibition [63, 91]. These studies suggest that
circRNAs can modulate the expression and functions
of immune-related miRNAs at the transcriptional or
posttranscriptional level in immune responses against
tumors. Recently, studies have increasingly clarified
the functions and mechanisms of miRNAs in
antitumor immune responses. Further explorations
focusing on circRNA-miRNA interactions are likely to
provide new insight into tumor immunotherapy.

In addition to the circRNA-miRNA network,
circRNAs are also able to influence antitumor
immune responses in other manners. First, by
affecting the stability of some proteins, circRNAs
indirectly participate in antitumor immune responses;
for example, the complex of circ-Foxo3 and MDM?2
induces the degradation of Tp53, which is obligatory
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for immune responses during tumorigenesis [7, 92].
Second, circRNAs may function as potential tumor
antigens that can be transported via exosomes and
extracellular vesicles to regulate cell-to-cell
communication between immunocytes and tumor
cells [93, 94]. For instance, Dou et al reported that
KRAS mutant CRC cells can transfer several circRNAs
into exosomes [95], and Lasda et al observed that
circRNAs may be coprecipitated with extracellular
vesicles [96]. Third, via complementary sequences,
circRNAs can bind some tumor-specific miRNAs and
mRNAs to form a novel type of tumor antigen that
coexists with these RNAs in exosomes to enhance
their stability and release once arriving at the destined
immunocytes [97]. Fourth, some exogenous circRNAs
may activate immunocytes, promoting their functions
in the fight against tumors. A recent study has shown
that purified circRNAs can stimulate the expression of
RIG-1 to trigger innate immune responses in the
tumor microenvironment [92, 98]. Taken together, this
evidence indicates that circRNAs are widely involved
and play various roles in the modulation of antitumor
immune responses.

Collectively, circRNAs participate in all key
processes of host immunity by monitoring the balance
of inner homeostasis and exerting efficient protection

Table 2. CircRNAs are widely involved in different immune diseases.

against microbial infection and malignant tumors.
Based on these data, circRNAs can be considered
biomarkers or therapy targets. However, the
underlying mechanisms of circRNAs in this field
remain largely unknown and should be further
explored and elucidated.

Involvement and biological effects of circRNAs in
immune diseases

Due to the rapid advances in high-throughput
sequencing and microarray technologies, many
circRNAs have been successively identified. In
addition, circRNAs have been reported to participate
in the pathogenesis and diagnosis of different
immune diseases, such as primary immunodeficiency
diseases (PIDs), autoimmune diseases (AIDs) and
other immune diseases. Performing bioinformatics
analyses using databases, such as circRNA and the
disease-related database circRNA Disease
(http:/ /cgga.org.cn:9091/circRNADisease/) [99], can
also provide clues explaining and predicting the
potential correlation between circRNAs and certain
immune diseases. However, the detailed functions of
the specific circRNAs in these diseases have not been
elucidated to date (Table 2).

Types of Diseases Diseases CircRNAs Species Tissues Sponge Expression Potential Functions / References
Targets Pattern Applications
PIDs SCID Circ-CDC42BPA Homo  Bone - Upregulated ~ Disrupts transduction of Bcell ~ Maass et al (2017) 7]
Sapiens Marrow signaling to induce occurrence of Brigida et al (2014)
SCID [103]
Circ-TNFRSF11A Homo  Blood - Upregulated  Participates in the SCID Maass et al (2017) 179
Sapiens mediated alteration of different ~Cassani et al (2008)
signaling pathways [105]
WAS Circ-ROBO1 Homo  Cell Line - Upregulated  Activates the pathogenesis of Maass et al (2017) 179
Sapiens WAS Sheldon et al (2009)
[102]
Circ-CDC42BPA Homo  Blood - Upregulated ~ Disrupts transduction of Bcell =~ Maass et al (2017) (7]
Sapiens signaling to induce occurrence of
WAS
AIDs SLE CDR1as/ciRS-7 Homo  Blood miR-7 Downregulated Serves as the miR-7 “sponge” Wu et al (2014) (1091
Sapiens to increase expression of PTEN  Zhao et al (2016) [110]
and restrain
hyper-responsiveness of B cells
Hsa_circ_102584 Homo Plasma - Upregulated ~ Can be developed as novel Li et al (2018) 1111
Sapiens non-invasive biomarkers for SLE
Hsa_circ_400011 Homo Plasma - Upregulated
Sapiens
Hsa_circ_101471 Homo  Plasma - Upregulated
Sapiens
Hsa_circ_100226 Homo  Plasma - Downregulated
Sapiens
RA Hsa_circ_104871 Homo PBMC - Upregulated  Serves as potential biomarkers ~ Ouyang et al (2017)
Sapiens for diagnosis other than 2]
Hsa_circ_003524 Homo PBMC - Upregulated representing
Sapiens severity or pathological process
Hsa_circ_101873 Homo PBMC - Upregulated of RA
Sapiens
Hsa_circ_103047 Homo PBMC - Upregulated
Sapiens
Hsa_circ_0057980 Homo Plasma miR-181d Downregulated Serves as the miR-181d “sponge” Wang et al (2015) [113]
Sapiens to suppress the development of ~Zheng et al (2017) [116]
Hsa_circ_0088088 Homo  Synovium miR-16 Downregulated Serves as the miR-16 “sponge”  Murata et al (2015)
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Sapiens
Hsa_circ_0001045 Homo  Synovium
Sapiens
MS GSDMB Homo PBMC
ecircRNA Sapiens
Hsa_circ_0005402 Homo PBMC
Sapiens
Hsa_circ_0035560 Homo PBMC
Sapiens
PBC Hsa_circ_402458 Homo  Cell Line
Sapiens

