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Enhancement of Regnase-1 expression with stem 
loop–targeting antisense oligonucleotides alleviates 
inflammatory diseases
Ka Man Tse1, Alexis Vandenbon2, Xiaotong Cui1, Takashi Mino1, Takuya Uehata1, Keiko Yasuda1, 
Ayuko Sato3, Tohru Tsujimura3, Fabian Hia1, Masanori Yoshinaga1, Makoto Kinoshita4, 
Tatsusada Okuno4, Osamu Takeuchi1*

Regnase-1 is an ribonuclease that plays essential roles in restricting inflammation through degrading messenger 
RNAs (mRNAs) involved in immune reactions via the recognition of stem-loop (SL) structures in the 3′ untranslated 
regions (3′UTRs). Dysregulated expression of Regnase-1 is associated with the pathogenesis of inflammatory and 
autoimmune diseases in mice and humans. Here, we developed a therapeutic strategy to suppress inflammatory 
responses by blocking Regnase-1 self-regulation, which was mediated by the simultaneous use of two antisense 
phosphorodiamidate morpholino oligonucleotides (MOs) to alter the binding of Regnase-1 toward the SL struc-
tures in its 3′UTR. Regnase-1–targeting MOs not only enhanced Regnase-1 expression by stabilizing mRNAs 
but also effectively reduced the expression of multiple proinflammatory transcripts that were controlled by 
Regnase-1 in macrophages. Intratracheal administration of Regnase-1–targeting MOs ameliorated acute respira-
tory distress syndrome and chronic fibrosis through suppression of inflammatory cascades. In addition, intra-
cranial treatment with Regnase-1–targeting MOs attenuated the development of experimental autoimmune 
encephalomyelitis by promoting the expansion of homeostatic microglia and regulatory T cell populations. 
Regnase-1 expression was inversely correlated with disease severity in patients with multiple sclerosis, and MOs 
targeting human Regnase-1 SL structures were effective in mitigating cytokine production in human immune cells. 
Collectively, MO-mediated disruption of the Regnase-1 self-regulation pathway is a potential therapeutic strategy 
to enhance Regnase-1 abundance, which, in turn, provides therapeutic benefits for treating inflammatory diseases 
by suppressing inflammation.

INTRODUCTION
Posttranscriptional regulation of gene expression has a crucial role 
in fine-tuning inflammatory responses by regulating the stability 
and translation of mRNAs encoding cytokines and other inflamma-
tory mediators (1–3). Inflammatory mRNAs are tightly controlled 
through the recognition of cis-elements such as stem-loop (SL) 
structures and AU-rich elements present in the 3′ untranslated re-
gions (3′UTRs) by RNA binding proteins (RBPs) such as Regnase-1 
(also known as Zc3h12a and MCPIP1), Roquin-1/2, and Tristetraprolin 
(TTP) (3). Regnase-1 is an RBP that has a ribonuclease domain and 
a CCCH-type zinc finger domain (4). Regnase-1 degrades inflam-
mation-related mRNAs, such as Il6, Il1b, and Il12p40 in macro-
phages, in response to Toll-like receptor (TLR) stimulation, and can 
target T cell activation transcripts such as Icos, Rel, and Il2 through 
its endoribonuclease activity (4–6). Regnase-1 binds to SL struc-
tures with a pyrimidine-purine-pyrimidine (Py-Pu-Py) loop se-
quence present in the 3′UTRs of target mRNAs, and this allows for 
the association of helicase UPF1 after termination of translation, 
upon which UPF1 unwinds the SL structures for cleavage by 
Regnase-1 (7, 8). Regnase-1–deficient mice spontaneously develop 
autoimmune inflammatory diseases, suggesting that Regnase-1 plays 

a critical role in the maintenance of immune homeostasis (4, 6, 9, 10). 
Moreover, Regnase-1 is involved in the development of human 
inflammatory diseases, including ulcerative colitis and idiopathic 
pulmonary fibrosis (IPF) (11–13), and together, these observations 
suggest that Regnase-1 is a potential therapeutic target. Strategies 
designed to modulate the availability of Regnase-1 may be able to 
curb immune responses and inflammation. Whereas depletion of 
Regnase-1 in T cells was reported to enhance antitumor immunity 
(14), therapeutic approaches to increase Regnase-1 as a strategy to 
treat inflammatory diseases have not been established.

Antisense oligonucleotides (ASOs) are short, single-stranded 
synthetic nucleotides that can bind to target RNAs via complemen-
tary base pairs (15). These molecules have been widely used to mod-
ulate mRNA stability by various mechanisms including (i) lowering 
mRNA or protein abundance through ribonuclease (RNase) H1 
recruitment (16) or sterically blocking translation of mature mRNAs 
(17), (ii) altering mRNA splicing patterns (18–20), and (iii) inhibiting 
the function of microRNAs or other small RNAs (21). In addition, 
several in vivo delivery methods have been proven to be effective for 
organ-specific distribution of ASOs (22). To enhance the pharma-
cokinetics and biodistribution of ASOs, strategies such as chemical 
modifications of the ribose sugars, including 2′-O-methyl (2′-OMe); 
bridged nucleic acid (BNA) modifications; and usage of phospho-
rodiamidate morpholino oligonucleotide (MO) backbone linkages 
have been applied to current ASO technology (23). Because of their 
high stability and versatility, MO-based ASOs were clinically ap-
proved for the treatment of spinal muscular atrophy and Duchenne 
muscular dystrophy in 2016 and 2019 (19, 20).
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The expression of Regnase-1 mRNA is negatively regulated by 
Regnase-1–mediated mRNA degradation via the SL structures in its 
own 3′UTR (5). Thus, we hypothesized that modulating the SL motif 
itself could be an advantageous approach to restrict Regnase-1 self-
regulation, thereby increasing Regnase-1 mRNA and, subsequently, 
protein availability. We evaluated the ability of antisense MOs to 
bind to Regnase-1 SL structures and affect Regnase-1 mRNA stability. 
Treatment of cells with Regnase-1–targeting MOs resulted in Regnase-1 
mRNA stabilization and increased the potency of Regnase-1 in de-
grading inflammatory transcripts. Furthermore, our in vivo data 
provided evidence for the therapeutic potential of Regnase-1–targeting 
MOs in hampering the progression of a number of disease models 
in which inflammation is a driving force, including an acute lung 
injury model, a chronic lung fibrosis model and the experimental 
autoimmune encephalomyelitis (EAE) model.

