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Abstract

The proper function of the innate immune system depends on an intricate network of regulation 

that promotes effective responses to pathogens while avoiding autoimmunity. Circular RNAs 

(circRNAs), a class of RNAs that lack 5’ and 3’ ends, have emerged as key actors in these 

networks. Recent studies have demonstrated that endogenous circRNAs in eukaryotes regulate the 

activation of innate immune proteins and cells through diverse modes of action. Some DNA 

viruses also encode circRNAs, and foreign circRNAs have been found to stimulate an innate 

immune response. This review summarizes recent investigations that reveal the critical roles that 

circRNAs play in innate immunity and points to future areas of study in this emerging field.
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Introduction

The precise balance between the proper eradication of pathogens and the avoidance of 

autoimmune recognition critically depends on the regulation of gene expression in the innate 

immune system. Most studies thus far have focused on the roles of innate immune proteins. 

Pattern recognition receptors, for example, detect products of microbial invasion to initiate 

innate immune signaling, while cytokines are the molecules through which this signaling 

occur [1,2]. However, relatively few studies have investigated the functions of RNA, 

particularly a new class of single-stranded RNAs that are covalently closed loops, circular 

RNAs (circRNAs). The discovery of non-linear RNAs has increased the diversity of the 

transcriptome as well as expanded our understanding of the regulatory roles of RNAs during 

innate immunity. In this review, we will present recent studies of the identification and 

characterization of circRNAs during pathogenic infection and the innate immune response 

and discuss the additional layer of regulation on circRNAs by RNA modifications.
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Properties of CircRNAs

CircRNAs were initially thought to be products of aberrant splicing. However, in the past 

decade, advances in next-generation sequencing technologies and computational approaches 

have disrupted this presumption and established that the biogenesis of circRNAs is a 

carefully regulated process. CircRNA formation occurs via “back-splicing” in which the 

cellular spliceosomal machinery joins a downstream splice donor to an upstream splice 

acceptor [3–6]. Complementarity between introns that flank circularizing exons and RNA-

binding proteins bring portions of the precursor mRNAs into close proximity to facilitate 

circRNA formation [3–6]. The site where the 3’ and 5’ ends join together forms the back-

splice junction, the sole differentiating sequence between circRNAs and their linear 

counterparts. Back-splicing to generate circRNAs occurs in over 10% of transcripts in the 

human genome [7,8]. Some circRNAs are evolutionarily conserved between species, and 

others exhibit cell-type specific expression [7–9]. Most research has focused on endogenous 

circRNAs in eukaryotes, but circRNAs can also originate exogenously from viral genomes 

[10–14].

CircRNAs tend to share a set of general characteristics. They are predominantly exonic 

[7,8], though some consist of only introns or a mixture of both [15,16]. The lack of ends on 

circRNAs protects them from exonucleases, and thus, they exhibit much greater stability 

than linear RNAs [17]. Despite these defined physical properties, the functions of most 

circRNAs remain unclear, and many poorly expressed circRNAs are hypothesized to be 

transcriptional noise. However, numerous cellular and viral circRNAs have been shown to 

play significant roles in regulating gene expression and protein activity. As an additional 

layer of gene regulation, circRNAs can “sponge” microRNAs (miRNAs) through 

competitive binding to block miRNA interactions with mRNAs and long non-coding RNAs 

(lncRNAs) [18–20]. CircRNAs also directly regulate protein activation by docking in the 

active sites of RNA-binding proteins [21–24]. CircRNAs have additionally been shown to 

modulate mRNA stability [25], and several circRNAs are themselves translated to produce 

novel proteins [12,26]. Oftentimes, these diverse circRNA functions impact genes, proteins, 

and cells involved in innate immunity, implicating circRNAs as important actors in the 

innate immune response (Figure 1).