Immuno-compromised OA Circ-Atp9b Murine Articular
Diseases Chondrocytes
Hsa_circ_0005105 Homo  Articular

Sapiens Cartilage

Hsa_circ_0045714 Homo  Articular
Sapiens Cartilage

IVDD Circ-VMA21 Homo  Nucleus
Sapiens; Pulposus
Murine
Silicosis Circ-ZC3H4 Homo  Brain
Sapiens
Hepatic Hsa_circ_0071410 Homo Hepatic
Fibrosis Sapiens Stellate Cells
Myocardial Hsa_circ_010567 Murine Cardiac
Fibrosis Fibroblasts
Neuro- Circ-HIPK2 Murine Astrocytes
inflammation
MMD Hsa_circ_062557 Homo  Blood
Sapiens
Hsa_circ_067130 Homo  Blood
Sapiens
Hsa_circ_067209 Homo Blood
Sapiens
Hsa_circ_100914 Homo Blood
Sapiens
Hsa_circ_089761 Homo Blood
Sapiens
Hsa_circ_089763 Homo Blood
Sapiens

miR-30a

miR-1275
miR-149

miR-522
miR-943

miR-138

miR-26a

miR-193b

miR-200c

miR-212

miR-9
miR-141

miR-124-2HG Upregulated

to suppress the development of ~ [114]
RA Zheng et al (2017) 116]

Upregulated Serves as the miR-30a “sponge”  Xu et al (2013) (115
to promote the biogenesis of RA  Zheng et al (2017) 116l
Upregulated ~ Serves as the miR-1275 and Paraboschi et al
miR-149 “sponges” to induce MS (2014) 18]

Downregulated Both are derived from the
ANXA2;
Downregulated Can be developed as MS
biomarkers;
Negatively regulate the
biogenesis of MS
Can be suitable for PBC
diagnosis;
Serves as the miR-522 and
miR-943 “sponges” to resist
chronic inflammation and
aberrant TGF-f signaling of PBC
Serves as the miR-138 “sponge”  Zhou et al (2018) 129
to promote extracellular matrix
degradation
Serves as the miR-26a “sponge” Wu et al (2017) [130]
to promote extracellular matrix
degradation
Downregulated Elevates the proliferation of
cartilage cells;
Serve as miR-193b “sponge” to
increase the level of type I
collagen and aggrecan
Downregulated Alleviates apoptosis of nuclei
pulposus cells and catabolism of
extracellular matrix through a
miR-200c-XIAP pathway
Serves as the miR-212 “sponge”  Yang et al (2018) [78]
to promote proliferation and
migration of alveolar
macrophages as well as
fibroblasts
Suppresses the miR-9 to activate Chen et al (2017) 135
HSCs
Suppresses the miR-141
by initiating TGF-P1 signaling
Serves as the miR-124-2HG
“sponge” to activate astrocytes

Iparraguirre et al
(2017) 21

Upregulated Zheng et al (2017) (23]

Kang et al (2017) 11241
Danza et al (2017) (1251

Upregulated

Upregulated

Li et al (2017) 022

Cheng et al (2018) [133]

Upregulated

Upregulated
Upregulated Zhou et al (2017) 48]
Huang et al (2017) (1381

Upregulated ~ Can be developed as

potential biomarkers for MMD

Zhao et al (2017) 139
Upregulated

Upregulated

Downregulated

Downregulated

Downregulated

Abbreviations: AIDs: autoimmune diseases; ANXA2: annexin A2; HSCs: hepatic stellate cells; IVDD: intervertebral disc degeneration; MMD: moyamoya; MS: multiple
sclerosis; OA: osteoarthritis; PBC: primary biliary cirrhosis; PBMC: peripheral blood mononuclear cell; PIDs: primary immunodeficiency diseases; PTEN: phosphatase and
tensin homolog; RA: rheumatoid arthritis; SCID: severe combined immunodeficiency disease; SLE: systemic lupus erythematosus; WAS: Wiskott-Aldrich syndrome; XIAP:

X-linked inhibitor of apoptosis.

