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Inflammatory bowel disease (IBD) is a term encompassing a few chronic

inflammatory disorders that leads to damage of the intestinal tract. Although

much progress has been made in understanding the pathology of IBD, the

precise pathogenesis is not completely understood. Circular RNAs (circRNAs)

are single-stranded, covalently closed, endogenous molecules in eukaryotes

with a variety of biological functions. CircRNAs have been shown to have

regulatory effects in many diseases, such as cancer, cardiovascular disease,

and neurological disorders. CircRNAs have also been found to play important

roles in IBD, and although they are not sufficiently investigated in the context

of IBD, a few circRNAs have been identified as potential biomarkers for the

diagnosis and prognosis of IBD and as potential therapeutic targets for IBD.

Herein, we survey recent progress in understanding the functions and roles

of circRNAs in IBD and discuss their potential clinical applications.
KEYWORDS

circular RNA, inflammatory bowel disease, inflammation, intestinal epithelial
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1 Introduction

Inflammatory bowel diseases (IBD) are chronic inflammatory disorders that affects

the entire gastrointestinal tract. There are two major categories of IBD, i.e., Crohn’s

disease (CD) and ulcerative colitis (UC). As the incidence of IBD is increasing over

time, it has become a concern around the world (1, 2). IBD was initially thought to

predominantly affect people of developed Western countries. In the last few decades,

the incidence of IBD is continuously increasing, particularly in recently developed and

developing countries (3, 4). The rise of IBD has been in parallel with industrialization

and major shifts in the environment and life-style (1). Currently, the antibiotics, anti-
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inflammatory agents and surgery are employed in the treatment of

IBD. The effectiveness of these treatments is variable and usually

unsatisfactory (5, 6). By now, IBD cannot be cured and it has a

serious impact on the quality of life. Thus, there is an unmet

medical need for this disease. The pathogenesis of IBD is not well

understood. Much evidence indicates that IBD is probably caused

by the combine effect of genetic factors, environmental factors, and

the intestine microbiota, which leads to disruption of the intestinal

epithelial barrier (7). However, the extent and underlying

mechanisms are not well known. Current treatments for IBD

mainly focus on treating symptoms with less attention to the

repair of mucosal epithelial (8). Conventional therapeutic

approaches may not lead to the desired results. Efforts have been

made to explore new treatment methods to improve intestinal

barrier function (9). Recognizing the pathology of IBD will

certainly help develop more efficient treatment methods to ease

patient symptoms.

Circular RNAs (circRNAs) are noncoding RNAs with

covalently closed loop structures but with no 5′ caps or 3′ poly
(A) tails (10). Owing to their circular structure, circRNAs are

protected from exonuclease-mediated degradation except under

conditions of excess exonuclease levels (11). CircRNAs generally

stay in the cytoplasm (12, 13). CircRNAs are abundantly expressed

and highly conserved across species (14), and they often exhibit cell

type-specific and tissue-specific patterns (15). Thousands of

circRNAs have been identified in eukaryotes (16, 17), and some

of these circRNAs have been found to play important roles in

physiological and pathological processes (18–20). CircRNAs are

implicated in various diseases such as chronic inflammatory

diseases, metabolic disorders, neuro-disease, cardiovascular

diseases, and cancer (21–24). Due to the intrinsic circular

characteristics, circRNAs are quite stable both inside cells and in

extracellular plasma such as blood and saliva (25–27). CircRNAs

can be transported from the cell body to the extracellular

environment by exosomes (28) and are expressed in bodily fluids

(29). These findings suggest that the disease-associated circRNAs

are promising diagnostic biomarkers. In fact, a few circRNAs have

been identified as potential diagnostic biomarkers (30). Given that

circRNAs are highly stable and specifically expressed, they are also

promising and effective targets for multiple diseases treatment (14,

31). A few approaches, such as antisense oligos, RNA interference,

small molecules, and the CRISPR/Cas9, have been suggested on

basis of the functions of circRNAs (14, 32).

In IBD, circRNAs are not well characterized, and their functions

are not well understood. Although circRNAs are not widely

investigated in IBD, research results have indicated that these

molecules play critical roles in this disease (33). Differential

expression of some circRNAs between IBD patients and healthy

people has been found (34). Some of these circRNAs exerted

regulatory effects on IBD development (33, 35). Increasing

evidence shows that circRNAs have potential applications in the

diagnosis, prognosis, and therapy of IBD (33, 36). Undoubtedly,

more research will be focused on the functions of circRNAs on IBD.

Herein, we try to review the current knowledge of the roles of

circRNAs on IBD and discuss their potential use in clinical practice.
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2 Overview of IBD and circRNAs

2.1 Basic knowledge of IBD pathogenesis

The pathogenesis of IBD is not well understood. Many studies

have shown that IBD is a multifactorial disease caused by a few

factors, including genetic defects, environmental abnormalities and

dysbiosis, which can disrupt the intestinal homeostasis and trigger

immune-mediated inflammation in the gut (7, 37–39).

One potential mechanism proposed in IBD development is loss

of intestinal barrier function, which enables exposure of immune

cells to luminal contents and disruption of immune homeostasis.

The intestinal barrier consists of intestinal epithelial cells (IECs) and

immune cells. IECs include enterocytes (adsorptive cells), goblet

cells, neuroendocrine cells, Paneth cells, Microfold cells (M cells),

and the tuft cells (40). The most abundant cells are the enterocytes

and goblet cells. Goblet cells secrete mucus to cover the epithelium,

which is essential to mucosal defense and repair (41). The gut

epithelial barrier composes a thick mucosa layer associated with

IECs. It was demonstrated that deletion of mucin 2, a major mucin

secreted by goblet cells, led to spontaneous colitis in murine models

(42). IECs join to each other by tight junction (TJ) that holds

epithelial cells together to maintain the integrity of normal

intestinal barrier (9, 43). Intestinal TJ proteins help to form a

permeable seal which plays a critical role in paracellular transport

pathways (44, 45). These key components get together to create a

physical barrier to pathogens. The intestinal epithelial barrier

separates the gut lumen from the immune system in mucosa, and

the impairment of this barrier is thought to be the core mechanism

of IBD. Once the epithelial barrier is disrupted, the immune cells

will be exposed to microorganisms and other antigens from the

lumen (Figure 1), which will result in progressive inflammation and

damage to the integrity of the intestinal barrier (46–49).

Many immune cells, such as neutrophils, dendritic cells (DCs),

macrophages, and lymphoid cells, are in the intestinal epithelium

(50, 51). These immune cells complement the physical and

functional barrier of IECs and contribute to the immune

responses in IBD (39, 52). In response to the disruption of the

intestinal barrier, microbial products and other antigens pass

through the barrier and encounter DCs and other antigen-

presenting cells (APCs), which will initiate proinflammatory and

anti-inflammatory signaling pathways and activate different subsets

of local and circulating lymphocytes (53, 54). These APCs link

innate immunity and adaptive immunity by secreting cytokines and

presenting antigens to the T cells (55–57). In response to pathogens

the type 1 T helper (Th1) cells are activated to mediate cell-

mediated immunity and delayed-type hypersensitivity reactions

(58, 59). Th1 cells are induced by IL-12 and secrete IFN-g, TNF-
a, and IL-2, leading to recruitment of macrophages and neutrophils

(60). Abnormal Th1 responses are thought to be associated with

intestinal inflammation. Th2 cells are induced by IL-4 and secrete

IL-4, IL-5, and IL-13, leading to the inhibition of the development

of Th1 cells, and enhance the innate immune response through

activating macrophages (58). Th17 cells produce IL-17A, IL-17F,

IL-21 and IL-22, which are important in driving intestinal
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inflammation (61, 62). Regulatory T cells (Tregs) are also involved

in IBD pathogenesis (63). These cells play a negative role in

modulating immune tolerance by producing anti-inflammatory

factors including IL-10 and TGF-b (64).

There is cooperation between the immune cells and intestinal

epithelial cells in the maintenance of microbiota homeostasis and

protection of intestinal barrier. The plasma cells residing in the

intestinal lamina propria secrete immunoglobulin A (IgA). The

secreted IgA reaches the polymeric immunoglobulin receptor

(pIgR) on intestinal epithelium via simple diffusion for

transcytosis into the intestinal lumen, where IgA assures the

homeostasis of microbiome and protects the host against enteric

infections (65–67).