RESULTS
SL-modifying MOs suppress Regnase-1 self-regulation
We previously identified an SL sequence in mouse Regnase-1 (Zc3h12a) 
3′UTR (194–211) that contributes to the Regnase-1 self-degradation 
(5). To screen for additional motifs in the Regnase-1 3′UTR (1–865), 
we constructed luciferase reporters harboring different regions of 
the mouse Regnase-1 3′UTR. Regnase-1 destabilized its own mRNAs 
via two independent regions: 1–210 and 363–516 (Fig. 1A). In contrast, 
expression of the nuclease-inactive mutant of Regnase-1 (D141N) 
failed to suppress the reporter activity, indicating that the ability of 
Regnase-1 to self-regulate was dependent on its nuclease function 
(Fig. 1A). In addition to region 196–210, the 379–391 region was 
also predicted to form an SL structure (fig. S1A). These two SL 
regions are evolutionally well conserved and harbor a common 
Py-Pu-Py sequence in the loop region (Fig. 1B and fig. S1A). Addi-
tion of these two SL motifs to the pGL3--globin 3′UTR conferred 
RNase-dependent responsiveness to Regnase-1 (Fig. 1B). Whereas 
the reporter harboring Regnase-1 3′UTR was highly unstable com-
pared with the control, disruption of single SL structure by substitu-
tion mutations (196–210: SL1 mutant and 379–391: SL2 mutant) 
stabilized the reporters, and mutations of both SLs further increased 
the luciferase activity (Fig. 1C), highlighting the importance of the 
two SL motifs in the control of Regnase-1 self-regulation.

These results prompted us to manipulate the SL structures in the 
Regnase-1 3′UTR to specifically control its mRNA stability. To this 
end, we examined the idea of repurposing the antisense phosphoro-
diamidate MOs to alter the binding of the two SL sequences to 
Regnase-1, which is in contrast to the conventional mechanism of 
action of ASOs (24). We designed two MOs to partially overlap the 
right arm of each stem sequence at the 3′UTR of mouse Regnase-1 
(Fig. 1D). As controls, we used saline or control MO (Ctrl MO), which 
lacks any specific target within the murine transcriptome. To verify the 
effectiveness of the designed MOs to alter the Regnase-1–mediated 
self-regulation, we examined the activity of a luciferase reporter har-
boring mouse Regnase-1 3′UTR after treatment with Ctrl MO, MO 
targeting Regnase-1 SL1 or SL2 (MO1 or MO2) or both SLs (MO1 + 
MO2) in HeLa cells. As shown in Fig. 1E, individual treatment of cells 
with MO1 and MO2 increased the luciferase stability of the Regnase-1 
3′UTR. This could be further increased upon treatment with the MO 
cocktail (MO1 + MO2), indicating that the combined use of MO1 
and MO2 conferred the highest stability toward Regnase-1 mRNA. In 
addition, treatment of MO1 and MO2 simultaneously abolished the 

degradation of luciferase mRNAs harboring the 3′UTR of Regnase-1, 
but not Il6 [which harbors Regnase-1–specific SL structure in 3′UTR 
region 84–102 (4, 7)], likely induced by Regnase-1 overexpression 
(Fig. 1F). This result confirmed that the effect of Regnase-1–targeting 
MOs was through the suppression of Regnase-1–mediated mRNA 
decay. Only MOs interfering with SL formation (left arm or right 
arm), but not ones targeting regions outside the SL sequence, exerted 
the observed stabilization effect (fig. S1B). Furthermore, MO cock-
tail treatment did not further increase the luciferase activity in re-
porters harboring selective mutations in the SL sequences of Regnase-1 
3′UTR (Fig. 1G), suggesting that the increased mRNA stability by 
MO cocktail is through the alteration of the SL structures and thus 
excludes the possibility of off-target effects.

The two SL structures are highly conserved among mammals in-
cluding humans (fig. S1A), so we investigated whether interfering 
with SL formation could also be effective in blocking Regnase-1 self-
regulation in humans. The human Regnase-1 3′UTR also adopts 
two SL structures, and these structural motifs conferred Regnase-1 
mRNA instability in humans (Fig. 1, H and I). Similarly, mutations 
disrupting SL1 and SL2 abolished the self-regulation ability of human 
Regnase-1 (fig. S1C). MOs designed to disrupt the SLs in human 
Regnase-1 3′UTR showed similar stabilization effects on the lucifer-
ase reporter–based gene expression assays (fig. S1, D and E). These 
data together confirmed that MO cocktail treatment could block 
the Regnase-1–mediated self-regulation in both mouse and human.

To investigate the underlying mechanism of Regnase-1–targeting 
MOs in suppressing Regnase-1 self-degradation, we performed 
RIP assay in HeLa cells expressing the Flag-Regnase-1 D141N mu-
tant. Reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) analysis of the eluted mRNAs revealed that Regnase-1–
targeting MOs reduced the association of Regnase-1 to its mRNA 
without affecting its binding to IL6 mRNA (Fig. 1J; Flag-Regnase-1, 
72 kDa; -actin, 42 kDa). These results indicate that Regnase-1–targeting 
MOs are effective in conferring resistance to Regnase-1–mediated 
self-degradation by altering the binding efficiency of Regnase-1 to-
ward the SL structural motifs present in its 3′UTR.

Regnase-1–targeting MOs attenuated inflammatory 
responses in macrophages by augmenting  
Regnase-1 expression
We evaluated whether we could manipulate the abundance of Regnase-1 
mRNA using Regnase-1–targeting MOs in innate immune cells. 
Consistent with the inhibition of Regnase-1 self-regulation, treatment 
of murine bone marrow–derived macrophages (BMDMs) with MO1 
or MO2 modestly increased Regnase-1 mRNA, whereas the combi-
nation of MO1 and MO2 (hereafter Reg1-MOs) markedly increased 
Regnase-1 mRNA expression (Fig. 2A). Reg1-MOs enhanced the 
abundance of Regnase-1 transcripts in Raw264.7 cells and mouse 
peritoneal macrophages (fig. S2, A and B), and immunoblot analy-
sis revealed that Regnase-1 protein expression was greatly enhanced 
by Reg1-MO treatment in BMDMs (Fig. 2B; Regnase-1, 72 kDa; 
-actin, 42 kDa). BMDMs were capable of MO uptake with a trans-
fection efficiency of 97% over a 72-hour period (fig. S2C), and 
Reg1-MOs did not affect cell viability (fig. S2, D and E).