CircRNAs and primary immunodeficiency diseases

Primary immunodeficiency diseases (PIDs) are
agnogenic diseases that partially or completely impair
the differentiation and functions of immunocytes,
tissues and organs, leading to disorders or
deficiencies in the entire immune system. Severe
combined immunodeficiency disease (SCID) and
Wiskott-Aldrich  syndrome (WAS) are two
representative PIDs that involve mutated adenosine
deaminase (ADA) and WAS genes, respectively [100,
101]. Maass et al compared SCID and WAS patient
specimens with their corresponding controls and
identified that the levels of circRNAs derived from

roundabout guidance receptor 1 (ROBO1) and CDC42
binding protein  kinase alpha (CDC42BPA) are
significantly increased in both patient groups [79].
The ROBO family members can activate the
pathogenesis of WAS [102], and CDC42BPA disrupts
the transduction of B-cell signaling, thus inducing
WAS and SCID [103, 104]. In addition, TNF receptor
superfamily member 11a (TNFRSF11A)-produced
circRNA is notably upregulated in SCID patients [79].
According to the experimental data reported by
Cassani et al, the receptors of the TNF superfamily are
closely correlated with the SCID-mediated alteration
in different signaling pathways [105]. These results
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provide a novel approach to
pathogenesis and therapeutics of PIDs.

studying the

CircRNAs and autoimmune diseases

Autoimmune diseases (AIDs) mainly manifest as
local or systemic symptoms of inflammation caused
by aberrant immune responses to self-antigens. Here,
we list some typical AIDs, such as systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA),
multiple sclerosis (MS) and primary biliary cirrhosis
(PBC), to further elucidate the regulatory roles of
circRNAs associated with AIDs.

I. CircRNAs and systemic lupus erythematosus

Systemic lupus erythematosus (SLE), which
predominantly affects young females, is implicated in
connective tissues in multiple systems and organs
[106]. SLE is characterized by the overproduction of
autoantibodies  against  specific  self-antigens,
excessive depositions of immune complexes,
complement exhaustion and frequent inflammatory
reoccurrence [107] and induces damage ranging from
local minimal lesions to serious injuries in major
organs in the urinary, circulatory, respiratory and
central nervous systems [108]. Based on clinical
experience and laboratory criteria, the diagnosis and
therapy of SLE patients remain limited. Due to their
ability to serve as miRNA “sponges”, circRNAs
probably possess novel strategies that could be used
to combat this dilemma. MiR-7 restricts the functions
of PTEN and contributes to B-cell hyperresponsive-
ness in SLE [109], whereas the overexpression of
CDR1as leads to a reduction in miR-7 and promotion
of its target mRNAs [110]. In addition, through
high-throughput RNA-sequencing, 207 circRNAs,
including 113 upregulated and 94 downregulated
circRNAs, were discovered in SLE patients compared
with normal plasma specimens. Additionally, most
miRNAs interacting with the altered circRNAs were
determined to regulate SLE in this study.
Furthermore, four markedly dysregulated circRNAs
in SLE patients, i.e., hsa_circ_102584, hsa_circ_400011,
hsa_circ_101471 and hsa_circ_100226, are predicted to
act as novel noninvasive biomarkers of SLE [111].
Further investigations are required to identify the
functions and mechanisms of these circRNAs and
their target miRNAs in the biogenesis of SLE.

2. CircRNAs and rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic
autoimmune syndrome that progressively impairs
periphery joints and leads to irreversible disability or
even death. PBMCs are closely related to the
development of RA. Ouyang et al discovered 9
elevated and 3 repressed circRNAs in RA-associated
PBMCs compared with healthy controls and found

that hsa_circ_104871, hsa_circ_003524, hsa_circ_101873
and hsa_circ_103047 in PBMCs have diagnostic value
in RA. However, the alterations in the levels of these
PBMC:-related circRNAs are not parallel to the
changes observed in the erythrocyte sedimentation
rate (ESR), C-reactive protein (CRP) levels, health
assessment questionnaire (HAQ) scores and disease
activity score (DAS28), suggesting that these
circRNAs cannot represent the severity or
pathological processes of RA [112]. Similarly, Zheng
et al found 584 differentially expressed circRNAs,
including 255 overexpressed and 329 knocked-down
circRNAs, between RA patients and healthy controls.
In particular, these authors also proposed that
different identified circRNAs may act as potential
suppressors or inducers during the occurrence of RA.
The markedly enhanced expression of the RA
promoter miR-181d [113] is partially due to the
repression of hsa_circ_0057980, which is a miR-181d
“sponge”. The altered expression of hsa_circ_0088088
is related to a high level of miR-16, which is an
activator of ESR and CRP [114]. In contrast,
hsa_circ_0001045 was increased in samples of RA
synovialis, which is directly associated with and
seriously inhibited miR-30a, thereby reducing cell
apoptosis and contributing to RA progression [115].
Intriguingly, the corresponding parental genes of the
significantly changed circRNAs in the RA patients,
such as polynucleotide kinase 3'-phosphatase (PNKP),
ArfGAP  with  GTPase  domain,  hydroxysteroid
dehydrogenase like 2 (HSDL2), ankyrin repeat and PH
domain 1 (AGAP1) and protein kinase C beta (PRKCB),
also participate in the regulation of RA [116].