Intestinal barrier homeostasis is reinforced by the resident

microbiota, an essential component that maintains the intestinal

homeostasis (68, 69). Resident microorganisms influence many

physiological processes of the host, including digestion and

metabolism, regulation of epithelial barrier and host immune

system homeostasis, and inhibition of pathogen colonization (70–

73). In the intestine, most of microorganisms are living in a

mutualistic relationship with the host, and some symbiotic

microorganisms may cause disease in certain conditions (39). The

composition of the gut microbiota is believed to be a crucial

determinant of host susceptibility to intestine inflammation (39).

Change of the gut microbiota composition, i.e., dysbiosis, is a key
Frontiers in Immunology 03
feature of IBD (74). The altered composition of the intestinal

microbiota will break the balance between beneficial and

deleterious microbial metabolites in combination with increased

intestine permeability and intestine inflammation (73). Dysbiosis of

the commensal microorganisms and disruption of the intestinal

barrier are believed to be major mechanisms underlying IBD

development (39).

There is bidirectional relationship between microbiota

and intestinal immune system. The gut microbiota has

immunomodulatory effects (75). Gut microbiota abnormality driven

innate immunity is a central process in the pathogenesis of IBD (38).

The intestinal immune response is an outcome of comprising gut

microbiota and immune cell (52). Probiotic intervention maintains a

balance between pro- and anti-inflammatory response and affects

production of pro- and anti-inflammatory factors in IBD patients.

Modulating the microbiota-immune axis may lead to new treatments

for IBD. For instance, administration of Bifidobacterium infantis

reduced the production of pro-inflammatory cytokines such as C-

reactive protein, TNF-a, and IL-6 in UC patients (76). It remains

unclear that whether circRNAs affect microbiota directly. Considering

the influences of circRNAs on immune cells and intestinal epithelial

cells, it is possible that circRNAs affect microbiota indirectly, probably

through immune system and epithelial cells. And vice versa, the

microbiota may also affect circRNAs expression in intestinal

epithelial cells and immune cells.
FIGURE 1

Pathogenesis of IBD. Disruption of the intestinal epithelial barrier leads to the invasion of bacteria and other antigens, which triggers a series of
inflammatory reactions and ultimately leads to intestinal inflammation. Th1, type 1 T helper cells; Th2, type 2 T helper cells; Th17, type 17 T
helper cells.
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2.2 Biogenesis and functions of circRNAs

CircRNAs are produced from precursor mRNAs (pre-mRNAs)

via back-splicing (27, 77). The great majority of circRNAs are

encoded by protein-coding genes. CircRNA consists of one or

multiple exons (78) (Figure 2). For some circRNAs, exons are

circularized with introns retained between exons and these

circRNAs are termed exon-intron circRNAs or EIciRNAs (79).

There is another kind of circRNAs called circular intronic RNAs

(ciRNAs). CiRNAs are produced from intronic lariats that escape

debranching (80). Exon-only circRNAs are mainly located in the

cytoplasm (12, 78), while ciRNAs prefer to localize in the nucleus

(80, 81). Compared to their cognate linear RNAs, many circRNAs

are expressed at lower levels. However, for some genes, the

expression of circRNAs is in high levels (82). A few circRNAs are

abundantly expressed in platelet-derived extracellular vesicles (83).
Frontiers in Immunology 04
Many studies have demonstrated that some abundant

circRNAs act as sponges of microRNA (miRNA) (84). Many

circRNAs have one or more miRNA-binding sites, and

some circRNAs have sites for multiple miRNAs to bind (21).

As miRNA sponges, circRNAs sequester and repress miRNA

functions (85). For example, the circular RNA ciRS-7 has more

than 70 binding sites for miR-7, and it sponges miR-7 to suppress

miR-7 activity, resulting in increased expression of miR-7 target

genes (84). Moreover, circRNA adsorption may alter the

expression of miRNAs. For instance, ciRS-7 knockout led to

decreased levels of mature miR-7 in mice, suggesting that ciRS-7

functions to protect miR-7 from degradation (86). The inhibition

or protection of miR-7 by ciRS-7 is cellular context dependent.

The expression levels of many circRNAs are very low and many

circRNAs have few sites for miRNA binding (78, 87), therefore,

these circRNAs may not function as miRNA sponges.
FIGURE 2

Biogenesis and functions of circRNAs. CircRNAs are predominantly the products of back-splicing events that connect an exon to a preceding exon,
resulting in a covalently closed exonic circRNA (I). Retention of internal introns may lead to the production of exon–intron circRNAs (EIcircRNAs)
that contain sequences of exons and introns. The intronic lariats that are not branched form circular intronic RNAs (ciRNAs). EIcircRNAs associate
with RNA pol II and enhance the transcription of their parental genes via an interaction with U1 snRNP (II). CiRNAs accumulate in the nucleus to
regulate gene transcription in cis by promoting Pol II activity on their parental genes (III). In the cytoplasm, circRNAs may act as miRNA sponges (IV);
interact with proteins, including RNA-binding proteins (RBPs) (V); and be translated into proteins (VI). CircRNAs may also be used as biomarkers of
disease (VII).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1307985
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lun et al. 10.3389/fimmu.2023.1307985
CircRNAs can bind proteins and many circRNA-associated

proteins have been identified including RNA-binding proteins

(RBPs) (21, 27). CircRNA association with RBPs may regulate the

biogenesis, nuclear export, degradation, and function of circRNAs

(88, 89). Through interaction, circRNAs may influence the

behaviors or impact the fates of associated proteins (89–91). In

addition to functioning as protein sponges (11, 92), circRNAs can

function as protein scaffolds (93, 94) and protein recruiters (95),

thereby regulating protein subcellular localization, protein–protein

interaction, stability, and protein-DNA interaction. For instance, in

hepatocellular carcinoma (HCC) cells, circRPN2 binds enolase 1

(ENO1) and accelerated ENO1 degradation, thereby regulating cell

glycolysis (96). CircAmotl1 enhanced the expression and nuclear

translocation of Stat3, which accelerated the healing process in a

mouse excisional wound model (97).

Although most circRNAs locate in the cytoplasm, the EIciRNAs

and ciRNAs are retained in the nucleus, where they interact with the

U1 small nuclear ribonucleoprotein to promote the transcription of

their parental genes (79). They can also do so by positively

modulating RNA polymerase II (Pol II)-mediated transcription

(80) (Figure 2). The great majority of circRNAs are believed to be

noncoding RNAs. However, recent studies show that some

circRNAs can be translated into proteins in a cap-independent

way under specific conditions (98, 99).
3 Roles of circRNAs in IBD

CircRNAs are implicated in many biological processes and

diseases. It was shown that a subset of circRNA quantitative trait

loci (circQTLs) SNPs was highly linked to genome-wide association

study signals of complex diseases, especially schizophrenia, IBD,

and type II diabetes mellitus (100). As regulators of gene expression,

circRNAs affect genetic variation and phenotypic changes. Some

circular RNAs are found to play roles in the development of IBD

(Table 1). Although many circRNAs have been found in humans,

their roles in IBD are not widely investigated. Analyzing circRNA

profiles and investigating their functions in IBD will disclose the

mechanisms underlying IBD.
3.1 CircRNAs and intestinal
epithelial barrier

The intestinal epithelial barrier is the first line of defense in the

body. The intestinal epithelium is composed of a single layer of

epithelial cells that tightly link together through junction proteins,

and it maintains the integrity of intestinal barrier. The intestinal

epithelial barrier protects the host against pathogens in the

intestinal lumen, and its disruption is believed to be the core

pathology of IBD. Intestinal stem cells (ISCs) are the dividing

cells in the intestinal epithelium that can differentiate into IECs

and are responsible for the renewal of the epithelial lining (118,

119). Leucine-rich repeat-containing G protein-coupled receptor 5

(Lgr5)-positive ISCs constitute a subgroup of ISCs. Lgr5+ ISCs,

through self-renewal and differentiation, repair damaged intestinal
Frontiers in Immunology 05
epithelium and maintain intestinal homeostasis. Disordered Lgr5+

ISCs self-renewal and differentiation may lead to intestinal

inflammation (120, 121). The circular RNA circPan3 was

overexpressed in human and mouse Lgr5+ ISCs (122). In ISCs

circPan3 bound the IL-13 receptor subunit (IL-13Ra1) mRNA to

promote the expression of IL-13Ra1 and increased ISCs self-

renewal. Depletion of circPan3 in human Lgr5+ ISCs inhibited

the renewal of ISCs, leading to the inhibition of epithelium

regeneration (122). Likewise, circPan3 bound and stabilized IL-

13Ra1 mRNA in mouse ISCs, allowing the expression of IL-13Ra1
expression. These results indicate that circPan3 is critical for the

self-renewal of ISCs. A recent report demonstrated that the circular

RNA circBtnl1 suppressed ISCs self-renewal via disruption of Atf4

mRNA stability (123). CircBtnl1 mediated the decay of Atf4mRNA

to suppress the transcription of Sox9, which negatively modulated

the self-renewal of ISCs.