We examined the effects of Reg1-MO–mediated increase in 
Regnase-1 in inflammatory responses in innate immune cells. Treat-
ment of BMDMs with Reg1-MOs resulted in a robust increase in 
Regnase-1 mRNA expression in a dose-dependent manner (Fig. 2C). 
The expression of Regnase-1 is inducible by the TLR4 ligand 
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Fig. 1. Identification of SL motifs in mRegnase-1 3′UTR and the manipulation of their stability by MOs. (A and B) Luciferase activity of HeLa cells transfected with the 
indicated pGL3 reporters, together with the control (mock), wild-type (WT), or D141N nuclease-dead mutant of Regnase-1 expression plasmids (n = 3), and the schematic 
representation of Regnase-1’s SL structures and the respective stem mutants. (C) Luciferase activity of HeLa cells transfected with the indicated mutant pGL3 reporters 
and Regnase-1 expression plasmids (n = 2). (D) Regnase-1 self-degradation pathway and the proposed mechanism of action of MO1 and MO2. (E) Luciferase activity of 
HeLa cells transfected with pGL3 reporter containing mRegnase-1 3′UTR, together with control MO, MO1, MO2, or MO1 and MO2 (n = 3). (F) Luciferase activity of HeLa cells 
transfected with pGL3-plasmid containing mRegnase-1 3′UTR and mIl6 3′UTR, Ctrl MO or MO1 and MO2, and Regnase-1 expression plasmids (n = 3). (G) Luciferase assay 
of HeLa cells transfected with the indicated pGL3 reporters, together with Ctrl MO or Reg1-MOs (n = 3). (H and I) Luciferase activity of HeLa cells transfected with pGL3 
reporter containing hRegnase-1 3′UTR and Regnase-1 expression plasmids (n = 3), and the schematic representations of stem-loop structure in hRegnase-1 mRNA. (J) RIP 
RT-qPCR analysis of the eluted RNAs from HeLa cells transfected with pcDNA3.1(+) or Regnase-1 D141N expression plasmids, together with Ctrl MO or MO1 + MO2 (n = 3). 
Immunoblot analysis of Flag-Regnase-1 (72 kDa) obtained from total cell lysate or coimmunoprecipitated with the RNA from the indicated experiment groups (-actin: 
42 kDa). All luciferase activities were shown as relative values. Error bars indicate means ± SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; n.s., not significant.
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Fig. 2. Blockage of Regnase-1 self-degradation by Reg1-MOs ameliorated inflammations. (A) RT-qPCR analyses of Regnase-1 expression in BMDMs transfected with 
Ctrl MO, MO1, MO2, or Reg1-MOs for 24 hours (n = 3). (B) Immunoblot analysis of Regnase-1 in Regnase-1+/+ and Regnase-1−/− BMDMs transfected with Ctrl MO or Reg1-
MOs (n = 2 for Regnase-1+/+ BMDMs and n = 1 for Regnase-1−/− BMDMs; Regnase-1: 72 kDa, -actin: 42 kDa). (C) RT-qPCR analyses of the indicated genes in BMDMs trans-
fected with Ctrl MO or Reg1-MOs in different concentrations (1, 3, and 6 M) in the presence or absence of LPS (n = 3). (D and G) Protein levels of IL-6, IL-1, TNF, and 
CCL2 in the cell culture supernatants collected from BMDMs transfected with Ctrl MO or Reg1-MOs in different concentrations in the presence or absence of LPS (n = 3). 
(E) Scatter plot of Log2 CPM value between Ctrl MO–treated (x axis) and Reg1-MO–treated BMDM samples (y axis). Genes of interest found up-regulated or down-regulated 
were labeled in red and blue, respectively. (F) Heatmap representations depicting the expression of inflammatory transcripts in Ctrl MO– or Reg1-MO–treated BMDMs 
stimulated with LPS (red indicates up-regulated, blue represents down-regulated; n = 2 per group). Z scores were plotted for each gene. (H) RT-qPCR analyses of the indi-
cated genes in Regnase-1+/+ and Regnase-1+/− BMDMs transfected with Ctrl MO or Reg1-MOs in the presence of LPS (100 ng/ml; n = 3). Error bars indicate means ± SD. 
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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lipopolysaccharide (LPS) (5), and we observed that Regnase-1 ex-
pression was further increased upon administration of Reg1-MOs 
with LPS (Fig. 2C). In contrast, Reg1-MOs suppressed the expres-
sions of Il6 and Il1b on both mRNA and protein levels in response 
to LPS in a dose-dependent manner (Fig. 2, C and D). To further 
evaluate the global gene expression changes associated with Reg1-
MO treatment, we performed RNA sequencing (RNA-seq) analysis 
of LPS-stimulated BMDMs pretreated with Ctrl MO or Reg1-MOs. 
Transcriptomic profiling revealed 562 differentially expressed genes 
between the Ctrl and Reg1-MO groups (Fig. 2E, fig. S3A, and data 
file S1). Among them, 273 genes showed increased expression upon 
treatment with Reg1-MOs (hereafter “up-regulated genes”) (Fig. 2E 
and fig. S3A). Zc3h12a (Regnase-1, log2FC, 1.1; Padj, 3.91 × 10−5; fig. 
S3B) was one of the most markedly up-regulated genes upon Reg1-MO 
treatment, among the RBPs involved in the mechanism of mRNA 
decay (fig. S3C) (1, 25). Gene ontology (GO) enrichment analysis 
showed that genes categorized as “negative regulation of IL-6 pro-
duction,” and “negative regulation of TNF production” were enriched 
in the up-regulated genes (fig. S3D and data file S2). In contrast, GO 
analysis of 289 genes decreased by treatment with Reg1-MOs (here-
after “down-regulated genes”) revealed that genes associated with 
the biological processes such as “cellular response to chemokines” and 
“inflammatory responses” were enriched (data file S3). Inflammation-
related cytokines and chemokines, but not anti-inflammatory cyto-
kines, were down-regulated in BMDMs treated with Reg1-MOs 
(Fig. 2F and fig. S3E). Nevertheless, Reg1-MOs did not affect the 
expression of Ifnb or other interferon (IFN)–stimulated genes (fig. S3F), 
suggesting Reg1-MOs did not elicit nonspecific IFN responses. 
Reg1-MO–mediated suppression of cytokines and chemokine-related 
molecules in BMDMs was further confirmed (fig. S3G). Consistently, 
Reg1-MO treatment effectively suppressed the production of tumor 
necrosis factor (TNF) and CCL2  in LPS-stimulated BMDMs 
(Fig. 2G). In contrast, Reg1-MOs failed to decrease the cytokine ex-
pressions in Regnase-1–deficient BMDMs, confirming that Reg1-MOs 
suppressed TLR-induced inflammatory gene expression specifically 
through the control of Regnase-1 turnover (Fig. 2H).

Treatment of Reg1-MOs suppressed acute lung 
inflammation in mice
These results prompted us to investigate whether Reg1-MOs exhib-
it therapeutic effect against inflammatory diseases in vivo. For the 
administration of Reg1-MOs in vivo, we used vivo-MO consisting 
of MOs conjugated with a covalently linked delivery moiety (guan-
idinium group) (26). We found that intratracheal treatment of 
Reg1-MOs efficiently increased the abundance of mRNAs encoding 
Regnase-1, but not Roquin-1/2, in lung tissue (Fig. 3A). Treatment 
of mice with Reg1-MOs did not cause observable toxicity to the 
mice, as evaluated by the body weight change (fig. S4A).