Endogenous circRNAs in innate immune cells

CircRNAs drive innate immune cell differentiation and exhibit cell-type specific expression

Productive immunity requires the generation of specialized immune cell types from 

hematopoietic stem cells (HSCs). This process occurs during hematopoeisis, where tight 

regulation ensures that stem cells balance differentiation with self-renewal in order to 

maintain a continuous supply of innate immune cells throughout a lifetime. CircRNAs are an 

integral part of the regulatory system: a circular RNA antagonist for cGAS (cia-cGAS) 

sustains HSC dormancy by suppressing activity of the innate immune sensor cyclic 

GMPAMP synthase (cGAS) [22]. In the absence of cia-cGAS competitive binding, cGAS 

senses genomic DNA and induces type I interferon production that stimulates the 

differentiation of long-term HSCs into downstream cell types such as multipotent progenitor 

cells, which are precursors to innate immune cells [22] (Figure 2A).
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When HSCs do differentiate, circRNAs exhibit cell-type specific expression in blood cell 

populations (Figure 2A). Computational analysis of RNA-seq data has revealed that 

undifferentiated hematopoietic progenitors, differentiated myeloid cells (such as 

monocytes), and differentiated lymphoid cells (such as T cells, B cells, and natural killer 

[NK] cells) exhibit distinctive circRNA transcriptional profiles [27]. Compared to B cells 

and T cells, monocytes are predicted to upregulate 438 circRNAs, many of which originate 

from genes associated with monocyte functions [28]. HSCs and monocyte and macrophage 

progenitors also differentially express circRNAs during each stage of osteoclast 

development, a process closely related to hematopoiesis [29]. CircRNAs have been further 

shown to directly impact this process. In bone marrow-derived macrophages, 

circRNA_28313 induces macrophage colony-stimulating factor 1 (CSF-1) to promote 

osteoclast differentiation [30]. CircRNA_28313 has a binding site for miR-195a, and the 

inhibition of miR-195a reverses the osteoclastogenic effects of circRNA_28313 silencing, 

suggesting that circRNA_29313 acts as an miRNA sponge [30]. While additional circRNAs 

have been linked to miRNAs through their correlated expression levels [29], the roles of 

most differentially expressed circRNAs remain an active area of investigation.

CircRNAs regulate innate immune cells that facilitate chronic disease development

In proper functioning immune systems, infection stimulates innate immune cells to initiate a 

cascade of cytotoxic and inflammatory activity. When dysregulated, this innate immune cell 

activity contributes to autoimmunity and chronic disease development. By modulating innate 

immune cell function and activation, individual circRNAs can therefore prevent or support 

the development of diseases such as atherosclerosis and cancer. Circular antisense non-

coding RNA in the INK4 locus (circANRIL) is expressed in vascular tissue macrophages 

and may protect against atherosclerosis by preventing their uncontrolled proliferation [23]. 

Specifically, circANRIL binds to pescadillo ribosomal biogenesis factor 1 (PES1) to stop 

pre-rRNA maturation, leading to nucleolar stress, apoptosis, and decreased cell division [23] 

(Figure 2B). Compared to normal cells, cancerous cells aberrantly express specific 

circRNAs that modulate the activity of innate immune cells in the tumor microenvironment. 

Hypoxia-induced expression of circ_0000977 in pancreatic cancer cells enables the evasion 

of NK cell-mediated death [31]. Circ_0000977 suppresses the expression of hypoxia-

inducible factor 1-alpha (HIF1A) and stimulates the shedding of cell surface MHC class I-

related molecule A (MICA) to deactivate nearby NK cells [31]. Circ_0000977 likely acts as 

an miRNA sponge, as the circRNA contains one miR-153 binding site, and miR-153 

inhibition attenuates the effects of circ_0000977 knockdown [31]. Moreover, in 

hepatocellular carcinoma cells, upregulated circASAP1 increases the expression of CSF-1 to 

promote the migration of tumor-associated macrophages into the microenvironment to 

support subsequent tumor metastasis [32]. CircASAP1 negatively regulates the activity of 

miR-326 and miR-535p, which otherwise reduces CSF-1 expression [32] (Figure 2C).

Endogenous circRNAs in innate immune response

Decrease in global circRNA levels stimulates innate immunity

One essential function of the innate immune system is to sense foreign pathogens and 

eradicate them, and numerous innate immunity proteins initiate the immune response by 
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recognizing viral nucleic acids. Endogenous circRNAs bind to these proteins in the absence 

of viral infection; upon infection, endogenous circRNA levels globally decrease, freeing 

innate immune proteins to bind to viral RNA and therefore initiating host antiviral immunity. 