During autophagy, cytoplasmic pathogens in lysosomes are

targeted and degraded (124). ATG16L1 plays a critical role in

autophagy and intestinal epithelium homeostasis (125). The

RNA-binding protein HuR is a posttranscriptional regulator (126,

127). In the intestinal epithelium HuR and the circular RNA

circPABPN1 regulate the expression of ATG16L1 (128). High

levels of circPABPN1 blocked the binding of HuR to Atg16l1

mRNA in IECs and suppressed ATG16L1 translation induced by

HuR, reducing the ATG16L1 production rate. By controlling the

expression of ATG16L1, the HuR-circPABPN1 interaction

regulates autophagy. The results suggest that the HuR/

circPABPN1/ATG16L1 axis is involved in the development of

IBD (128). A recent study revealed that overexpression of

circHECTD1 alleviated UC by promoting HuR-dependent

autophagy via the action of miR-182-5p (101). The expression of

circHECTD1 was decreased in the colonic mucosa of UC patients.

Overexpression of circHECTD1 reduced the number of injuries and

attenuated inflammation in the colon by promoting autophagy in

dextran sulfate sodium salt (DSS)-treated mice.

The level of circ_0001187 was increased in colonic mucosa from

UC patients (102). Circ_0001187 acted as a sponge of miR-1236-3p

which targeted MYD88. Deletion of circ_0001187 inhibited TNF-a-
induced apoptosis, inflammation, and oxidative stress in human

normal colorectal mucosa cells, which was blocked by a miR-1236-

3p inhibitor. The results indicated that circ_0001187 promoted the

development of UC via miR-1236-3p. It was found that the

expression of circ_0001187 was upregulated in the serum

exosomes of UC patients. These findings suggest that

circ_0001187 may serve as a biomarker and/or therapy target

in UC.

Genome-wide profile analyses showed that approximately 300

circRNAs, including circHIPK3, were differentially expressed in

mice intestinal mucosa after cecal ligation and puncture (103). The

expression level of circHIPK3 was found to be decreased in

intestinal epithelial cells of IBD patients. Overexpression of

circHIPK3 enhanced intestinal epithelium repair after wounding,

whereas depletion of circHIPK3 repressed epithelial recovery. In

mice silencing circHIPK3 inhibited the growth of IECs, and

overexpression of circHIPK3 promoted intestinal epithelium

renewal. Mechanistically, circHIPK3 sponged miR-29b, leading to
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increased expression of Rac1, Cdc42, and cyclin B1 in IECs. These

findings indicate that circHIPK3 contributes to the repair of the

intestinal epithelium by reducing the level of miR-29b.

Notably, TNF-a promoted the expression of circRNA_103765

in the CD context, which was reversed by treatment with anti-TNF-

a mAb (104). In vitro TNF-a treatment induced the expression of

circRNA_103765, on which cell apoptosis depended. Depletion

of circRNA_103765 prevented TNF-a from inducing apoptosis

of human IECs. Moreover, circRNA_103765 sponged the miR-30

family members and enhanced the expression of Delta-like ligand 4

(DLL4). These findings show that circRNA_103765 regulates IBD

through sponging miR-30 family members to mediate the
Frontiers in Immunology 06
expression of DLL4. Inhibition of circRNA_103765 might be a

strategy to treat IBD.

The expression levels of circGMCL1 in colonic tissues of CD

patients were decreased, and this effect was associated with

increased CD-associated inflammatory indices (105). CircGMCL1

induced autophagy to inhibit the NLRP3 inflammasome-induced

pyroptosis and proinflammatory cytokines. A mechanistic study

indicated that circGMCL1 expression was associated with miR-124-

3p level and thus facilitated the expression of the miR-124-3p target

Annexin 7, an autophagy-associated gene, suggesting that

circGMCL1 functions via the miR-124-3p/Annexin 7 axis.

Moreover, in an experimental colitis model, treatment of the mice
TABLE 1 CircRNAs that are involved in IBD.

Name Diseases Tissues/
Cells

Expression Functions and Mechanisms Clinical
Significance

References

CircHECTD1 UC Colonic
tissues

Decrease Mitigates UC by promoting HuR-dependent
autophagy via miR-182-5p

Diagnostic and
prognostic
biomarker

101

Circ_0001187 UC Colonic
tissues

Increase Facilitates UC progression via the miR-1236-3p/
MYD88 axis

Diagnostic marker
and
therapeutic target

102

CircHIPK3 CD,
UC, sepsis

Gut
mucosa

Decrease Increases the intestinal epithelium repair rate by
sponging miR-29b

Therapeutic target 103

CircRNA_103765 CD, UC PBMCs Increase Promotes apoptosis by inhibiting miR-30-mediated
DLL4 expression

Therapeutic target 104

CircGMCL1 CD Colonic
tissues

Decrease Inhibits pyroptosis and proinflammatory cytokines
via the miR-124-3p/ANXA7 axis

Therapeutic target 105

Circ_ CCND1
UC

Colonic
tissues

Decrease Promotes Caco-2 cell survival and inhibits
inflammatory responses via the miR-142-5p/
NCOA3 axis

Therapeutic target 106

CircRNA_102610 CD PBMCs Increase Promotes the EMT by sponging miR-130a-3p Therapeutic target 107

CircRNA_103516 CD, UC PBMCs Increase Proinflammatory functioning Diagnostic
biomarker

108

CircRNA_102685
CD

Colonic
tissues

Increase Participates in the apoptosis, Toll-like receptor and
p53 signaling pathways

Diagnosis
and therapy

109

CircCDKN2B-
AS1

UC Colonic
tissues

Decrease Potentially antagonizes colonic epithelial
barrier function

Unclear 110

Circ_0007919
UC

Colonic
tissues

Decrease Affects epithelial integrity by regulating hsa-let-7a
and hsa-miR-138 target gene expression

Diagnostics
and therapeutics

111

CircAtp9b
UC Plasma

Increase Promotes apoptosis in colonic epithelial cells by
increasing PTEN

Diagnostics
and therapeutics

112

Circ_0001021
UC

Colonic
tissues

Decrease
Regulates epithelial barrier function by sponging
miR-224-5p

Therapeutic target 113

CircRNA_004662 CD PBMCs Increase Unclear Diagnostic
biomarker

114

CircSMAD4 Experimental
colitis

Colonic
tissues

Increase Impairs TJ proteins and increases the apoptosis rate
by sponging miR-135a-5p to regulate Janus kinase
2 expression

Therapeutic target 115

CircKcnt2
Experimental

colitis
ILC3

Increase
Suppresses IL-17 expression Unclear 116

CircZbtb20
Experimental

colitis
ILC3

Increase
Inhibits the m6A modification of Nr4a1 mRNA Unclear 117
CD, Crohn’s disease; EMT, epithelial mesenchymal transition; ILC3, Group 3 innate lymphoid cells; TJ, tight junction; PBMCs, peripheral blood mononuclear cells; UC, ulcerative colitis.
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with poly-(lactic-co-glycolic acid)-microspheres carrying oe-

circGMCL1 significantly reduced the severity of colitis, indicating

that circGMCL1 may serve as a target for CD treatment.

CircRNAs conferred protection to the intestinal mucosa of rats

with sepsis. Liu et al. (129) investigated the role of circ_0001105 in

intestinal epithelial permeability, oxidative damage, and morphological

changes in rats with sepsis and found that circ_0001105 protected the

intestinal barrier function of the rats by reducing intestinal

inflammation, oxidative damage and YAP1 expression, thereby

prolonging the survival of the rats with sepsis. Decreased expression

of circDMNT3B was conducive to reduced intestinal mucosal

permeability because it sponged miR-20b-5p in septic rats (130).