We evaluated the LPS-induced acute respiratory distress syn-
drome (ARDS) model, because Regnase-1+/− mice intratracheally 
challenged with LPS exhibited increased lung–to–body weight ra-
tio, elevated infiltration of Gr1+F4/80− neutrophils in lungs, and 
enhanced expression of proinflammatory cytokines (Il6 and Il1b), 
compared to their wild-type (WT) counterparts (fig. S4, B to D). 
These findings indicated that reduction in Regnase-1 levels exacer-
bated LPS-induced inflammation in the lung.

To evaluate the in vivo therapeutic efficacy of Reg1-MOs in 
counteracting ARDS induced by LPS, mice were administrated with 
Ctrl MO (Ctrl group) or vivo-MOs targeting the two Regnase-1 SLs 

(Reg1-MO group) 24 hours before the LPS challenge (Fig. 3B). Ex-
amination of inflammation status 6 hours after LPS administration 
revealed a marked increase in the total inflammatory cell counts in 
lung tissue and bronchoalveolar lavage (BAL) fluid in the Ctrl group, 
mainly attributable to neutrophil migration to the lung (Fig. 3, 
C and D). Treatment of mice with Reg1-MOs significantly reduced 
the total cell and neutrophil counts in the lung tissue and BAL fluid 
(Fig. 3, C and D; P ≤ 0.01). Histological examination of lung tissues 
revealed that the LPS-induced increase in inflammatory cells in the 
alveolar space and interalveolar septal thickening was markedly al-
leviated in the Reg1-MO group (Fig. 3E), as revealed by the lung 
injury score (Fig. 3F). Furthermore, Reg1-MO treatment reduced 
the expression of proinflammatory cytokines (Il6, Il1b, and Tnf) but 
not anti-inflammatory cytokines in the lung tissues in response to 
the LPS challenge (Fig. 3G and fig. S4E).

Alveolar macrophages (AMs) are critical regulators of the lung 
inflammatory response and are key contributors in the progression 
of acute lung injury (27, 28). We found that the AMs derived from 
the Reg1-MO group not only showed an increase in Regnase-1 ex-
pression but also exhibited a trend of reduced expression of proin-
flammatory cytokines and neutrophil chemoattractants (7) that are 
targets of Regnase-1 (fig. S4F), suggesting that the improved lung 
architecture and impaired neutrophil recruitment to sites of inflam-
mation were due, in part, to a decrease in inflammatory and chemo-
tactic signals secreted by AMs.

Administration of Reg1-MOs alleviated lung fibrosis in mice
Next, we tested the anti-inflammatory aspects of Reg1-MOs in re-
solving complications because of chronic inflammation. Lung fi-
brosis is caused by prolonged inflammatory responses in the lung 
tissue (29–31). Regnase-1–mediated restriction of type 2 cytokine 
transcripts in group 2 innate lymphoid cells (ILC2s) regulates fibro-
sis development in the bleomycin-mediated lung fibrosis model, 
and lower expression of Regnase-1 correlated with increased ILC2 
numbers and was associated with a poor prognosis in patients with 
IPF (13). Concomitantly, Regnase-1+/− mice suffered more severe 
inflammatory and fibrotic symptoms than WT mice in a bleomycin-
induced lung fibrosis model (fig. S5, A to C). Thus, we tested whether 
enhancing the availability of Regnase-1 in the lung would limit 
pulmonary fibrosis.

We intratracheally treated mice with Ctrl MO or Reg1-MOs ev-
ery 8 days for 16 days (days 0, 8, and 16), instilled bleomycin in the 
lung on day 3, and harvested the tissues on day 24 (Fig. 4A). The 
body weight changes were comparable between the Ctrl and Reg1-
MO groups during the course of disease development (fig. S5D), but 
infiltration of immune cells, especially neutrophils, CD4+ T cells, 
and ILC2 numbers was markedly decreased in the lung tissues of 
the Reg1-MO group (Fig. 4, B and C). Histological analysis revealed 
a marked decrease in inflammatory cell infiltration and cellular injury 
and fibrotic lesion in the lungs of mice treated with the Reg1-MOs 
(Fig. 4, D and E). The expression of anti-inflammatory transcripts 
remained unchanged (fig. S5E), but the bleomycin-induced expres-
sion of fibrotic markers Collagen 1, Collagen 3, and fibronectin 
was repressed in the lungs of Reg1-MO group (Fig. 4F).

Various types of pulmonary cells can drive the development of 
lung fibrosis, but AMs are known to be crucial regulators of fibrosis 
by producing inflammatory and profibrotic mediators (32, 33). 
Thus, we isolated AMs from prefibrotic lungs derived from Ctrl 
and Reg1-MO animals 7 days after bleomycin treatment insult and 
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compared their gene expression differences by RT-qPCR. We found 
that Reg1-MO treatment repressed the expression of proinflammatory 
cytokines and chemokines as well as their ligands in AMs, accompa-
nied by an enhancement of Regnase-1 expression (fig. S5F). Together, 
these results suggested that Reg1-MO–mediated enhancement of 
Regnase-1 in AMs inhibited the chronic inflammatory and fibrotic 
actions imposed by bleomycin, resulting in an amelioration of fibrosis.

Intracranial treatment of Reg1-MOs impeded EAE 
development
Reg1-MOs appear to be potent suppressants of both acute and chronic 
inflammatory diseases, so we next examined whether this approach 
could be applied to the treatment of autoimmune diseases caused by 
a defect in immune tolerance. We used the EAE mouse model, an 
animal equivalent of the human multiple sclerosis (MS) disease, char-
acterized by demyelination in the central nervous system (CNS) (34). 
Consistent with a previous report, Regnase-1+/− mice displayed ex-
acerbated CNS inflammation and clinical pathology compared with 
WT animals after active induction of EAE (fig. S6A) (35).

Reg1-MOs were delivered to the CNS via intracranial injection 
to bypass the blood-brain barrier, and an enhancement of the CNS 

Regnase-1 expression was confirmed (fig. S6B). We intracranially 
treated mice with Reg1-MOs 9 days after EAE immunization and 
found that single administration of Reg1-MOs in EAE mice attenuated 
the disease severity, with significant delay in disease onset (Fig. 5A; 
P ≤ 0.05 on days 11 to 24), better weight recovery, and lower inci-
dence of paralysis (fig. S6C). Histological examination revealed lower 
infiltration of immune cells and reduced demyelination events in 
the spinal cord of the Reg1-MO group (Fig. 5, B and C). Consistently, 
there was a decrease in the expression of proinflammatory cyto-
kines and chemokines involved in recruitment of monocytes and 
neutrophils (Cxcl1, Cxcl2, Cxcl5, Ccl2, and Ccl4) in the spinal cord 
of Reg1-MO–treated EAE mice (Fig. 5D and fig. S6D).