For example, the biogenesis of cellular circRNAs decreases during de novo viral infection 

due to the activity of nuclear factors 90 and 110 (NF90/NF110) [6]. In uninfected cells, the 

NF90/NF110 complex stabilizes the interactions between intronic complementary sequences 

that flank circularizing exons, facilitating nascent circRNA formation in the nucleus [6]. In 

the cytoplasm, NF90/NF110 also binds to mature circRNAs [6]. During vesicular stomatitis 

virus (VSV) or poly(I:C) treatment, nuclear NF90/NF110 translocates to the cytoplasm, 

reducing the global production of circRNAs [6]. Viral infection also triggers NF90/NF110 to 

release cytoplasmic circRNAs, freeing the protein complex to interact with and block 

replication of viral transcripts [6]. Accordingly, cells where individual cellular circRNAs are 

overexpressed experience increased VSV titer upon infection [6]. Thus, a decrease in global 

circRNA formation and an increase in unassociated circRNA, driven by reduced circRNA 

interaction with NF90/NF110, may aid NF90/NF110-mediated antiviral innate immunity 

[6]. Viral infection also stimulates global circRNA degradation, which induces the innate 

immune response. Endogenous circRNAs have secondary structures that bind to and inhibit 

antiviral protein kinase R (PKR), whose pathogen-associated molecular pattern is double-

stranded RNA (dsRNA) [24]. In uninfected cells, the circRNA-PKR interaction prevents 

aberrant immune sensing by PKR. Encephalomyocarditis virus (EMCV) infection or 

poly(I:C) treatment activates endonuclease RNase L, which degrades circRNAs to free PKR, 

allowing it to sense and neutralize foreign dsRNA transcripts [24]. Thus, a decrease in 

global circRNA levels may represent an important step in activating NF90/NF110 and PKR 

binding to viral RNA in the innate immune response.

The immunosuppressive effect of circRNA interactions with innate immune proteins can be 

seen beyond antiviral immunity. Peripheral blood mononuclear cells (PBMCs) from patients 

with systemic lupus erythematosus (SLE), an autoimmune disorder, have globally decreased 

circRNA levels, and overexpression of endogenous circRNAs reduced the cells’ PKR 

activation and interferon gene expression levels [24]. Therefore, in both autoimmune 

disorders and viral infection, global circRNA expression is negatively associated with innate 

immune activation.

Individual host circRNA effects after viral and bacterial infection

In response to different environmental factors, including infection, gene expression often 

shifts to prime cells to respond to their changing conditions. As such, viral and bacterial 

infection stimulates the differential expression of host circRNAs that promote the innate 

immune response. The infection of human umbilical vein endothelial cells by Kaposi’s 

sarcoma herpesvirus (KSHV) leads to up- or downregulation of multiple circRNAs [14]. 

One upregulated host circRNA, hsa_circ_0001400, increases the production of a cytokine 

gene, tumor necrosis factor alpha (TNFα), and depletes expression of two KSHV-encoded 

genes, latency-associated nuclear antigen (LANA) and replication and transcription activator 

(RTA), which respectively regulate latent and lytic infection [14]. Hsa_circ_0001400 is 

computationally predicted to contain miRNA binding sites, but its mechanisms of action are 

unclear, and ectopic expression did not significantly alter viral genome copy number [14]. 
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However, the ability of hsa_circ_0001400 to stimulate innate immune pathways and 

suppress viral genes suggests that it may possess potential antiviral functions. Host 

circRNAs also help initiate innate immune response to bacterial infection. 

Lipopolysaccharide (LPS) stimulation of macrophages upregulates circRasGEF1B, which 

stabilizes mature mRNA encoding intercellular adhesion molecule 1 (ICAM-1), a protein 

known to facilitate leukocyte recruitment to inflamed tissue [25]. By increasing its 

expression, circRasGEF1B may stimulate innate immunity to combat infection.