3. CircRNAs and multiple sclerosis

Multiple sclerosis (MS) is a known CNS disease
that frequently relapses with inflammatory
demyelination in white matter and infiltration by
immunocytes, such as macrophages and B and T
lymphocytes [117]. As previously reported, aberrant
AS isoforms, particularly the AS of gasdermin B
(GSDMB), are correlated with the pathogenesis of MS
[118]. Exons 4 and 5 of GSDMB are subjected to
“back-splicing” to form a head-to-tail splicing
junction and generate a circular product named
GSDMB ecircRNA, which is a newly described RNA
species in MS. The potential targets of this GSDMB
ecircRNA, ie., miR-1275 and miR-149, have been
found to be significantly deregulated in MS [119].
Furthermore, increasing the level of GSDMB ecircRNA
resulted in a 2.8-fold elevation in PBMCs from MS
patients compared with the controls [120].
Additionally, RNA profiling has been used to identify
406 differentially expressed circRNAs in peripheral
blood leucocytes from patients with MS and
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demonstrates that hsa_circ_0005402, which is
associated with hsa_circ_0035560, both of which arise
from annexin A2 (ANXA?2), is a negative regulator of
MS [121], further supporting that ectopic RNA
metabolism is an intrinsic characteristic feature of MS.

4. CircRNAs and primary biliary cirrhosis

Primary biliary cirrhosis (PBC), which is also
called primary biliary cholangitis, primarily destroys
the small intrahepatic bile ducts, leading to hepatic
fibrosis or cirrhosis [122]. In general, patients with
PBC are always in a severe disease state at diagnosed
due to their typically asymptomatic conditions during
the early stages. Hence, the identification of sensitive
biomarkers for the early diagnosis of PBC is urgently
needed. Zheng et al performed a circRNA microarray
analysis of plasma from patients with PBC and
healthy individuals and identified 18 upregulated and
4 downregulated circRNAs that were possibly
associated with PBC. Subsequently, among the 18
elevated circRNAs, hsa_circ_402458 was demonstrated
to be a biomarker of PBC [123]. Two miRNAs, i.e.,
miR-522 and miR-943, are putative biotargets of
hsa_circ_402458. Studies have validated that miR-522
[124] plays a critical role in chronic inflammatory
disorder and that miR-943 [125] affects TGF-p
signaling to participate in PBC development.
Hsa_circ_402458 may competitively suppress the
activity of miR-522 and miR-943 and is involved in the
regulation of PBC. In fact, due to its properties of high
stability = and  inherent conservation  [126],
hsa_circ_402458 is suitable for early PBC diagnosis by
using patient exosomes and blood plasma.

CircRNAs and other immune diseases

The loss of inner homeostasis and accumulation
of disorders in immune responses can cause different
immune diseases. Recent studies have elucidated that
circRNAs are critical regulatory factors of the
development and progression of such diseases,
including osteoarthritis (OA), fibrosis and CNS
lesions.

1. CircRNAs and osteoarthritis

Osteoarthritis (OA) is a chronic
joint-retrogressive lesion with articular cartilage
degradation and inflammation. Studies have reported
that circRNAs mediate the pathogenesis of OA in an
IL-1B-induced manner by sponging certain miRNAs
[127, 128]. Circ-Atp9b and hsa_circ_0005105 suppress
the expression of type II collagen, enhance the
functions of matrix metallopeptidase 13 (MMP-13)
and promote the generation of IL-6 and IL-8 by
targeting miR-138-5p and miR-26a, respectively, to
activate the biogenesis of OA [129, 130]. Additionally,
circRNAs participate in the signaling pathway of

TNF-a, which is a vital inflammatory factor in OA, to
induce damage to cartilage cells [131]. Intriguingly,
circRNAs not only play a pathogenic role but also
protect our bodies from OA lesions. Li et al verified
that hsa_circ_0045714 elevates proliferation in
cartilage cells and increases the expression of type II
collagen and aggrecan by sponging miR-193b, which
strengthened the functions of insulin like growth factor 1
receptor (IGFIR), a biotarget of miR-193b and a
negative regulator of OA [132]. Similarly, circ-VMA21
can alleviate inflammatory  cytokine-induced
apoptosis in nuclei pulposus cells and catabolism of
the extracellular matrix (ECM) through the
miR-200c-XIAP pathway during intervertebral disc
degeneration (IVDD) [133]. In summary, these data
indicate that circRNAs are important regulators of
and potential therapeutic targets for OA.