Therefore, circDNMT3B silencing increased the permeability of the

intestinal mucosa, caused oxidative damage, and increased the levels of

IL-6 and IL-10 in intestinal tissue. Depletion of circDNMT3B increased

the apoptosis rate of human intestinal epithelial Caco2 cells treated

with lipopolysaccharide (LPS). These results indicate that

circDMNT3B protected the rat intestinal epithelial barrier.

Expression levels of circRNA CCND1 was decreased in UC

patients and LPS-treated Caco2 cells. CircRNA CCND1 inhibited

LPS-induced apoptosis and inflammatory responses in the Caco-2

cells and played a protective role in UC via the miR-142-5p/NCOA3

axis (106). The long non-coding RNA CDKN2B-AS1 is expressed

in both linear and circular form (110). CDKN2B-AS1 is expressed

in colon epithelial cells and its expression level decreased in patients

with UC. Inhibition of expression of linear and circular CDKN2B-

AS1 increased barrier function.

Upregulated expression of circAtp9b was observed in plasma

samples from UC patients (112). LPS treatment increased the

expression of circAtp9b in human colonic epithelial cells, which

increased the expression of PTEN, eventually promoting apoptosis in

colonic epithelial cells. Expression of circ_0001021 was decreased in

UC patients, which was related to UC severity (113). Circ_0001021

regulated epithelial barrier function by sponging miR-224-5p. In

experimental colitis, circSMAD4 was upregulated in colonic tissues,

and the increased circSMAD4 was correlated positively with increased

inflammatory factors (115). Overexpression of circSMAD4 disrupted

TJ protein function and increased the epithelial cell apoptosis rate by

sponging miR-135a-5p. Si-circSMAD4 treatment ameliorated

experimental colitis.
3.2 CircRNAs and immune homeostasis

CircRNAs are involved in the pathogenesis of immune-related

diseases such as autoimmune diseases, cancer, and infectious

diseases (131–133). Many studies have indicated that circRNAs

play critical roles in immune responses, particularly in cells in

myeloid and lymphoid lineages (100, 134).

CircRNAs play a role in the activation of macrophages (135).

CircCdr1as was found to be downregulated in proinflammatory

macrophages and increased in anti-inflammatory macrophages,

and overexpression of circCdr1as induced the expression of anti-

inflammatory markers and enhanced the percentage of CD206+

cells in naïve and proinflammatory macrophages (136).
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CircRNAs are also involved in the regulation of DCs.

Differentially expressed circRNAs were identified in monocyte-

derived DCs from the peripheral blood of autoimmune hepatitis

patients (31), indicating that circRNAs might influence the

functions of DCs and be involved in the pathogenesis of

autoimmune disease. The circular RNA circSnx5 modulates DC-

driven immunity and tolerance (137). Melatonin inhibited the

activation of bone marrow-derived dendritic cells (BMDCs) from

colitis model mice, which was reflected by inhibiting the

phagocytotic ability of the cells and decreasing their secretion of

pro-inflammatory cytokines (138). RNA sequencing analysis

indicated that melatonin promoted the transformation of BMDCs

into cells with an immune-tolerant phenotype in DSS-induced

colitis mice by influencing noncoding RNAs, including circRNA-

0520 and circRNA-2243.

In the intestine the group 3 innate lymphoid cells (ILC3s) play

important roles in the regulation of immunity, inflammation, and

tissue homeostasis (139, 140). Liu et al. (116) found that circKcnt2

was activated in ILC3s under intestinal inflammation conditions.

CircKcnt2 recruited the nucleosome remodeling deacetylase

(NuRD) complex onto the promoter of Batf to suppress the

expression of Batf, a critical regulator of adaptive immunity. This

in turn suppressed IL-17 expression and thereby ILC3 inactivation

to promote the attenuation of innate colitis. A recent study revealed

an important role for circRNAs in the regulation of innate

lymphoid cell homeostasis. Specifically, circZbtb20 was highly

expressed in ILC3 cells, and the deletion of circZbtb20 reduced

the number of ILC3 cell and increased the susceptibility of the cells

to bacterial infection (117). CircZbtb20 enhanced the interaction

between Alkbh5 and Nr4a1 mRNA, which impaired the m6A

modification on Nr4a1 mRNA and promoted mRNA stability.

Nr4a1 activates Notch2 signaling, which maintains ILC3 cell

homeostasis. Through a circRNA-miRNA-mRNA axis,

circRNA_004662 cooperated with the mTOR signaling, which is

involved in T cells activation and proliferation, proinflammation

restriction, and anti-inflammatory promotion responses in

monocytes/macrophages (108).

CircRNAs bind and inhibit double-stranded RNA (dsRNA)-

dependent protein kinase (PKR), which is related to innate

immunity (141). After viral infection, circRNAs are degraded to

release PKR which is thus activated and contributes to immune

response. Poly(I:C) stimulation or viral infection stimulates global

circRNAs degradation mediated by RNase L, which is required for

activation of PKR in early innate immune response. In peripheral

blood mononuclear cells (PBMCs) from patients with systemic

lupus erythematosus, the expression levels of phosphorylated PKR

were increased and those of circRNA was decreased.

The innate immunity is inhibited by circRNAs modified with

N6-methyladenosine (m6A) (142). Exogenous circRNAs without

m6A modification interact with K63-linked ubiquitin chains and

the innate immune receptor RIG-I to promote the polymerization

and activation of RIG-I, initiating a downstream antiviral signaling

and inducing the activation of interferon-regulating factor 3

(IRF3), thereby promoting the expression of genes in an

autoimmune pathway.
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CircRNAs regulate the production of proinflammatory and

anti-inflammatory cytokines (143). Circ_0007456 influenced HCC

susceptibility to natural killer (NK) cells by modulating the

expression of ICAM-1 (144). CircUHRF1 secreted by HCC cells

inhibited the secretion of IFN-g and TNF-a by NK cells (145). Non-

small cell lung cancer (NSCLC) cell-derived exosomal circUSP7

inhibited IFN-g, TNF-a, granzyme-B and perforin secretion from

CD8+ T cells (146). Circ_0005519 was upregulated in CD4+ T cells

in asthma patients by inducing the expression of IL-13 and IL-6 in

CD4+ T cells (147). CircTRPS1 from bladder cancer cells

modulated CD8+ T-cell exhaustion (148).

CircRNA_103516 was markedly increased during flares

compared with that in the remission period of both CD and UC,

and the increased circRNA_103516 was associated positively with

the disease activity (108). CircRNA_103516 was correlated

positively with proinflammatory cytokines and negatively with

anti-inflammatory cytokines in UC and CD patients, suggesting

that circRNA_103516 has a pro-inflammatory function in IBD. The

high universality of circRNA_103516 in patients with stricture and

penetrating CD, indicates that this circRNA contributes to stricture

and penetrating behavior of CD. Song et al. (149) demonstrated that

circRIG-I interacted with DEAD-Box Helicase 3 X-Linked to

stimulate the MAVS/TRAF5/TBK1 axis, which activated IRF3-

mediated type I IFN transcription and aggravated inflammatory

damage in the colon. Qiao et al. (109) showed that circRNA-102685

was highly expressed in the colonic tissues of CD patients and

potentially regulated miRNA-146 action, alleviating intestinal

inflammation through the activation of NF-kB (150) and

influenced the functions of immune cells, such as Tregs and DCs

(151). Moreover, circRNA-102685 was found to be involved in the

chemokine signaling pathway and apoptosis, which was identified

in IBD (152, 153).

Increasing evidence suggests that circRNAs are also involved in

the regulation of the differentiation of immune cells. CircHIPK3

was involved in Th2 differentiation in allergic rhinitis (154). It was

shown that circINPP4B promoted Th17 differentiation by targeting

miR-30a in an experimental autoimmune encephalomyelitis model

(155). CircRNA000324 and circRNA000324 might be involved in

the regulation of differentiation of CD4+ T cell in patients with type

1 diabetes mellitus (156).
3.3 CircRNAs as biomarkers for IBD

There is no gold standard for the diagnosis and monitoring of

IBD. Clinical manifestations and endoscopy with histopathological

examination are two conventional methods for IBD diagnosis (157).

Endoscopy combined with biopsy analyses is the most effective way

for the diagnosis of IBD. Although effective, this method is costly

and invasive and it requires the expertise of clinicians (158). There

is an unmet need to develop alternative noninvasive biomarkers for

the diagnosis of IBD. CircRNAs are associated with IBD and a few

studies have suggested that circRNAs may be noninvasive and

inexpensive biomarkers.