Conversely, viruses and bacteria often rely on host cell dependency factors to support 

pathogenesis. Altered expression of specific cellular circRNAs following infection promotes 

the pathogen’s life cycle by inhibiting innate immunity. Infection can upregulate circRNAs 

that suppress the innate immune response, as seen in the increased expression of pro-viral 

circPSD3 during de novo hepatitis C (HCV) infection of liver cells [33]. CircPSD3 inhibits 

the antiviral cellular nonsense-mediated decay (NMD) pathway, which degrades premature 

termination codon-containing mRNA transcripts that accumulate to promote pathogenesis 

[33]. Infection also leads to the suppression of circRNAs that promote innate immunity. For 

example, the suppression of circRNA cPWWP2A supports Mycobacterium tuberculosis 
(MTB) infection of primary human macrophages [34]. cPWWP2A has three binding sites 

for miR-579 [35], a suppressor of pro-survival genes Sirtuin 1 (SIRT1) and pyruvate 

dehydrogenase kinase (PDK) [34]. Knockdown of cPWWP2A led to increased miR-579 

expression and triggered macrophage apoptosis [35]. Thus, depletion of cPWWP2A during 

MTB infection may aid pathogenesis by sponging miR-579 to reduce macrophage activity.

Many additional circRNAs are differentially expressed during viral and bacterial infection, 

though their impacts on immunity have not yet been elucidated. De novo MTB infection of 

human monocyte-derived macrophages leads to changes in the expression of numerous 

circRNAs beyond cPWWP2A [36]. Moreover, during infection of human immunodeficiency 

virus (HIV), Hantaan orthohantavirus (HTNV), or Middle East respiratory syndrome 

coronavirus (MERS-CoV), differentially expressed host circRNAs are associated with 

circRNA-miRNA-mRNA regulatory networks that are enriched in immune response and 

viral infection pathways [37–39]. The specific roles of these circRNAs during infection are 

continuing areas of investigation, but the documented effects of the previously described 

circRNAs suggest that some may support pathogenesis while others may stimulate innate 

immunity.

CircRNAs as potential biomarkers for immune diseases

CircRNAs are attractive biomarker candidates due to their high stability and high abundance 

in bodily fluids for non-invasive detection [40,41]. Microarray analysis of patient blood 

samples supports their potential application in the diagnosis of multiple immune-related 

diseases [40,41]. Two circRNAs implicated in the macrophage response to MTB infection 

were found to be differentially expressed—one upregulated and one downregulated—in 

PBMCs of MTB patients [36]. Similar analysis has identified putative circRNA biomarkers 

for autoimmune disorders: hsa_circ_0044235 was found to be downregulated in PBMCs of 

rheumatoid arthritis patients [42], while four differentially expressed circRNAs were 

identified and confirmed in the plasma of SLE patients [43]. CircRNAs may also be 
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biomarkers for immunosenescence, as elderly patients with upregulated circular 

RNA100783 in their PBMCs experienced increased loss of CD28 expression, promoting 

CD8+ T-cell aging [44]. Though these studies on limited sample sizes require further 

validation, their results support a promising future application of circRNAs as biomarkers 

for immune-related disorders.

Foreign circRNAs in innate immunity

Viral genomes encode circRNAs

Viral genomes generate nucleic acids and proteins that facilitate viral replication and 

infection. The discovery of virally-encoded circRNAs adds to this landscape, though their 

overall impact on innate immunity remains unclear. From RNA-seq data of infected cell 

lines and tumors, circRNA detection software tools have identified circRNAs originating 

from a wide range of double-stranded DNA (dsDNA), single-stranded RNA (ssRNA), and 

retro-transcribing viruses [10–14,45]. The viral circRNA sequences tend to be flanked by 

complementary or short repeating sequences [45], which may promote their generation, and 

future investigations might seek to understand their use of cellular splicing and RNA binding 

proteins during viral circRNA formation. CircRNAs produced by dsDNA viruses such as the 

Epstein-Barr virus (EBV), KSHV, and human papillomaviruses (HPVs) have been 

experimentally validated, although the innate immune response to viral circRNAs has yet to 

be characterized [10–14]. Most viral circRNAs have ambiguous function, with a notable 

exception being HPV-encoded circE7, which is translated to produce E7, an oncoprotein 

[12]. Given the compactness of viral genomes, their circRNA products are expected to be 

significant in pathogenesis, particularly given the widespread prevalence of viral circRNAs.