2. CircRNAs and fibrosis

Fibrosis is the comprehensive result of chronic
inflammation caused by constant stimulation by
infection, allergic response and tissue injury [134].
Studies have revealed that circRNAs induce fibrosis
progression in diverse organs. The long-term
inhalation of large amounts of silica is a key inducer
of lung fibrosis. SiOz-induced pulmonary fibrosis is
accompanied by a high expression level of
circ-ZC3H4. Circ-ZC3H4 can increase the presence of
zinc finger CCCH-type containing 4 (ZC3H4) by
restricting miR-212 as an endogenous competitor
through its binding sites, thereby elevating
proliferation and migration in alveolar macrophages
and fibroblasts after exposure to SiO, [78]. Liver
fibrosis is inseparable from the activation of hepatic
stellate cells (HSCs). HSCs are the dominant source of
the ECM and can transform into myofibroblastic-like
cells, highlighting their critical pro-fibrosis functions.
The prolonged stimulation of pro-inflammatory
factors dramatically initiates the activation of HSCs.
Studies have clarified that the inhibition of
hsa_circ_0071410 increases the expression of miR-9-5p,
leading to the attenuation of HSC activation in several
immune-associated pathways [135]. Hsa_circ_010567
can also promote myocardial fibrosis by inhibiting the
expression level of miR-141 through the initiation of
TGEF-P1 signaling [48] and expanding the effects of
circRNAs on fibrosis and the cardiovascular system.
Further exploration is required to investigate the roles
played by circRNAs in organ fibrosis.

3. CircRNAs and central nervous system lesions

CircRNAs are closely correlated with normal
and aberrant conditions in the CNS [136]. Similarly,
astrocytes generally maintain homeostasis in the CNS
but become anomalously activated in response to
multiple lesions, such as those associated with stroke,
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trauma, neuro-inflammation and neuro-degenerative
diseases [137]. Recently, Huang et al found that
circ-HIPK2 could increase the sigma mnonopioid
intracellular receptor 1 (SIGMAR1I) expression level by
sponging endogenous miR-124-2HG and cooperating
with autophagy and endoplasmic reticulum (ER)
stress, thereby significantly stimulating astrocytes.
The inhibition of circ-HIPK2 can restrict activated
astrocytes induced by methamphetamine or LPS in
vivo [138], providing novel therapeutic strategies for
neuro-inflammation lesions. Both vasculopathy and
cerebral ischemia-reperfusion injury (CIRI) account
for a large proportion of CNS lesions. Studies have
revealed that aberrantly expressed circRNAs appear
to be closely correlated with overactivated or
non-activated immune reactions in the CNS, leading
to the occurrence of moyamoya disease (MMD) [139]
or oxygen-glucose deprivation (OGD)/reoxygenation
[140]. These data highlight the regulatory functions of
circRNAs and provide a new insight into CNS lesions.

Diagnosis and therapeutic properties of
circRNAs in clinical application

CircRNAs serve as ideal biomarkers for the
diagnosis of immune diseases

Currently, immune diseases are attracting
increasing attention due to their high morbidity,
indefinite pathogenesis and poor prognosis. In
particular, numerous patients with immune diseases
are typically asymptomatic during the early stage and
become seriously ill at diagnosis, missing the ideal
therapeutic time window. Hence, early diagnosis is
highly significant and essential for immune disease
therapy. Due to the constant emergence of novel
diagnosis methods and tremendous efforts by
researchers in this field, numerous circRNAs have
successively been found to play potential roles in the
etiology and pathology of certain immune diseases.
Thus, these circRNAs may possibly be biomarkers of
these diseases. Notably, circRNAs contain some
remarkable properties that could be helpful while
diagnosing patients. 1) CircRNAs have a highly stable
inner structure. Due to their continuous, covalently
closed loop structure without 5" or 3' polarities and
poly (A) tails, circRNAs are able to fight against the
degradation effects of RNase and RNA exonucleases
[6]. Thus, circRNAs appear to be more stable than
linear RNAs, and this feature seems to be a key
element of a biomarker. 2) circRNAs exhibit a high
level of inherent conservation. CircRNAs are highly
inherently conserved and infrequently mutated in
different species regardless of the evolutionary
distance [21], which is beneficial for detection. 3)
CircRNAs exhibit broad-spectrum expression.

CircRNAs can be discovered not only in a series of
organisms but also in different organs, tissues, and
even blood and saliva [141], which is suitable for
acquisition and extraction. 4) CircRNAs exhibit longer
half-lives. ~The half-lives of circRNAs are
approximately 2.5-fold longer than those of their
corresponding linear counterparts on average,
making it possible for continuous inspection [142]. 5)
CircRNAs exist in exosomes and extracellular
vesicles. CircRNAs can be found in exosomes [95] and
are coprecipitated with extracellular vesicles [96],
indicating that they are likely to be used in the
diagnosis of secretion-related diseases. 6) CircRNAs
have a highly specific expression pattern.
Tissue-specificity and stage-association represent the
main expression pattern of circRNAs [21]; thus,
circRNAs are suitable for differential diagnosis and
prediction of prognosis. 7) The abundance of
circRNAs is consistent. The correlation between
circRNAs and their canonical linear counterparts is
close because both are present at comparable levels
with relative consistency. Taken together, all these
characteristics suggest that circRNAs have the
potential to be sensitive and precise biomarkers for
the diagnosis of immune diseases.

