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A recent paper by Breuer et al. in Molecular
Therapy Nucleic Acids has addressed a major
question of whether artificial circular RNAs
(circRNAs) escape immune-surveillance or
not.1 The authors revealed that the immuno-
genic potential of circRNAs (developed to
sequester an oncogenic miRNA) is strongly
affected by the purification strategy where
completely purified circRNAs appeared
relatively less immunogenic compared with
unpurified or incompletely purified ones. In
order to study the innate immune responses
triggered by artificial circRNAs, the authors
designed an artificial circRNA sponge (app-
roximately 200 nt in length with a double-
stranded 11 nt stem loop) and an extensively
double-stranded circRNA (circRNA-ds)
containing a randomized self-complemen-
tary sequence of 50 bp. The authors utilized
T4 RNA ligase I for in vitro circularization.
Transcriptome analysis was performed after
transfecting A549 cells with circRNAs in or-
der to examine innate immune system acti-
vation. Findings revealed minimal innate
immunity activation (observed only after
treatment with high doses of the circRNAs)
as well as no transcriptional up-regulation
of RNA sensors. On the contrary, circR-
NAs-ds not only up-regulate genes involved
in innate immune responses but also up-
regulate PKR, a key RNA sensor. The
authors proposed that factors like second-
ary-structure elements, sequence composi-
tion, or liposome-based transfection may
play a role in the induction of the innate im-
mune response apart from contaminants.
For the exclusion of contaminants of tran-
scription reaction, stringent purification
was performed via gel extraction. The au-
thors concluded that a polyacrylamide-urea
gel purification approach appears to be the
most efficient method for the purification
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of circRNAs. In vitro synthesis of immuno-
genicity-free circRNAs have potential clin-
ical relevance and biomedical applications.
This study will make a significant contribu-
tion in the field of RNA therapeutics by
providing the scientific community with a
strategy for reducing the immunogenicity
of produced RNA circles. One of the impor-
tant points that needs to be addressed here is
whether the same phenomena will be
observed for longer circRNAs, as T4 RNA
ligase has limited circularization capacity
when the RNA is longer.2

Several studies have investigated the poten-
tial immunogenicity of circRNAs relative to
linear RNAs and have reached varying con-
clusions (Figure 1). Findings of all these
studies revealed that RNA-sensor-mediated
immune activation of artificial circRNAs is
highly dependent on a number of factors
including length, construct design, produc-
tion, purification strategies, and modifica-
tions, as well as the dose of the circRNA
administered. Work done by Liu et al. re-
vealed similar findings to Breuer et al.2 The
authors revealed that circRNAs synthesized
by permuted td introns from T4 bacterio-
phage or by pre-tRNA group I introns could
induce an immune response because of the
extraneous fragments that can distort circR-
NAs folding. In contrast, circRNAs synthe-
sized by T4 RNA ligase (containing short
double-stranded RNA [dsRNA] regions)
without extraneous fragments exhibited
minimal immunogenicity. The authors per-
formed purification of circRNAs via dena-
turing PAGE and RNase R treatments. In
another study, transfection of artificially pro-
duced circRNA by Chen et al. led to a robust
induction of cytokines in an RIG-I-depen-
dent manner.3 The authors utilized RNase
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R treatment for purification of circRNAs.
Later on, Wesselhoeft et al. further investi-
gated this question and concluded that
contaminating RNA species elicited innate
immune responses in RNase R-purified
circRNAs.4 In order to remove contami-
nants, the authors performed additional
steps for circRNA purification using phos-
phatase treatment and RNase R digestion,
along with high-performance liquid chroma-
tography (HPLC) purification, and found
that those circRNAs purified using this strat-
egy do not elicit substantial innate immune
responses. These results demonstrated that
circRNA purity strongly affects its immuno-
genic potential. The authors further exam-
ined and investigated the effect of m1c
modification on purified circRNAs and
concluded that nucleoside modification of
circRNAs is not necessary for protection
against innate immune sensors. Given these
inconsistencies in the results, Chen et al. re-
examined the immunogenicity of circRNAs.5

The authors found that artificially produced
circRNAs that had been subjected to further
purification, mirroring the work by Wessel-
hoeft et al., are still immunogenic.