To further clarify the cell types responsible for the suppression 
of autoimmune responses, single-cell RNA-seq (scRNA-seq) on 
CD45+ cells isolated from spinal cords of Ctrl and Reg1-MO mice 
was performed (fig. S7A and table S1). Unsupervised clustering 
analysis revealed 24 distinct immune cell subsets in EAE mice 
(Fig. 5E and figs. S7B and S8, A and B). CD45+ cells from the Ctrl 
and Reg1-MO groups showed similar cellular distributions, but 
we found marked decreases in all neutrophil and inflammatory 
monocyte subsets, and reciprocal increase in Foxp3+ regulatory T cell 
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Fig. 3. Reg1-MO treatment blunted inflammation in an acute lung inflammation model. (A) RT-qPCR analyses of Regnase-1 and Roquin-1/2 in lung tissues from mice 
that received intratracheal treatment with Ctrl MO or Reg1-MOs (n = 5 for Ctrl group and n = 8 for Reg1-MO group). (B) Schematic of the workflow of Reg1-MO treatment 
in LPS-induced ARDS model. (C and D) Total cell number and neutrophil influx in the lung tissue and bronchoalveolar lavage (BAL) fluid in untreated and LPS-treated B6 
mice that received Ctrl MO or Reg1-MO treatment (n = 4 to 6 for untreated animals, n = 7 to 10 for LPS-treated animals given Ctrl MO or Reg1-MO treatment). (E) Repre-
sentative images of lung tissue from each experimental group observed by hematoxylin and eosin staining (H&E; top) and Verhoeff Van Gieson staining (EVG; bottom). 
Scale bars, 200 m. (F) Statistical analysis of the lung injury score in lung tissues derived from each experimental group (n = 5 for LPS-treated animals that received Ctrl 
MO or Reg1-MO treatment). (G) RT-qPCR analyses for the indicated genes in the lung homogenates of each experimental group (n = 6 for untreated, n = 5 for LPS-treated 
animals that received Ctrl MO or Reg1-MO treatment). Error bars indicate means ± SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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(Treg) and homeostatic microglia subsets 
(Fig. 5F and fig. S9, A and B). Consistently, 
flow cytometry analyses showed substan-
tial reduction of neutrophils and Ly6Chi 
monocytes in the spinal cord infiltrates of 
Reg1-MO–treated EAE animals (Fig. 5G). 
These data indicated that intracranial ad-
ministration of Reg1-MOs restricted the 
infiltration of a set of immune cells to spinal 
cords during EAE development.

Subsets of CD4+ T cells secreting IFN 
and interleukin-17A (IL-17A) were con-
siderably lower in the spinal cord of the 
Reg1-MO group (Fig. 5G). Given the pro-
nounced pathogenic roles of type 1 T helper 
(TH1, IFN+) and TH17 cells (IL-17A+) in 
EAE (36–38), we studied the cytokine re-
sponse in CD4+ T cells upon administration 
of Reg1-MOs in more detail. We observed 
that Reg1-MO treatment not only increased 
Regnase-1 expression in naïve CD4+ T cells 
(fig. S10A) but also reduced the frequen-
cies of IFN+ and IL-17A+ cells in a dose-
dependent manner (Fig. 5H and fig. S10, 
B to D). Given a major role of IL-17A in 
neutrophil infiltration and activation (39), 
we reasoned that the observed lower im-
mune cell infiltration to the CNS was due, 
in part, to a decrease in IL-17A produc-
tion in the CNS. Because Ifng and Il17 were 
not direct targets of Regnase-1 (4, 40), we 
further focused on factors promoting TH1 
and TH17 cell polarization. Luciferase re-
porter assays revealed that Regnase-1 could 
directly destabilize a set of TH1/TH17 cell–
promoting factors such as Furin and Il12rb1 
(TH1), as well as Nfkbiz (TH17; fig. S10E). 
These data together suggest that Reg1-MO–
mediated increase in Regnase-1 expression 
destabilized the transcripts coding for T cell 
differentiation factors and altered the pro-
duction of helper T cell signature cyto-
kines, thus demonstrating the versatility 
of Reg1-MOs in restricting inflammation 
through pathways other than direct cyto-
kine suppression.

Next, we investigated whether increas-
ing Regnase-1 expression would affect Treg 
differentiation or proliferation. Although 
the majority of naïve CD4+ T cells became 
FOXP3+ Treg cells at the end point of 
in vitro differentiation, Reg1-MO treat-
ment did not further increase the percentage 
of FOXP3+ cells, suggesting that enhancing 
Regnase-1 abundance did not alter the 
differentiation of Treg cells in vitro (fig. S10F). 
This observation confirmed our previous 
study that Treg development was not im-
paired in mice under T cell–specific deletion 
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Fig. 4. Reg1-MOs attenuated the clinical severity of lung fibrosis by enhancing Regnase-1 availability. 
(A) Schematic of the workflow of Reg1-MO treatment in bleomycin-induced lung fibrosis model. (B) Total cell 
number, (C) flow cytometry analyses of cellular influx, and (F) RT-qPCR analyses for the indicated genes in the lung 
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Fig. 5. Increasing Regnase-1 levels in the CNS impaired EAE development. (A) EAE clinical scores of B6 mice from the indicated group (Ctrl, n = 6; Reg1-MOs, n = 7). 
(B) Representative images of spinal cord sections observed by H&E (top) and Kluver-Barrera staining (bottom) from the indicated EAE animals. Scale bars, 250 and 20 m, 
respectively. (C) Quantitation of inflammation and demyelination scores (Ctrl, n = 6; Reg1-MOs, n = 5). (D) RT-qPCR analyses for the expression level of the indicated genes 
in the spinal cord of untreated (n = 3) and EAE animals of the indicated groups on day 16 (Ctrl, n = 9; Reg1-MOs, n = 11). Data are representative of two individual experi-
ments. (E, F, and I to K) scRNA-seq analysis of spinal cord CD45+ cells derived from EAE mice that received Ctrl or Reg1-MO treatment on 16 days after immunization. (E) 
A two-dimensional Uniform Manifold Approximation and Projection (UMAP) visualization of spinal cord CD45+ cells isolated from EAE mice receiving the indicated treat-
ment. Each dot represents an individual cell. Dashed lines indicate different cell population. (F) UMAP visualization of CD45+ cells from the Ctrl (red) and Reg1-MO (cyan) 
groups. The plot shown here was derived by combining two biological replicates. (G) Flow cytometry analyses of spinal cord infiltrates harvested at the peak of EAE (d16) 
from the Ctrl or Reg1-MO group (n = 8). Data are representative of two individual experiments. (H) Percentage of IFN+ cells and IL-17A+ cells and their respective mean 
fluorescence intensity (MFI) values (n = 3 for the indicated condition). Violin plots depicting the transcripts involved in suppression function of Tregs (I) homeostatic mi-
croglia gene signature (J) and neutrophil chemotaxis molecules (K) between the Ctrl and Reg1-MO groups. y axis of the violin plot represents gene expression in log value. 
Each dot represents a single cell for a specific gene. (A), (C), and (G) show means ± SD, (D) shows means ± SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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of Regnase-1 (6). In addition, we found comparable expression of 
Treg differentiation factors and chemokines important for Treg infil-
tration to the CNS in the spinal cord of the two groups of EAE mice 
(fig. S10, G and H) (41, 42). We reasoned that Reg1-MOs do not 
directly affect the differentiation or infiltration of Treg cells but in-
stead shift the polarization of T cells by suppressing the production/
release of cytokines necessary for TH1 and TH17 differentiation, 
such as Il12p40 and Il6, in the CNS (fig. S10I). scRNA-seq revealed 
that transcripts characteristic of Treg cell–suppressive function, such 
as Tnfrsf9, Gzmb, Capg, Gimap7, and Gimap3, were more enriched 
in the Reg1-MO group (Fig. 5I), suggesting that Reg1-MO treat-
ment not only increased the absolute number of Treg cells but also 
enhanced their suppressive functions.