CircRNAs exhibit therapeutic advantages for
immune diseases

In addition to representing promising
biomarkers for diagnosis, circRNAs also display some
advantages for therapy in immune diseases. 1)
CircRNAs serve as therapeutic targets. As widely
expressed molecules in multiple immune processes in
the human body, natural circRNAs are of significance
in maintaining the inner homeostasis of the immune
system. Therefore, aberrant circRNAs are likely to be
regarded as therapeutic targets. Directly controlling
the level of certain circRNAs in cells, local tissues or
organs, such as via gene-editing therapy, is a
therapeutic option. Actually, this strategy may yield
less side effects than exogenously synthesized
compounds, such as interfering RNAs (RNAis) and
chemical drugs [10]. 2) circRNAs could be
implemented as therapy methods. Developing and
optimizing antisense approaches could be applied to
alter RNA splicing patterns to create more circRNAs
or circRNA analogues that better exert miRNA
“sponge” or miRNA “reservoir” properties. Potential
artificial sponges and reservoirs could be designed
according to the complementary sequences by which
circRNAs interact with miRNAs to ultimately
regulate their functions, rending these circRNAs
promising drugs targeting miRNAs. 3) CircRNAs
could have reduced “off-target” effects. Because of
their stable structure and conservation, circRNAs can
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reduce off-target effects, which is superior to miRNAs
and siRNAs since both of these oligonucleotides have
frequent off-target effects due to their short length. In
addition, circRNAs are likely to decrease the off-target
effects of their target miRNAs [52]. In conclusion,
although limited studies have investigated
therapeutic strategies using circRNAs, their potential
and prospects are immeasurable in this field.

Limitations and prospects

The immune system comprises diverse
components and monitors, defends against and
eliminates pathogenic invaders to maintain the inner
homeostasis of the human body. Aberrant immune
responses, particularly the misrecognition of
self-antigens, seriously destroy the balance within the
immune system and create advantageous conditions
for the occurrence of immune diseases. Although
multiple traditional biomarkers have been identified
and applied for decades, the clinical diagnosis and
control of immune diseases remain unsatisfactory.
The identification of sensitive and effective
biomarkers has become increasingly important.

Due to considerable advances in RNA
sequencing analyses, many circRNAs have been
sequentially discovered, thereby enriching our
knowledge regarding transcriptional and
posttranscriptional regulation and developing a novel
area of epigenetic mechanisms. CircRNAs have
recently been confirmed to extensively participate in
the regulation of different immune responses and
immune diseases that are inseparable from their
biological functions. Their role as miRNA “sponges”
has been the most studied function to date. For
instance, hsa_circ_0020397 targets miR-138 to control
antitumor immune responses; CDR1as,

hsa_circ_0001045 and GSDMB ecircRNA are capable of
influencing several autoimmune diseases by sponging
miR-7, miR-30a, miR-1275 and miR-149, respectively.
In secondary immunodeficiency diseases,
hsa_circ_0045714 and hsa_circ_0005105 are involved in
disease regulation by targeting the corresponding
miRNAs. In addition to acting as miRNA “sponges”,
circRNAs can also combine with proteins to function
as protein “sponges” in immune regulation, such as
circcANRIL and PES1 complex-induced aberrant
immune responses; CircRNAs derived from ROBO1
or CDC42 can bind CDC42BPA to promote congenital
immune deficiency diseases. Notably, numerous
circRNAs have been found to participate in the
biogenesis of immune diseases, and some circRNAs
have even been confirmed as potential biomarkers or
therapeutic targets; however, studies investigating
circRNA functions in immune diseases are still in
their infancy. Except for their role as miRNA
“sponges”, the other functions of circRNAs in
immune disease regulation, such as miRNA
“reservoirs” and protein coding, are not fully
understood or even reported, but these functions
provide novel insight for further explorations of
circRNAs in immune diseases along the directions of
their functions.

Recently, multiple studies have reported that
following  the  forced  overexpression  or
downregulation of specific circRNAs, immune
responses and immune diseases can be differentially
influenced, and several procedures may even be
partially enhanced or reversed, highlighting the
potential of circRNAs in the modulation of immune
responses and immune diseases, which is highly
significant for clinical application (Table 3).

Table 3. Effects of overexpression or knockdown of circRNAs in immune responses and immune diseases.