Identifying IBD biomarkers is important for diagnosis and

prognosis of this disease and the IBD biomarkers may help
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predict disease behavior and monitor therapy responses.

CircRNAs exist in blood cells and plasma (26, 27, 29),

extracellular vesicles (28, 83), saliva (25), and urine samples (23).

They are stable in tissues and bodily fluids (159). These

characteristics indicate that circRNAs are promising biomarkers,

and in fact some circRNAs have been identified as potential

biomarkers for IBD (Table 1). Yin et al. (114) showed that the

expression of 4 circular RNAs (004662, 102610, 103124, and

092520) were significantly increased in the PBMCs of CD patients

compared with the levels of these circRNAs in healthy controls. The

area under the ROC (AUC) values of these four circRNAs were

0.85, 0.78, 0.74, and 0.66, respectively, making them potential

diagnostic biomarkers of CD. Furthermore, compared with the

level in patients with UC, circRNA_004662 was more highly

expressed in patients with CD, suggesting that it may be used to

differentiate patients with CD from those with UC.

CircRNA_103516 was upregulated in PBMCs of UC and CD

patients and showed a positive correlation with disease activity and

the levels of the inflammatory cytokines TNF-a and IFNg and a

negative correlation with the anti-inflammatory cytokine IL-10 level

(108). The AUC values of circRNA_103516 used for CD and UC

diagnosis were 0 .790 and 0.687, respect ive ly . Thus ,

circRNA_103516 in PBMCs might act as a biomarker for IBD

diagnosis. Wang and colleagues (111) recently showed that a

reduction in the level of circ_0007919 in patients with UC

increased the expression of enhancer of polycomb homolog 1

(EPC1) and vasoactive intestinal polypeptide receptor 1 (VIPR1)

because this circRNA sponges hsa-let-7a and miR-138, resulting in

intestinal inflammation through SIRT1 inhibition and NF-kB
activation. The expression level of circ_0007919 is related to the

pathogenesis and progression of UC, indicating that it may have

potential application in diagnostics and therapeutics.

CircRNA_102610 is a markedly overexpressed circRNA in

PBMCs of patients with CD (114), and it promotes the

proliferation and epithelial-mesenchymal transition of IECs by

absorbing miR-130a-3p (107). CircRNA_102610 was found at a

high level in clinical CD samples, suggesting that it may also act as a

novel biomarker of IBD.

Differentially expressed circRNAs in saliva are also potential

biomarkers. In saliva of oral squamous cell carcinoma (OSCC),

hsa_circ_0001874 and hsa_circ_0001971 were found upregulated,

indicating the potential of salivary circRNAs as biomarkers for the

diagnosis of OSCC (160). It was shown that expression levels of

urinary exosomes derived hsa_circ_0036649 was associated with

the degree of renal fibrosis, indicating this circRNA might serve as a

biomarker for chronic renal fibrosis (161). Whether there are

changes of circRNA levels in saliva and urine samples of IBD

patients remains unclear. The studies cited in the manuscript only

compared IBD patients with healthy controls and the results

indicate that expression levels of circRNAs are correlated with the

IBD. There are a few types of gut inflammation that are unrelated to

IBD, such as infectious colitis and allergic colitis. Whether the

expression levels of these circRNAs are also correlated with

infectious colitis and allergic colitis remains unknown. Large scale

investigation as well as clinical studies are needed to identify

circRNAs that have high specificity for the diagnosis of IBD.
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4 Conclusion

Over the last decades, IBD has become a global health concern

(1). Although much efforts have been made, the precise

pathogenesis of IBD is not well understood. Emerging evidence

has shown that circRNAs are implicated in the pathogenesis of IBD

and some of the circRNAs may have potential for clinical

applications. CircRNAs can function as miRNAs sponges to

regulate genes expression, which regulates intestinal barrier

function and immune response. Studies have shown that

circRNA_103516 and circRNA_004662 are found to be highly

expressed in PBMCs of CD patients and may serve as biomarkers

for diagnosis (108, 114). The research of circRNAs in IBD is still in

the early stage and the knowledge of circRNAs in IBD is limited.

More focus driven investigation in this field is needed. The

molecular mechanisms underlying the influence of circRNAs on

IBD should be disclosed. Promising therapeutic approaches need to

be explored. Inhibition or promotion of circRNA expression may be

beneficial in the treatment of IBD. The development of tissue-

specific/cell type-specific antagonists or mimics of circRNAs as well

as circRNA delivery method could be the most efficient approach.

Currently, many studies are still in the laboratory and have not been

extended to clinical practice. Animal studies should be conducted

and rigorous clinical trials are required to assess the safety and

effectiveness of promising treatments.

There are still some unresolved problems and unanswered

questions in circRNA. As the sequence of circRNA overlap with

its l inear mRNA counterpart , the ident ificat ion and

characterization of circRNAs is a challenge. An accurate

description of the amount and classification of circRNAs is still

lacking. Currently, the methods for identification, characterization,

and assessment of circRNAs all depend on the specific junction site

(162). The knowledge about circRNA modulation and its effect on

circRNA function is limited. How circRNAs are transported into

and excrete outside the cells are not well understood. Undoubtedly,

addressing these issues will be much helpful to the development of

methods for diagnosis, prognosis, and treatment of IBD.

In summary, circRNAs are becoming promising area of IBD

research, and the disclosure the role and the underlying mechanism
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of circRNAs in IBD will undoubtedly help develop efficient

therapeutic methods for IBD.
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86. Piwecka M, Glažar P, Hernandez-Miranda LR, Memczak S, Wolf SA, Rybak-
Wolf A, et al. Loss of a mammalian circular RNA locus causes miRNA deregulation and
affects brain function. Science (2017) 357:eaam8526. doi: 10.1126/science.aam8526

87. Enuka Y, Lauriola M, Feldman ME, Sas-Chen A, Ulitsky I, Yarden Y. Circular
RNAs are long-lived and display only minimal early alterations in response to a growth
factor. Nucleic Acids Res (2016) 44:1370–83. doi: 10.1093/nar/gkv1367

88. Zang J, Lu D, Xu A. The interaction of circRNAs and RNA binding proteins: An
important part of circRNA maintenance and function. J Neurosci Res (2020) 98:87–97.
doi: 10.1002/jnr.24356

89. Huang A, Zheng H, Wu Z, Chen M, Huang Y. Circular RNA-protein
interactions: functions, mechanisms, and identification. Theranostics (2020) 10:3503–
17. doi: 10.7150/thno.42174

90. Du WW, Fang L, Yang W, Wu N, Awan FM, Yang Z, et al. Induction of tumor
apoptosis through a circular RNA enhancing Foxo3 activity. Cell Death Differ (2017)
24:357–70. doi: 10.1038/cdd.2016.133

91. Luo J, Liu H, Luan S, Li Z. Guidance of circular RNAs to proteins' behavior as
binding partners. Cell Mol Life Sci (2019) 76:4233–43. doi: 10.1007/s00018-019-03216-z

92. Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, Bartok O, Hanan M, et al.
circRNA biogenesis competes with pre-mRNA splicing. Mol Cell (2014) 56:55–66.
doi: 10.1016/j.molcel.2014.08.019

93. Zeng Y, Du WW, Wu Y, Yang Z, Awan FM, Li X, et al. A circular RNA binds to
and activates AKT phosphorylation and nuclear localization reducing apoptosis and
enhancing cardiac repair. Theranostics (2017) 7:3842–55. doi: 10.7150/thno.19764

94. Du W, Zhang C, Yang W, Yong T, Awan F, Yang BB. Identifying and
characterizing circRNA-protein interaction. Theranostics (2017) 7:4183–91.
doi: 10.7150/thno.21299
Frontiers in Immunology 11
95. Chen N, Zhao G, Yan X, Lv Z, Yin H, Zhang S, et al. A novel FLI1 exonic circular
RNA promotes metastasis in breast cancer by coordinately regulating TET1 and
DNMT1. Genome Biology (2018) 19(1):218. doi: 10.1186/s13059-018-1594-y

96. Li J, Hu ZQ, Yu SY, Mao L, Zhou ZJ, Wang PC, et al. CircRPN2 inhibits aerobic
glycolysis and metastasis in hepatocellular carcinoma. Cancer Res (2022) 82:1055–69.
doi: 10.1158/0008-5472.CAN-21-1259