Because Reg1-MOs were administered before EAE onset, we hy-
pothesized that CNS-resident immune cells such as microglia would 
be the major recipients. On the basis of the previous findings (43), 
we observed cluster 2 corresponds to microglia at the homeostatic 
stage, whereas cluster 0 corresponds to diseased microglia profile in 
our scRNA-seq data. We observe an increasing trend of expression 
of homeostatic microglial markers (44) in cluster 2 derived from 
the Reg1-MO group, suggesting that Reg1-MO treatment stalled the 
microglial transition toward a proinflammatory state (Fig. 5J). The 
phagocytosis-related genes (Calr, Cd14, Itgb2, and Itgam) were 
more enriched in the homeostatic microglia subsets, implying that 
microglia from the Reg1-MO–treated group displayed enhanced 
phagocytotic ability (Fig. 5J). Moreover, Reg1-MO–treated microg-
lia showed reduced expression of S100a8, S100a9, and Chil3, which 
are important mediators for the chemotaxis and adhesion functions 
of neutrophils (Fig. 5K) (45, 46). Consistently, we observed lower 
expression of proinflammatory cytokines (Il6, Il1b, Tnf, and Csf2) 
and chemokine-related transcripts (Cxcl1, Cxcl2, and Ccl4) in spi-
nal cord microglia isolated from the Reg1-MO group (fig. S11, A 
and B). Cxcl1 and Cxcl2, which play important roles in EAE devel-
opment (47, 48), are chemokines directly targeted by Regnase-1–
mediated mRNA decay (7), whereas Ccl2 and Ccl4 are crucial 
chemoattractants of peripheral immune cells to the CNS (49–51). 
In addition, Reg1-MO treatment could reduce inflammatory medi-
ator transcripts in BV2 and primary microglia cells upon in vitro 
stimulation (fig. S11, C and D). Together, Reg1-MO treatment sup-
pressed inflammation in EAE by controlling the immune cell infiltra-
tion to the CNS via modification of spinal cord–resident microglia 
cells through the enhancement of Regnase-1 expression.

Regnase-1 expression in patients with MS inversely 
correlated with lesion areas
These results demonstrate that targeting the Regnase-1 autoregula-
tion pathway with Reg1-MOs is an effective strategy to treat inflam-
matory and autoimmune diseases in mice. To examine whether this 
strategy is applicable to the treatment of autoimmune diseases in 
human, we investigated the clinical significance of Regnase-1–
mediated regulation in patients with MS by comparing Regnase-1 
mRNA levels in peripheral blood from patients with MS and healthy 
controls. The patients with MS were 40.3 ± 10.6 (means ± SD) years old, 
with disease duration of 10.1 ± 9.7 years. Among 22 patients, 21 were 
treated with disease-modifying drugs: 6 with dimethyl fumarate, 
4 with IFN therapy, 4 with fingolimod, 1 with glatiramer acetate, 
5 with natalizumab, and 1 with siponimod (table S2). The overall 
expression of Regnase-1 in the peripheral blood mononuclear cells 
(PBMCs) of patients with MS was similar to that of the control 

subjects, and the mRNA expression of inflammatory cytokines such 
as IL6 and IL1B were enriched in patients with MS (Fig. 6A). We 
observed a significant negative correlation between Regnase-1 mRNA 
expression and the number of T2-weighted lesions detected by 
magnetic resonance imaging among 22 patients with MS (rho = 
−0.5288, P = 0.0114; Fig. 6B). The T2 lesion burden reflects the de-
gree of brain tissue loss and brain tissue integrity in patients with 
MS (52, 53), and we hypothesize that lower Regnase-1 expression 
may increase the likelihood of inflammation and immune cell acti-
vations in patients with MS. Together, these observations highlight 
the possible application of Regnase-1–targeting MOs toward the 
treatment of autoimmune diseases like MS. Consistently, MOs against 
human Regnase-1 SL structures not only increased the Regnase-1 
expression in human monocytic cells (U937 and THP-1) and in pe-
ripheral CD14+ monocytes isolated from healthy controls, but also 
blunted their proinflammatory gene expression profiles upon LPS 
stimulation (Fig. 6, C to E). Overall, these results demonstrated that 
enhancing Regnase-1 expression tipped the balance toward an anti-
inflammatory state in human cells (fig. S12).

DISCUSSION
In this study, we developed a potential therapeutic strategy against 
inflammation by targeting Regnase-1. Comprehensive screening of 
the mouse Regnase-1 3′UTR allowed the identification of two inde-
pendent SL structures (SL1 and SL2), which were essential for the 
self-degradation of Regnase-1 mRNA. Disrupting the two SL structures 
simultaneously by Reg1-MOs abolished binding of Regnase-1 toward 
its mRNA and blocked its autoregulation. Reg1-MO–dependent 
augmentation of Regnase-1 availability effectively destabilized a set 
of inflammatory mRNAs in BMDMs upon LPS stimulation. Tran-
scriptomic analysis revealed that Reg1-MO treatment had undetect-
able immunostimulatory activity toward innate nucleic acid sensors.