CircRNAs Treatments Immune Responses/ Diseases Effects References
Circ-RasGEF1B Knockdown Responses to LPS Reduces the expression of ICAM-1 Ng et al (2017) 173
Circ-ANRIL Overexpression Macrophage Biogenesis Inhibits the biogenesis of macrophages Holdt et al (2016) 7]
Hsa_circ_0020397 Overexpression Colorectal Cancer Promotes the expression of TERT and PD-L1 Zhang et al (2017) %01
Circ-HIPK2 Knockdown Neuro-inflammation Inhibits astrocyte activation Huang et al (2017) [138]
Hsa_circ_010567 Knockdown Myocardial Fibrosis Increases miR-141 and Zhou et al (2017) 1481
inhibits the TGF-p1 signaling
Hsa_circ_0071410 Knockdown Hepatic Fibrosis Increases miR-9-5p and Chen et al (2017) 11351

Circ-VMA21
Hsa_circ_0045714

Overexpression

Knockdown Osteoarthritis

Overexpression

Hsa_circ_0005105 Overexpression Osteoarthritis

Circ-Atp9b Knockdown Osteoarthritis

Circ-Foxo3 Knockdown Mesenchymal Stem Cells

Intervertebral Disc Degeneration

attenuates HSC activation
Increases the expression of XIAP Cheng et al (2018) (1331
Decreases the expression of XIAP Li et al (2017) 1321
Promotes IGFIR expression and

increases chondrocyte proliferation

Promotes ECM degradation by

regulating the miR-26a/NAMPT

Increases the synthesis of type II collagen and
reduces the level of MMP-13 in chondrocytes

Promotes cell proliferation

Wu et al (2017) [130]
Zhou et al (2018) 1291

Du et al (2016) I7]
Huang et al (2014) 21
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However, several limitations persist in this field.
First, while the levels of certain circRNAs may be
known, the roles, functions and underlying
mechanisms of these circRNAs are unclear. Second,
while several parental genes from which these
circRNAs are encoded or spliced have been
confirmed, the potential association or functional
relationship between them is not often correlated as
expected. Third, only a small subset of altered
circRNAs in sequencing profiles meets the standards
of a biomarker; furthermore, these circRNAs, i.e.,
so-called biomarkers, have rarely been tested in vitro
and in vivo or in clinical trials to confirm their possible
application in diagnosis, prognosis and therapy.
Fourth, bioinformatics predictions specifically
determining the targets of circRNAs remain nascent.
Fifth, there is no formal rule for naming circRNAs
[42]. Finally, in addition to the classic splicing events
of circRNAs, ie, “back-splicing” and
“exon-skipping”, other patterns of splicing or
posttranscriptional =~ modifications ~ may  exist.
Therefore, further investigation is still required.

Studies investigating circRNAs are also
hampered by several challenges that should be
conquered. 1) To discover more novel circRNAs
involved in immune responses and diseases,
high-throughput sequencing is regarded as an
unbiased approach that highly relies on the quality
and library preparations of RNA samples [143].
However, most available RNA-seq databases are
pre-treated by a poly (A) purification step that may
wipe eliminate circRNAs. Additionally, this
technology is frequently limited to a small sample size
and a shortage of tissue types, leading to the loss of a
thorough evaluation by an experienced pathologist
[144]. 2) For the identification and verification of
differentially expressed circRNAs in RNA-seq, most
studies prefer to use qRT-PCR instead of Northern
blotting as qRT-PCR is relatively convenient and
efficient. However, in a larger cohort, the divergent
qRT-PCR primers flanking the back-splicing junction
are occupied and cannot detect the selected circRNAs.
Moreover, reverse transcription can cause template
switching [15], and a single, inappropriate normalized
gene may give rise to a false positive or negative
result. In addition, circRNAs can only be
distinguished from the exon repetition through
pretreatment with RNase or poly (A) enrichment in
gqRT-PCR [145]. 3) Many bioinformatic algorithms
have been successively used to further investigate
circRNAs, and some algorithms require gene
annotation lists while others perform de novo
investigations. This divergence may decrease the
presence of false positives while preventing the
detection of several specific circRNAs without

annotation because a standard naming system for
circRNAs is not available [42]. By bioinformatic
prediction, hypothetical interactions between
miRNAs and circRNAs can be tested in accordance
with stoichiometric relationships, but this method is
challenging due to the simultaneous analysis of a
large number of cells with differential expression of
miRNAs and circRNAs. Notably, competitive binding
reportedly exists between the canonical 6-nt and 8-nt
binding sites, which is rarely evaluated [146]. In fact,
some classical assays determining direct binding,
such as luciferase reporter assays, are rarely applied
in circRNAs studies. 4) Both genomic arrangement
and mutations play vital roles in the regulation of the
functions of certain genes. If these negative alterations
occur in genes responsible for splicing, such as splicing
factor 3b subunit 1 (SF3B1) [147] and QKI [35], the
generation of circRNAs may be affected. Meanwhile,
if such changes exist in the elements of regulatory
regions of circRNAs, in theory, the biogenesis and
function of downstream circRNAs are likely to be
influenced [144]. Intriguingly, the amplification of
genomic DNA is positively correlated with the
elevated expression of circ-PVT1 [148], indicating that
genomic amplification or deletion can also drive the
activation of circRNAs. Despite the nascent state of
circRNA studies, these challenges still provide
multiple novel and open questions that deserve more
and deeper explorations in the future.