In vitro-generated foreign circRNAs stimulate innate immunity

The low expression of viral circRNAs relative to their linear transcript counterparts poses 

barriers in the study and characterization of viral circRNAs’ specific effects. A useful tool 

for modeling viral circRNA functions and impacts on innate immunity may lie in engineered 

foreign circRNAs. Engineered foreign circRNAs are generated without cellular spliceosomal 

machinery through in vitro transcription of a permuted intron-exon template, derived from 

self-splicing phage introns [46]. Engineered foreign circRNAs stimulate innate immunity in 
vitro and in vivo, while circRNAs of the same sequence but generated from endogenous 

circularizing introns do not [46,47]. Transfection of engineered circRNAs into cells inhibited 

viral infection and stimulated expression of innate immunity genes such as PKR, retinoic-

acid-inducible gene-I (RIG-I), and melanoma-differentiation-associated gene 5 (MDA5) 

[46]. RIG-I, an antiviral dsRNA sensor, detects unmodified foreign circRNAs, and 

undergoes a conformational change upon binding to trigger the filamentation of 

mitochondrial anti-viral signaling protein (MAVS) and downstream interferon production 

[47]. Of note, this mechanism is distinct from RIG-I’s typical activation pathway initiated 

upon binding with 5’-triphosphate dsRNA, its canonical pathogen-associated molecular 

pattern [47]. In mouse models, engineered foreign circRNAs also stimulated CD8+ T cell 

and B cell adaptive immunity, potentially due to signaling by circRNA-activated innate 

immune sentinels like dendritic cells [47]. The immunostimulatory effects of engineered 
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foreign circRNAs suggest that native sources of foreign circRNAs, such as viral circRNAs, 

may generate a similar response.

Effect of m6A modification on foreign and endogenous circRNA innate 

immunity

Though circRNAs occupy numerous regulatory roles within cells, RNA modifications add 

another layer of control to determine the fates and functions of circRNAs. N6-

methyladenosine (m6A) is an abundant post-transcriptional modification found on mRNAs 

and lncRNAs [48]. Numerous proteins work together to control m6A installation, removal, 

and detection, including the methyltransferase like 3 (METTL3) “writer,” the alkylation 

repair homolog protein 5 (ALKBH5) and fat mass and obesity-associated (FTO) “erasers,” 

and YTHDF1/2/3, members of the YTH (YT521-B homology) family of “readers” [49–51]. 

Endogenous circularizing introns undergo a protein-assisted splicing process that deposits an 

m6A modification on the resulting circRNA [47]. YTHDF2 binds m6A-modified circRNAs, 

preventing their detection by dsRNA sensor RIG-I and the subsequent stimulation of innate 

immunity [47]. Thus, m6A serves as a marker of “self” by labeling endogenous circRNAs to 

allow them to evade innate immune detection [47].

Over 1,400 endogenous circRNAs have been shown to possess m6A modifications, which 

are cell-type specific and often lie on exons that are not m6A-modified in their 

corresponding mRNAs [52]. Depletion of the m6A writer and reader proteins reveals that 

m6A modifications on endogenous circRNAs can regulate their cytoplasmic export, 

formation, and degradation [53–55] and promote translation [55,56]. Given this range of 

effects, it is likely that the m6A modification on endogenous circRNAs controls innate 

immunity beyond simply serving as a “self” label. Researchers seeking to understand this 

aspect of circRNA immunity may learn from the varying impacts of the m6A modification 

on linear RNAs during the antiviral innate immune response. Enriched m6A expression on 

endogenous RNAs due to ALKBH5 knockdown led to the cytoplasmic export of antiviral 

transcripts and increased type I interferon expression, implicating m6A in an 

immunostimulatory role [57]. Paradoxically, decreased m6A expression and detection 

following knockdowns of METTL3 and YTHDF2, respectively, stabilized mRNA of type I 

interferon gene IFNB and decreased viral propagation [58]. This suggests that m6A can also 

negatively regulate innate immunity [58]. Methylated RNA immunoprecipitation and 

sequencing (MeRIP-seq) revealed that upon Flaviviridae virus infection of human hepatoma 

cells, m6A patterns changed on 51 host genes, several of which were shown to either 

increase or decrease viral titer when knocked down [59]. These results indicate that m6A 

modifications on linear RNAs have diverse and emerging effects on innate immunity that 

may also apply to endogenous circRNAs.

Viral circRNAs also contain m6A modifications, which may be a mechanism to mimic 

cellular circRNAs, hide from host immune surveillance, or recruit required cellular proteins. 