The use of Reg1-MOs is effective in alleviating inflammation in 
several disease models. In the LPS-injured lung, Reg1-MO treatment 
reduced the production of proinflammatory and chemokine-related 
transcripts in alveolar cells, especially AMs, thereby decreasing the 
neutrophil infiltration to lung and improving pulmonary conges-
tion. In addition, enhancing Regnase-1 expression was therapeuti-
cally effective in attenuating lung fibrosis by actively reducing both 
inflammatory and profibrotic factors in alveolar cells. Further in-
vestigation is needed for other immune cells such as ILC2s or non-
hematopoietic cells, including epithelial cells and fibroblasts, which 
play important roles in the pathogenesis of pulmonary fibrosis (54, 55). 
Last, intracranial administration of Reg1-MOs to EAE mice impaired 
disease development. Flow cytometry analysis and scRNA-seq re-
sults revealed that the effect of Reg1-MOs was associated with a de-
crease in CNS-infiltrating neutrophils. Because neutrophils have highly 
proinflammatory function and destructive capacity (48, 56, 57), re-
ducing neutrophil infiltration to the CNS prevented further release 
of cytokines and reactivation of the infiltrated T cells, which helped 
to preserve the integrity of the blood-brain barrier (48). We reasoned 
that Reg1-MOs restricted neutrophil infiltration to the CNS by lim-
iting the production of chemokines and cytokines from CNS-resident 
microglia and T cells. In vitro experiments culturing microglia cells 
or CD4+ T cells with Reg1-MOs revealed that increasing Regnase-1 
abundance in these two cell types altered their secretion of inflam-
matory molecules and their differentiation potentials, respectively. 
Regnase-1 expression also negatively correlated with disease severity 
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Fig. 6. Regnase-1 expression negatively correlates with MS disease severity. (A) RT-qPCR analyses for the expression level of Regnase-1, IL6, and IL1B in PBMCs derived 
from healthy controls (HC; n = 11) and patients with multiple sclerosis (MS; n = 22). (B) Correlation between Regnase-1 mRNA expression (x axis) and T2-weighted lesion 
volume change (y axis). Spearman’s rank correlation was used for the analysis (rho = Spearman’s rank correlation coefficient; P < 0.05 = significant). RT-qPCR analyses for 
the expressions of the indicated genes in PMA-differentiated (C) U937cells and (D) THP-1 cells transfected with Ctrl MO or REG1-MOs, followed by stimulation with LPS 
(n = 3 per group). (E) Left: Outline of the ex vivo culture of HC-derived peripheral CD14+ monocytes with Ctrl MO or REG1-MOs, before being stimulated with LPS for 
4 hours. Right: RT-qPCR analyses for the expression of human Regnase-1 and proinflammatory cytokines upon LPS stimulation. (A) shows means ± SEM, (C) to (E) shows 
means ± SD. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001.
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in patients with MS, highlighting the fact that manipulation of 
Regnase-1 availability by MOs could be beneficial in treating human 
inflammatory and autoimmune diseases.

Biological therapies that target proteins involved the inflamma-
tory processes are being evaluated in clinical trials to treat inflam-
matory and autoimmune diseases and are being used in addition to 
immunosuppressants. Neutralizing antibodies targeting cytokines 
such as TNF and IL-6, or their associated signaling pathways have 
been widely used as anti-inflammatory therapies to modulate im-
mune response (58, 59). However, a percentage of patients with au-
toimmune diseases are resistant to the blockade of a single cytokine, 
suggesting that simultaneous suppression of the production of mul-
tiple proinflammatory transcripts could be a potentially better strat-
egy. Because the target of Reg1-MOs is distinct from the current 
available therapeutics, Reg1-MO therapy may potentially be used in 
combination with other drug therapeutics to modulate the inflam-
matory responses in diseases in which Regnase-1 deficiency was 
shown to worsen disease pathogenesis (9, 40, 60, 61). However, con-
sidering the finding that Regnase-1 depletion enhanced cytotoxic 
T cell function within the tumor microenvironment (14), approaches 
to specifically attenuate Regnase-1 expression also warrant attention. 
For example, usage of small interfering RNA–based gene knockdown 
and CRISPR-Cas9 gene-editing technology is a potential strategy to 
reduce or delete Regnase-1 expression in a cell-specific manner. In 
addition, inhibition of SMG1 kinase abrogated Regnase-1–mediated 
mRNA decay by disrupting the association between Regnase-1 
and the UPF1 helicase (8), thus highlighting the therapeutic po-
tential of SMG1 inhibitor in potentiating the activation of innate 
immune cells.

This study has several limitations. First, most of our studies rely on 
the use of mouse and human cell lines, as well as mouse models, for 
the examination of the anti-inflammatory aspects of Reg1-MOs, and 
we and others have not yet demonstrated the efficacy of REG1-MOs in 
human clinical studies. In addition, we used MOs to target Regnase-1 
in this study considering their potential for clinical utility, but further 
investigation is required to optimize the ASO modality, delivery 
system, and delivery routes to maximize the therapeutic efficacy. 
Autoimmune diseases like rheumatoid arthritis and systemic lupus 
erythematosus are characterized by the development of systemic le-
sions. Thus, studies are required to develop a strategy for the delivery 
of MOs systematically for therapeutic intervention. Although we have 
demonstrated the preliminary safety in targeting the inflammatory 
response by Reg1-MOs, it is necessary to conduct further toxicological 
and pharmacological studies before clinical application in humans.

MATERIALS AND METHODS
Study design
The goal of this study is to develop a strategy to restrict inflamma-
tory diseases by manipulating Regnase-1 expression through the 
usage of morpholino-based ASOs. We found that blocking the 
Regnase-1 self-regulation pathway not only increased Regnase-1 
abundance but also counteracted the adverse effects of inflammation. 
We evaluated the efficacy of Reg1-targeting MOs in vivo with the 
use of acute and chronic inflammatory disease models including 
LPS-induced ARDS and bleomycin-induced lung fibrosis models, 
and an autoimmune mouse model, EAE. Last, human PBMC sam-
ples from patients with MS were analyzed for evaluating the associ-
ation between Regnase-1 expression and clinical significance.

All in vitro and in vivo experiments were replicated at least twice 
and were performed at least in biological triplicates. Animals were 
randomized to experimental groups, and no mice were excluded 
from the experiment. Gene expression and flow cytometry analyses 
were performed unblinded. All animal experiments were performed 
in accordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals and approved by the Animal 
Research Committee, Graduate School of Medicine, Kyoto Univer-
sity (permit number 120002). Age- and gender-matched littermates 
of the same strain were used in each experiment. Anonymous pa-
tient PBMC samples were obtained from the Graduate School of 
Medicine, Osaka University, Japan (permit number 11298-22).