Although some limitations and challenges exist
that are likely to persist, innovations in molecular
biological techniques are constantly emerging, which
may promote the integrated development of
circRNAs studies.

Recently, several databases were built based on
the results of RNA-seq, such as circBase [149], circNet
[150] and deepBase v2.0 [151], which help fill in the
gaps in our knowledge of the annotations of
circRNAs. More importantly, by wusing these
databases, it could be beneficial to create a reasonable
and effective naming system to unify the IDs of
discovered and undiscovered circRNAs. Meanwhile,
databases, such as starBase v2.0 [152] and
CircInteractome [65], show verified or potential
networks between miRNAs and circRNAs and
between proteins and circRNAs, providing directions
for further investigations of the functions of
circRNAs, especially the behaviors of miRNA
“reservoirs” and protein coding, which are newly
discovered and not well understood. In addition,
Circ2Traits [153] and circRNA Disease [99] provide
data obtained directly from patients with different
diseases, which are more clinically relevant. These
clues can be used to evaluate the possibility of certain
circRNAs serving as biomarkers and predictors of
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prognosis in some diseases. Notably, similar to the
challenges faced in the former technologies, a
bioinformatic approach may inevitably cause some
errors. These databases should be updated in a timely
manner and utilized comprehensively to maximize
the potentials of these databases, particularly in
increasing the veracity of hypotheses for further
investigation.

In addition to the advances in bioinformatic
approaches, detection methods are also further
developed in circRNA studies. Compared with
qRT-PCR, Northern blotting is more accurate and
intuitive and does not cause template switching; thus,
this approach should be the gold standard. In situ
hybridization (ISH) and fluorescence in situ
hybridization (FISH) solve the issues of both the
expression and distribution of circRNAs by directly
providing visualized spatial information. Single-cell
separation and sequencing can effectively eliminate
issues with the detection of differentially expressed
circRNAs in a group of cells or tissues. Clustered
regularly interspaced short palindromic repeats/Cas9
(CRISPR-cas9) can be used to assess the correlation
between circRNAs and their parent genes regardless
of the off-target effects of foreign synthesis
oligonucleotides. Intriguingly, the novel technology
nCounter platform from NanoString Technologies
(Seattle, USA) [154] can simplify the protocol of RNA
qualification by removing RNA amplification and
reverse transcription, which seems to be useful in
circRNA detection.

Notably, several controversial phenomena have
been observed during recent explorations of
circRNAs. Furthermore, a few conclusions may even
challenge the status of traditional opinions; for
example, the lack or loss of MREs does not influence
the suppressive effects of circRNAs on target miRNAs
[10], questioning the structural basis of miRNA
“sponges”. No translatable circRNAs are found in
osteosarcoma through ribosome footprint detection
[21], querying the accuracy of the protein coding
ability. We suppose that in addition to their role as
miRNA “sponges”, circRNAs can inhibit their target
miRNAs, which are mainly predicted by
bioinformatic algorithms in other manners, such as by
forming a transcription complex to repress the
generation of pri-miRNA and coding relevant
proteins to restrain the level of target miRNAs.
Additionally, the translation of circRNAs is likely to
be limited by space and time. Whether translatable
circRNAs exist in a specific microenvironment, such
as a tumor, whether regulators of translation, such as
translation initiation factors and RBPs, are expressed,
and whether the timing of their presence can affect the
process of coding proteins are unknown. In addition,

some unknown positive or negative feedback loops
may participate in the control of circRNA functions.
Meanwhile, we speculate that circRNAs may perform
some novel functions that have not been discovered,
such as serving as precursors of miRNAs and
piRNAs, influencing epigenetic modifications and
forming dimers with RNA transcripts to create
endogenous siRNAs by Dicer-induced digestion.
Although our current knowledge of circRNAs is
preliminary, it is reasonable to speculate about the
promising perspective of deeper explorations of these
ncRNAs regarding gene regulation and immune
disease occurrence. The observed differential
expression levels of circRNAs between normal tissues
and diseased tissue indicate that circRNAs probably
play important physiological and pathological roles.
CircRNAs are highly conserved, quite stable and very
appropriate as biomarkers for some immune diseases.
Moreover, circRNAs can be exploited as therapeutic
targets because the overexpression of specific
circRNAs can suppress the pro-immune disease
miRNA level via their miRNA “sponge” property.
Optimizing antisense approaches to alter the splicing
pattern in order to produce more beneficial circRNAs
that block or postpone the development and
progression of immune diseases might be considered
a feasible strategy [155]. It is expected that the
development of new technologies will contribute to
the  discovery of more diagnosis- and
prognosis-related circRNAs and that therapeutics
depending on circRNAs will be formulated, thereby
providing new perspectives and directions for the
identification and treatment of immune diseases.
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