97. Yang ZG, Awan FM, Du WW, Zeng Y, Lyu J, Wu D, et al. The circular RNA
interacts with STAT3, increasing its nuclear translocation and wound repair by
modulating Dnmt3a and miR-17 function. Mol Ther (2017) 25:2062–74.
doi: 10.1016/j.ymthe.2017.05.022

98. Pamudurti NR, Bartok O, Jens M, Ashwal-Fluss R, Stottmeister C, Ruhe L, et al.
Translation of circRNAs. Mol Cell (2017) 66:9–21.e27. doi: 10.1016/
j.molcel.2017.02.021

99. Chekulaeva M, Rajewsky N. Roles of long noncoding RNAs and circular RNAs
in translation. Cold Spring Harb Perspect Biol (2019) 11:a032680. doi: 10.1101/
cshperspect.a032680

100. Liu Z, Ran Y, Tao C, Li S, Chen J, Yang E. Detection of circular RNA expression
and related quantitative trait loci in the human dorsolateral prefrontal cortex. Genome
Biol (2019) 20:99. doi: 10.1186/s13059-019-1701-8

101. Xu Y, Tian Y, Li F, Wang Y, Yang J, Gong H, et al. Circular RNA HECTD1
mitigates ulcerative colitis by promoting enterocyte autophagy via miR-182-5p/huR
axis. Inflammation Bowel Dis (2022) 28:273–88. doi: 10.1093/ibd/izab188

102. Ouyang W, Wu M, Wu A, Xiao H. Circular RNA_0001187 participates
in the regulation of ulcerative colitis development via upregulating myeloid
differentiation factor 88. Bioengineered (2022) 13:12863–75. doi: 10.1080/
21655979.2022.2077572

103. Xiao L, Ma XX, Luo J, Chung HK, Kwon MS, Yu TX, et al. Circular RNA
circHIPK3 promotes homeostasis of the intestinal epithelium by reducing microRNA
29b function. Gastroenterology (2021) 161:1303–1317.e3. doi: 10.1053/j.gastro.2021.
05.060

104. Ye Y, Zhang L, Hu T, Yin J, Xu L, Pang Z, et al. CircRNA_103765 acts as a
proinflammatory factor via sponging miR-30 family in Crohn's disease. Sci Rep (2021)
11:565. doi: 10.1038/s41598-020-80663-w

105. Zhao J, Sun Y, Yang H, Qian J, Zhou Y, Gong Y, et al. PLGA-microspheres-
carried circGMCL1 protects against Crohn's colitis through alleviating NLRP3
inflammasome-induced pyroptosis by promoting autophagy. Cell Death Dis (2022)
13:782. doi: 10.1038/s41419-022-05226-5

106. Xiang P, Ge T, Zhou J, Zhang Y. Protective role of circRNA CCND1 in
ulcerative colitis via miR-142-5p/NCOA3 axis. BMC Gastroenterol (2023) 23:18.
doi: 10.1186/s12876-023-02641-6

107. Yin J, Ye YL, Hu T, Xu LJ, Zhang LP, Ji RN, et al. Hsa_circRNA_102610
upregulation in Crohn's disease promotes transforming growth factor-b1-induced
epithelial-mesenchymal transition via sponging of hsa-miR-130a-3p. World J
Gastroenterol (2020) 26:3034–55. doi: 10.3748/wjg.v26.i22.3034

108. Ye YL, Yin J, Hu T, Zhang LP, Wu LY, Pang Z. Increased circulating circular
RNA_103516 is a novel biomarker for inflammatory bowel disease in adult patients.
World J Gastroenterol (2019) 25:6273–88. doi: 10.3748/wjg.v25.i41.6273

109. Qiao YQ, Cai CW, Shen J, Zheng Q, Ran ZH. Circular RNA expression
alterations in colon tissues of Crohn′s disease patients.Mol Med Rep (2019) 19:4500–6.
doi: 10.3892/mmr.2019.10070

110. Rankin CR, Lokhandwala ZA, Huang R, Pekow J, Pothoulakis C, Padua D.
Linear and circular CDKN2B-AS1 expression is associated with Inflammatory Bowel
Disease and participates in intestinal barrier formation. Life Sci (2019) 231:116571.
doi: 10.1016/j.lfs.2019.116571

111. Wang T, Chen N, Ren W, Liu F, Gao F, Ye L, et al. Integrated analysis of
circRNAs and mRNAs expression profi le revealed the involvement of
hsa_circ_0007919 in the pathogenesis of ulcerative colitis. J Gastroenterol (2019)
54:804–18. doi: 10.1007/s00535-019-01585-7

112. Li F, Fu J, Fan L, Lu S, Zhang H, Wang X, et al. Overexpression of circAtp9b in
ulcerative colitis is induced by lipopolysaccharides and upregulates PTEN to promote
the apoptosis of colonic epithelial cells. Exp Ther Med (2021) 22:1404. doi: 10.3892/
etm.2021.10840

113. Li B, Li Y, Li L, Yu Y, Gu X, Liu C, et al. Hsa_circ_0001021 regulates intestinal
epithelial barrier function via sponging miR-224-5p in ulcerative colitis. Epigenomics
(2021) 13:1385–401. doi: 10.2217/epi-2021-0230

114. Yin J, Hu T, Xu L, Li P, Li M, Ye Y, et al. Circular RNA expression profile in
peripheral blood mononuclear cells from Crohn disease patients. Med (Baltimore)
(2019) 98:e16072. doi: 10.1097/MD.0000000000016072

115. Zhao J, Lin Z, Ying P, Zhao Z, Yang H, Qian J, et al. circSMAD4 promotes
experimental colitis and impairs intestinal barrier functions by targeting janus kinase 2
through sponging miR-135a-5p. J Crohns Colitis (2023) 17:593–613. doi: 10.1093/ecco-
jcc/jjac154

116. Liu B, Ye B, Zhu X, Yang L, Li H, Liu N, et al. An inducible circular RNA
circKcnt2 inhibits ILC3 activation to facilitate colitis resolution. Nat Commun (2020)
11:4076. doi: 10.1038/s41467-020-17944-5

117. Liu B, Liu N, Zhu X, Yang L, Ye B, Li H, et al. Circular RNA circZbtb20 maintains
ILC3 homeostasis and function via Alkbh5-dependent m6A demethylation of Nr4a1
mRNA. Cell Mol Immunol (2021) 18:1412–24. doi: 10.1038/s41423-021-00680-1
frontiersin.org

https://doi.org/10.1053/j.gastro.2014.02.009
https://doi.org/10.1053/j.gastro.2014.02.009
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1038/nri2515
https://doi.org/10.1038/nature11550
https://doi.org/10.1111/imr.12567
https://doi.org/10.1038/s41575-019-0258-z
https://doi.org/10.1146/annurev-immunol-020711-074937
https://doi.org/10.1016/j.cell.2014.12.020
https://doi.org/10.4161/gmic.25487
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1186/s13059-014-0409-z
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1016/j.molcel.2013.08.017
https://doi.org/10.1007/s11427-021-1993-6
https://doi.org/10.1371/journal.pone.0030733
https://doi.org/10.1080/20013078.2018.1424473
https://doi.org/10.1038/nature11993
https://doi.org/10.1016/j.tcb.2019.12.004
https://doi.org/10.1126/science.aam8526
https://doi.org/10.1093/nar/gkv1367
https://doi.org/10.1002/jnr.24356
https://doi.org/10.7150/thno.42174
https://doi.org/10.1038/cdd.2016.133
https://doi.org/10.1007/s00018-019-03216-z
https://doi.org/10.1016/j.molcel.2014.08.019
https://doi.org/10.7150/thno.19764
https://doi.org/10.7150/thno.21299
https://doi.org/10.1186/s13059-018-1594-y
https://doi.org/10.1158/0008-5472.CAN-21-1259
https://doi.org/10.1016/j.ymthe.2017.05.022
https://doi.org/10.1016/j.molcel.2017.02.021
https://doi.org/10.1016/j.molcel.2017.02.021
https://doi.org/10.1101/cshperspect.a032680
https://doi.org/10.1101/cshperspect.a032680
https://doi.org/10.1186/s13059-019-1701-8
https://doi.org/10.1093/ibd/izab188
https://doi.org/10.1080/21655979.2022.2077572
https://doi.org/10.1080/21655979.2022.2077572
https://doi.org/10.1053/j.gastro.2021.05.060
https://doi.org/10.1053/j.gastro.2021.05.060
https://doi.org/10.1038/s41598-020-80663-w
https://doi.org/10.1038/s41419-022-05226-5
https://doi.org/10.1186/s12876-023-02641-6
https://doi.org/10.3748/wjg.v26.i22.3034
https://doi.org/10.3748/wjg.v25.i41.6273
https://doi.org/10.3892/mmr.2019.10070
https://doi.org/10.1016/j.lfs.2019.116571
https://doi.org/10.1007/s00535-019-01585-7
https://doi.org/10.3892/etm.2021.10840
https://doi.org/10.3892/etm.2021.10840
https://doi.org/10.2217/epi-2021-0230
https://doi.org/10.1097/MD.0000000000016072
https://doi.org/10.1093/ecco-jcc/jjac154
https://doi.org/10.1093/ecco-jcc/jjac154
https://doi.org/10.1038/s41467-020-17944-5
https://doi.org/10.1038/s41423-021-00680-1
https://doi.org/10.3389/fimmu.2023.1307985
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lun et al. 10.3389/fimmu.2023.1307985
118. Clevers H. The intestinal crypt, a prototype stem cell compartment. Cell (2013)
154:274–84. doi: 10.1016/j.cell.2013.07.004