The m6A modification on HPV-encoded circE7 is necessary for its translation to the E7 

oncoprotein [12]. As is the case for endogenous circRNAs, studies of the innate immune 

response to m6A-modified viral circRNAs have been limited, and key insights may lie in 
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other viral RNA classes with m6A modifications. For example, m6A-modified linear viral 

RNAs evade immune detection. Human metapneumovirus (HMPV) RNA contains m6A 

modifications, which decrease efficiency of RIG-I binding and reduce interferon production 

[60]. Given the widespread prevalence of m 6A modifications on both viral and endogenous 

circRNAs, the role of m6A-modified circRNAs in innate immunity is an important topic for 

further investigation.

Conclusions

While studies of the innate immune response have traditionally focused on cells and 

proteins, we now know that nucleic acids also play key regulatory roles. The significant 

influence of circRNAs of diverse origin and function exemplifies this. Endogenous 

circRNAs modulate the activation of innate immune proteins, as well as the differentiation 

and activity of innate immune cells. Viral and bacterial infection impacts the global and 

individual expression of host circRNAs, which vary in their antiviral or pro-viral effects. 

Viruses themselves encode circRNAs in their genomes, and in vitro-generated foreign 

circRNAs, which are potential models of viral infection, stimulate an innate immune 

response due to their lack of m6A modifications.

Many questions surrounding circRNAs in innate immunity remain, including the roles and 

biogenesis of virally-encoded circRNAs, the specific functions of endogenous circRNAs that 

are differentially expressed during the innate immune response, the impact of RNA 

modifications on endogenous and foreign circRNA-mediated innate immunity, and the 

potential for circRNAs to act as biomarkers. Future investigation into these questions will 

undoubtedly complicate and enrich our understanding of the layers of regulation that govern 

the innate immune response.
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Highlights

• CircRNAs are a new class of RNA with diverse roles in innate immunity

• Endogenous circRNAs regulate the activity of innate immune proteins and 

cells

• Viruses encode circRNAs, though their roles require further investigation

• Foreign circRNAs that lack the RNA modification N6-methyladenosine 

(m6A) “self” markers trigger an innate immune response
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Figure 1: 
CircRNA functions in innate immunity. Innate immune cells exhibit cell-type specific 

circRNA expression, and some innate immune cell circRNAs have demonstrated roles in 

regulating protein function. In other cell types, endogenous circRNAs globally inhibit the 

activity of innate immune nucleic acid sensors, and specific endogenous circRNAs are 

expressed during viral infection with either inhibitory or promoting effects on innate 

immunity. Viruses themselves encode circRNAs, though their impacts on innate immunity 

are unclear. Foreign circRNAs generated by in vitro transcription stimulate an innate 

immune response.
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Figure 2: 
CircRNA roles in the development and regulation of innate immune cells. (a) CircRNAs 

control innate immune cell development and exhibit cell-type specific expression. In long-

term hematopoietic stem cells, cia-cGAS maintains self-renewal to prevent exhaustion 

throughout a lifetime. Upon differentiation, immune cells exhibit cell-type specific circRNA 

expression profiles. (b) In macrophages, circANRIL binds PES1 to block pre-rRNA 

maturation, triggering apoptosis. This prevents atherosclerosis driven by excess macrophage 

proliferation. (c) Specific miRNA-sponging circRNAs can aid tumorigenesis by regulating 

innate immune cells in the tumor microenvironment. In pancreatic cancer cells, 

circ_0000977 blocks miR-153 activity, leading to HIF1A inhibition and MICA shedding that 

blocks NK cell activity. In hepatocellular carcinoma cells, circASAP1 sponges miR-326 and 

miR-535p, promoting CSF1 activity that recruits tumor-associated macrophages to the 

microenvironment.

Li and Chen Page 15

Curr Opin Immunol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
The m6A RNA modification regulates circRNA immunity. In vitro-transcribed foreign 

circRNAs that lack m6A modifications are detected by the nucleic acid sensor RIG-I, which 

then stimulate an innate immune response. Endogenous circRNAs, transcribed and spliced 

by cellular machinery, possess m6A modifications and do not stimulate innate immunity due 

to detection and sequestration by m6A “reader” YTHDF2. m6A is also required for the 

translation of specific viral circRNAs into protein, as seen in HPV-encoded circE7.
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