Findings of all these studies are debatable,
which further highlights the fact that several
additional factors could impact the observed
immunogenicity of artificial circRNAs apart
from contaminating RNA species, e.g., the
study design of Chen et al. included synthesis
of circRNAs with permuted group I introns
from phage T4 td gene, circRNAs appr-
oximately 1500 nt in length, modifica-
tions done (none), cell types used for trans-
fection (HeLa, HEK293T, HaCaT, RAW
264.7, and mouse embryonic fibroblast
[MEF]), transfection reagent used (Lipofect-
amine 2000), amount of circRNA transfected
(500 ng), and RNase R treatment used to pu-
rify circRNAs;3 the study design of Chen
et al. included production of circRNAs with
by/4.0/).
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Figure 1. Immune recognition of artificial circRNAs synthesized and purified by different approaches
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permuted group I introns from phage T4 td
gene, circRNAs approximately 1,500 nt in
length, modifications done (N6-methylade-
nosine), cell types used for transfection
(HeLa and HEK293T), transfection reagent
used (Lipofectamine 3000), amount of
circRNA transfected (500 ng), RNase R
enrichment and phosphatase treatment to
purify circRNAs, dose of circRNA adminis-
tered (25 mg), and route of inoculation (sub-
cutaneous);5 the study design of Wesselhoeft
et al. included production of circRNAs with
permuted Anabaena pre-tRNA group I in-
trons, circRNAs approximately 1,200 nt in
length, modifications done (m1c), cell types
used for transfection (HEK293, A549, HeLa,
and RAW264.7), transfection reagent used
(Lipofectamine MessengerMAX), amount
of circRNA transfected (40–200 ng), phos-
phatase treatment, RNase R digestion, and
HPLC to purify circRNAs, dose of circRNA
(350 ng), and route of inoculation (visceral
fat);4 the study design of Liu et al. included
production of circRNAs with permuted
group I introns from phage T4 td gene, Ana-
baena pre-tRNA group I introns as well as
with T4 RNA ligase, circRNAs approxi-
mately 336, 410, and 522 nt in length, mod-
ifications done (none), cell types used for
transfection (A549, HeLa, HEK293, and
293FT), transfection reagent used (Lipofect-
amine MessengerMAX reagent), amount of
circRNA transfected (200 ng), and dena-
turing PAGE to purify circRNAs;2 and the
study design of Breuer et al. included pro-
duction of circRNAs with T4 RNA ligase I,
circRNAs approximately 200 nt in length,
modifications done (none), A549 cells were
used for transfection, transfection reagent
used (Lipofectamine 2000), amount of
circRNA transfected (250 ng), and polyacryl-
amide-urea gel extraction to purify circR-
NAs.1 In one of the recent papers, the
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authors reported differences in circRNA
migration behavior dependent on the
agarose gel systems used.6 The E-Gel EX
electrophoresis system was utilized by Wes-
selhoeft et al. to distinguish circRNAs from
other RNA species, which is different from
the traditional agarose systems used in other
studies. The authors suggested that various
factors can significantly impact the behavior
of circRNA migration in different gel sys-
tems, e.g., sample buffer reagents used,
circRNA length, and type of RNA modifica-
tions done. Keeping all these differences
among studies—cell types used, transfection
reagents, the amount of circRNAs trans-
fected, length of circRNAs, modifications
done, and the dose, as well as the route
of inoculation—could contribute to diff-
erential activation of innate pathways. All
these factors should be further evaluated to
reconcile discordant results regarding the
immunogenic potential of in vitro circular-
ized RNAs.

In summary, it is still difficult to make defin-
itive conclusions about circRNA immunoge-
nicity, and there are still several unanswered
questions that need to be addressed before
reaching a final conclusion, e.g., does only
purification strategy matte in evading RIG-
I detection? What is the role of differences
in secondary structures, tertiary structures,
and sequence length in the immunogenic po-
tential of circRNAs? How could the extra
fragments of pre-tRNA and td genes impact
the immunogenic potential of circRNAs?
Keeping all the work done on the immuno-
genic potential of artificial circRNAs and in
order to answer all of the aforementioned
questions, further in-depth investigations of
cellular immune responses to circRNAs
with varying lengths and shapes produced
by different approaches in different cell lines
June 2022
and in vivo should be tested and are therefore
still required.
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