119. Baulies A, Angelis N, Li VSW. Hallmarks of intestinal stem cells. Development
(2020) 147:dev182675. doi: 10.1242/dev.182675

120. Asfaha S. Intestinal stem cells and inflammation. Curr Opin Pharmacol (2015)
25:62–6. doi: 10.1016/j.coph.2015.11.008

121. Wang Z, Qu YJ, Cui M. Modulation of stem cell fate in intestinal homeostasis,
injury and repair. World J Stem Cells (2023) 15:354–68. doi: 10.4252/wjsc.v15.i5.354

122. Zhu P, Zhu X, Wu J, He L, Lu T, Wang Y, et al. IL-13 secreted by ILC2s
promotes the self-renewal of intestinal stem cells through circular RNA circPan3. Nat
Immunol (2019) 20:183–94. doi: 10.1038/s41590-018-0297-6

123. Guo H, Zhang J, Jiang Z, Zhu X, Yang J, Mu R, et al. Noncoding RNA circBtnl1
suppresses self-renewal of intestinal stem cells via disruption of Atf4 mRNA stability.
EMBO J (2023) 42:e112039. doi: 10.15252/embj.2022112039

124. Boya P, Reggiori F, Codogno P. Emerging regulation and functions of
autophagy. Nat Cell Biol (2013) 15:713–20. doi: 10.1038/ncb2788

125. Foerster EG, Mukherjee T, Cabral-Fernandes L, Rocha JDB, Girardin SE,
Philpott DJ. How autophagy controls the intestinal epithelial barrier. Autophagy
(2022) 18:86–103. doi: 10.1080/15548627.2021.1909406

126. Giammanco A, Blanc V, Montenegro G, Klos C, Xie Y, Kennedy S, et al.
Intestinal epithelial HuR modulates distinct pathways of proliferation and apoptosis
and attenuates small intestinal and colonic tumor development. Cancer Res (2014)
74:5322–35. doi: 10.1158/0008-5472

127. Xiao L, Wang JY. RNA-binding proteins and microRNAs in gastrointestinal
epithelial homeostasis and diseases. Curr Opin Pharmacol (2014) 19:46–53.
doi: 10.1016/j.coph.2014.07.006

128. Li XX, Xiao L, Chung HK, Ma XX, Liu X, Song JL, et al. Interaction between
HuR and circPABPN1 modulates autophagy in the intestinal epithelium by altering
ATG16L1 translation. Mol Cell Biol (2020) 40:e00492. doi: 10.1128/MCB.00492-19

129. Liu S, Zhang D, Liu Y, Zhou D, Yang H, Zhang K, et al. Circular RNA circ_0001105
protects the intestinal barrier of septic rats by inhibiting inflammation and oxidative damage
and YAP1 expression. Gene (2020) 755:144897. doi: 10.1016/j.gene.2020.144897

130. Liu J, Liu Y, Zhang L, Chen Y, Du H, Wen Z, et al. Down-regulation of
circDMNT3B is conducive to intestinal mucosal permeability dysfunction of rats with
sepsis via sponging miR-20b-5p. J Cell Mol Med (2020) 24:6731–40. doi: 10.1111/
jcmm.15324

131. Xie R, Zhang Y, Zhang J, Li J, Zhou X. The role of circular RNAs in immune-
related diseases. Front Immunol (2020) 11:545. doi: 10.3389/fimmu.2020.00545

132. Yan L, Chen YG. Circular RNAs in immune response and viral infection.
Trends Biochem Sci (2020) 45:1022–34. doi: 10.1016/j.tibs.2020.08.006

133. Gu J, Su C, Huang F, Zhao Y, Li J. Past, present and future: the relationship between
circular RNA and immunity. Front Immunol (2022) 13:894707. doi: 10.3389/
fimmu.2022.894707

134. Zurawska A, Mycko MP, Selmaj KW. Circular RNAs as a novel layer of
regulatory mechanism in multiple sclerosis. J Neuroimmunol (2019) 334:576971.
doi: 10.1016/j.jneuroim.2019.576971

135. Xu M, Xie F, Tang X, Wang T, Wang S. Insights into the role of circular RNA in
macrophage activation and fibrosis disease. Pharmacol Res (2020) 156:104777.
doi: 10.1016/j.phrs.2020.104777

136. Gonzalez C, Cimini M, Cheng Z, Benedict C, Wang C, Trungcao M, et al. Role
of circular RNA cdr1as in modulation of macrophage phenotype. Life Sci (2022)
309:121003. doi: 10.1016/j.lfs.2022.121003

137. Chen Q, Mang G, Wu J, Sun P, Li T, Zhang H, et al. Circular RNA circSnx5
Controls Immunogenicity of Dendritic Cells through the miR-544/SOCS1 Axis and
PU.1 Activity Regulation. Mol Ther (2020) 28:2503–18. doi: 10.1016/j.ymthe.2020.
07.001

138. Feng S, Xu Z, Zhang Z, Mo Y, Deng Y, Li L, et al. RNA-Seq approach to
investigate the effects of melatonin on bone marrow-derived dendritic cells from
dextran sodium sulfate-induced colitis mice. Toxicology (2022) 481:153354.
doi: 10.1016/j.tox.2022.153354

139. Withers DR, Hepworth MR. Group 3 innate lymphoid cells: communications
hubs of the intestinal immune system. Front Immunol (2017) 8:1298. doi: 10.3389/
fimmu.2017.01298

140. ZhouW, Sonnenberg GF. Activation and suppression of group 3 innate lymphoid
cells in the gut. Trends Immunol (2020) 41:721–33. doi: 10.1016/j.it.2020.06.009

141. Liu C-X, Li X, Nan F, Jiang S, Gao X, Guo S-K, et al. Structure and degradation
of circular RNAs regulate PKR activation in innate immunity. Cell (2019) 177:865–80.
doi: 10.1016/j.cell.2019.03.046
Frontiers in Immunology 12
142. Chen YG, Chen R, Ahmad S, Verma R, Kasturi SP, Amaya L, et al. N6-
Methyladenosine modification controls circular RNA immunity. Mol Cell (2019)
76:96–109.e9. doi: 10.1016/j.molcel.2019.07.016

143. Ashrafizadeh M, Zarrabi A, Mostafavi E, Aref AR, Sethi G, Wang L, et al. Non-
coding RNA-based regulation of inflammation. Semin Immunol (2022) 59:101606.
doi: 10.1016/j.smim.2022.101606

144. Shi M, Li ZY, Zhang LM,Wu XY, Xiang SH,Wang YG, et al. Hsa_circ_0007456
regulates the natural killer cell-mediated cytotoxicity toward hepatocellular carcinoma
via the miR-6852-3p/ICAM-1 axis. Cell Death Dis (2021) 12:94. doi: 10.1038/s41419-
020-03334-8

145. Zhang PF, Gao C, Huang XY, Lu JC, Guo XJ, Shi GM, et al. Cancer cell-derived
exosomal circUHRF1 induces natural killer cell exhaustion and may cause resistance to
anti-PD1 therapy in hepatocellular carcinoma.Mol Cancer (2020) 19:110. doi: 10.1186/
s12943-020-01222-5

146. Chen S, Zhu S, Pei X, Qiu B, Xiong D, Long X, et al. Cancer cell-derived
exosomal circusp7 induces CD8 T cell dysfunction and anti-PD1 resistance by
regulating the miR-934/SHP2 axis in NSCLC. Mol Cancer (2021) 20:144.
doi: 10.1186/s12943-021-01448-x

147. Huang Z, Cao Y, Zhou M, Qi X, Fu B, Mou Y, et al. Hsa_circ_0005519 increases
IL-13/IL-6 by regulating hsa-let-7a-5p in CD4 T cells to affect asthma. Clin Exp Allergy
(2019) 49:1116–27. doi: 10.1111/cea.13445

148. Yang C, Wu S, Mou Z, Zhou Q, Dai X, Ou Y, et al. Exosome-derived circtrps1
promotes Malignant phenotype and CD8+ T cell exhaustion in bladder cancer
microenvironments. Mol Ther (2022) 30:1054–70. doi: 10.1016/j.ymthe.2022.01.022

149. Song J, Zhao W, Zhang X, Tian W, Zhao X, Ma L, et al. Mutant RIG-I enhances
cancer-related inflammation through activation of circRIG-I signaling. Nat Commun
(2022) 13:7096. doi: 10.1038/s41467-022-34885-3

150. Nata T, Fujiya M, Ueno N, Moriichi K, Konishi H, Tanabe H, et al. MicroRNA-
146b improves intestinal injury in mouse colitis by activating nuclear factor-kappa B
and improving epithelial barrier function. J Gene Med (2013) 15:249–60. doi: 10.1002/
jgm.2717

151. Xu XM, Zhang HJ. MiRNAs as new molecular insights into inflammatory
bowel disease: crucial regulators in autoimmunity and inflammation. World J
Gastroenterol (2016) 22:2206–18. doi: 10.3748/wjg.v22.i7.2206

152. Mudter J, Neurath MF. Apoptosis of T cells and the control of inflammatory
bowel disease: therapeutic implications. Gut (2007) 56:293–303. doi: 10.1136/
gut.2005.090464

153. Nunes T, Bernardazzi C, de Souza HS. Cell death and inflammatory bowel
diseases: apoptosis, necrosis, and autophagy in the intestinal epithelium. BioMed Res
Int (2014) 2014:218493. doi: 10.1155/2014/218493

154. Zhu X, Wang X, Wang Y, Zhao Y. The regulatory network among CircHIPK3,
LncGAS5, and miR-495 promotes Th2 differentiation in allergic rhinitis. Cell Death Dis
(2020) 11:216. doi: 10.1038/s41419-020-2394-3

155. Han J, Zhuang W, Feng W, Dong F, Hua F, Yao R, et al. The circular RNA
circINPP4B acts as a sponge of miR-30a to regulate Th17 cell differentiation during
progression of experimental autoimmune encephalomyelitis. Cell Mol Immunol (2021)
18:2177–87. doi: 10.1038/s41423-021-00748-y

156. Chen J, Jia G, Lv X, Li S. Type 1 diabetes mellitus-related circRNAs regulate
CD4+ T cell functions. BioMed Res Int (2022) 2022:4625183. doi: 10.1155/2022/
4625183

157. Melmed GY, Siegel CA, Spiegel BM, Allen JI, Cima R, Colombel JF, et al.
Quality indicators for inflammatory bowel disease: development of process and
outcome measures. Inflammation Bowel Dis (2013) 19:662–8. doi: 10.1097/
mib.0b013e31828278a2

158. Canavese G, Villanacci V, Sapino A, Rocca R, Daperno M, Suriani R, et al. The
diagnosis of inflammatory bowel disease is often unsupported in clinical practice. Dig
Liver Dis (2015) 47:20–3. doi: 10.1016/j.dld.2014.09.007

159. Bolha L, Ravnik-Glavac M, Glavac D. Circular RNAs: biogenesis, function, and
a role as possible cancer biomarkers. Int J Genomics (2017) 2017:6218353. doi: 10.1155/
2017/6218353

160. Zhao SY, Wang J, Ouyang SB, Huang ZK, Liao L. Salivary circular RNAs
hsa_Circ_0001874 and hsa_Circ_0001971 as novel biomarkers for the diagnosis of oral
squamous cell carcinoma. Cell Physiol Biochem (2018) 47:2511–21. doi: 10.1159/
000491624

161. Cao Y, Shi Y, Yang Y, Wu Z, Peng N, Xiao J, et al. Urinary exosomes derived
circRNAs as biomarkers for chronic renal fibrosis. Ann Med (2022) 54:1966–76.
doi: 10.1080/07853890.2022.2098374

162. Jeck WR, Sharpless NE. Detecting and characterizing circular RNAs. Nat
Biotechnol (2014) 32:453–61. doi: 10.1038/nbt.2890
frontiersin.org

https://doi.org/10.1016/j.cell.2013.07.004
https://doi.org/10.1242/dev.182675
https://doi.org/10.1016/j.coph.2015.11.008
https://doi.org/10.4252/wjsc.v15.i5.354
https://doi.org/10.1038/s41590-018-0297-6
https://doi.org/10.15252/embj.2022112039
https://doi.org/10.1038/ncb2788
https://doi.org/10.1080/15548627.2021.1909406
https://doi.org/10.1158/0008-5472
https://doi.org/10.1016/j.coph.2014.07.006
https://doi.org/10.1128/MCB.00492-19
https://doi.org/10.1016/j.gene.2020.144897
https://doi.org/10.1111/jcmm.15324
https://doi.org/10.1111/jcmm.15324
https://doi.org/10.3389/fimmu.2020.00545
https://doi.org/10.1016/j.tibs.2020.08.006
https://doi.org/10.3389/fimmu.2022.894707
https://doi.org/10.3389/fimmu.2022.894707
https://doi.org/10.1016/j.jneuroim.2019.576971
https://doi.org/10.1016/j.phrs.2020.104777
https://doi.org/10.1016/j.lfs.2022.121003
https://doi.org/10.1016/j.ymthe.2020.07.001
https://doi.org/10.1016/j.ymthe.2020.07.001
https://doi.org/10.1016/j.tox.2022.153354
https://doi.org/10.3389/fimmu.2017.01298
https://doi.org/10.3389/fimmu.2017.01298
https://doi.org/10.1016/j.it.2020.06.009
https://doi.org/10.1016/j.cell.2019.03.046
https://doi.org/10.1016/j.molcel.2019.07.016
https://doi.org/10.1016/j.smim.2022.101606
https://doi.org/10.1038/s41419-020-03334-8
https://doi.org/10.1038/s41419-020-03334-8
https://doi.org/10.1186/s12943-020-01222-5
https://doi.org/10.1186/s12943-020-01222-5
https://doi.org/10.1186/s12943-021-01448-x
https://doi.org/10.1111/cea.13445
https://doi.org/10.1016/j.ymthe.2022.01.022
https://doi.org/10.1038/s41467-022-34885-3
https://doi.org/10.1002/jgm.2717
https://doi.org/10.1002/jgm.2717
https://doi.org/10.3748/wjg.v22.i7.2206
https://doi.org/10.1136/gut.2005.090464
https://doi.org/10.1136/gut.2005.090464
https://doi.org/10.1155/2014/218493
https://doi.org/10.1038/s41419-020-2394-3
https://doi.org/10.1038/s41423-021-00748-y
https://doi.org/10.1155/2022/4625183
https://doi.org/10.1155/2022/4625183
https://doi.org/10.1097/mib.0b013e31828278a2
https://doi.org/10.1097/mib.0b013e31828278a2
https://doi.org/10.1016/j.dld.2014.09.007
https://doi.org/10.1155/2017/6218353
https://doi.org/10.1155/2017/6218353
https://doi.org/10.1159/000491624
https://doi.org/10.1159/000491624
https://doi.org/10.1080/07853890.2022.2098374
https://doi.org/10.1038/nbt.2890
https://doi.org/10.3389/fimmu.2023.1307985
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Circular RNAs in inflammatory bowel disease
	1 Introduction
	2 Overview of IBD and circRNAs
	2.1 Basic knowledge of IBD pathogenesis
	2.2 Biogenesis and functions of circRNAs

	3 Roles of circRNAs in IBD
	3.1 CircRNAs and intestinal epithelial barrier
	3.2 CircRNAs and immune homeostasis
	3.3 CircRNAs as biomarkers for IBD

	4 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