Antisense MO and transfection
The sequence for mouse Regnase-1 MO1 and MO2 (targeting 3′end 
of the stem) are CTTAAATGACAGAGATACAATGT and CCT-
CAGAGAGCAGGCACATG, and those targeting the 5′end of 
mRegnase-1 SL-1 and SL-2 and outside SL have the following se-
quences: AATGTGTATCAACAGGGTGAT, ATGGTGCCTAACTAGC
CGGT, and GGCAGCGTCTCCTTAAATGAC, respectively, and 
were synthesized as bare MO, 3′-carboxyfluorescein–tagged MO, 
or Vivo-MO (Gene Tools LLC, USA). The sequences for human 
Regnase-1 MO1 and MO2 are CTTAAACTACAGAGATACAATGT 
and ACGGTGCCCAACTAGCCAG, respectively, and were synthe-
sized as bare MO. MO with the sequence CCTCTTACCTCAGT-
TAGAATTTATA was used as a standard control for all experiments 
(bare MO or Vivo-MO). MOs were dissolved in sterile water for 
in vitro experiments (stock concentration, 0.5 mM) and in sterile 
saline solution for in vivo experiments (5 g/l). In vitro delivery of 
MOs was achieved by Endoporter (GeneTools).

Mice and mouse model establishment
Female C57BL/6J (B6) mice were purchased from CLEA Japan 
Inc. (Tokyo, Japan). All experiments were conducted on 8- to 
12-week-old mice. Regnase-1−/− mice have been described previ-
ously (4). For the induction of acute lung injury and pulmonary 
fibrosis, C57BL/6 mice were intratracheally administrated with 
Escherichia coli–derived LPS (10 g; InvivoGen) or bleomycin 
sulfate (0.021 U per mouse; LKT Labs). Active EAE was induced in 
C57BL/6 mice by subcutaneous injection of 100 g of MOG peptide 
(Anaspec) emulsified in complete Freund’s adjuvant supplemented 
with killed Mycobacterium tuberculosis (4 mg/ml; Chondrex) on 
day 0. Mice were injected intraperitoneally with 200 ng of pertussis 
toxin (List Biological laboratories, INC) on days 0 and 2 unless 
otherwise specified. Detailed treatment protocol is described in the 
Supplementary Text.

Biological sample collection
Isolation of single-cell suspension from the lung tissue was per-
formed as described previously (13). BAL fluid was collected by four 
consecutive instillations of 1.0 ml of phosphate-buffered saline 
(PBS). For the isolation of CNS cells, mice were perfused with ice-
cold PBS via the left ventricle. CNS tissues were cut into small pieces 
and digested in Hanks’ balanced salt solution–positive buffer (Nacalai 
Tesque) supplemented with 2% fetal bovine serum (FBS), penicillin-
streptomycin, Hepes, and collagenase D (160 U; Roche Applied Science) 
for 35 min at 37°C. The CNS single-cell suspension was obtained by 
passing the material through an 18-gauge needle, followed by filtra-
tion through a cell strainer. Cell pellet was resuspended in 38% Percoll, 
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and the myelin fraction was separated from mononuclear cells by den-
sity centrifugation. Details are described in the Supplementary Text.

Luciferase reporter assay
HeLa cells were transfected with the Firefly luciferase reporter plas-
mid (Promega) containing the 3′UTR of indicated genes, with or 
without Regnase-1 expression plasmids, by Lipofectamine 2000 or 
Lipofectamine LTX (Invitrogen), according to the manufacturer’s 
instructions. The gene encoding Renilla luciferase was transfected 
simultaneously as internal control. Cells were lysed 16 to 24 hours 
after transfection, and the luciferase activity in the lysates was mea-
sured using the Dual-luciferase Reporter Assay system (Promega).

Histological examination
For in vivo lung experiments, lungs were fixed with Mildform 10 N 
and embedded in paraffin blocks. Sections of 4 m were stained 
with hematoxylin and eosin (H&E), Verhoeff Van Gieson (EVG), 
or Azan-Mallory dyes. For the isolation of spinal cord, EAE mice 
were perfused by cardiac puncture of the left ventricle with 37% 
formalin. The entire spinal column was removed and fixed with for-
malin for 48 hours as previously described (62), before subjected to 
tissue preparation and sectioning. Sections of 5-m thickness were 
subjected to H&E and Kluver-Barrera staining for the evaluation of 
inflammatory cell infiltration and demyelination, respectively (de-
tails can be found in the Supplementary Materials).

Immunoblotting
Whole-cell extracts were prepared in SDS sample buffer containing 
20 mM tris-HCl (pH 8.0), 150 mM NaCl, 10 mM EDTA, 1% NP-40, 
0.1% SDS, 1% sodium deoxycholate, 5% -mercaptoethanol, 10% 
glycerol and bromophenol blue, and 1 tablet of cOmplete Mini Pro-
tease Inhibitor Cocktail without EDTA (Roche Applied Science). 
Samples were boiled for 5 min at 95°C and analyzed using the fol-
lowing antibodies: polyclonal rabbit anti-mouse/human Regnase-1 
(5) and anti--actin–horseradish peroxidase (HRP) (sc-47778; Santa 
Cruz Biotechnology) and rabbit immunoglobulin G (IgG) HRP-
linked F(ab’)2 fragment (NA9340, cytiva). Luminescence was de-
tected with a luminescent image analyzer (ImageQuant LAS 4000, 
GE Healthcare).

RNA immunoprecipitation–RT-qPCR
HeLa cells were lysed with RNA immunoprecipitation lysis buffer 
[20 mM tris-HCl (pH 7.4), 150 mM NaCl, 0.5% NP-40, cOmplete 
Mini Protease Inhibitor Cocktail without EDTA, and 50 l of 
RNaseOUT (Invitrogen)]. Lysates were precleared with prewashed 
Protein G Dynabeads (Invitrogen) at 4°C with rotation for 1 hour. 
Anti-FLAG antibodies (F3165, Sigma-Aldrich) were conjugated to 
protein G Dynabeads at 4°C with rotation for 1 hour, before being 
incubated with the precleared lysates at 4°C for 3 hours. After being 
washed twice with RNA immunoprecipitation lysis buffer, the RNA 
and protein from the beads were respectively eluted using TRIzol 
(Invitrogen) or SDS sample buffer (see above).

RNA isolation, reverse transcription, and qPCR analysis
Total RNA was isolated by TRIzol or Isogen II (Nippongene) ac-
cording to the manufacturer’s instructions. cDNA was reversely 
transcribed from total RNA samples using ReverTraAce with gDNA 
remover (TOYOBO) according to the manufacturer’s instructions. 
The synthesized cDNAs were amplified using Thunderbird SYBR 

qPCR Mix (TOYOBO), and the relative RNA expression levels were 
measured by SYBR Green Real-Time PCR in StepOnePlus system 
(Applied Biosystems). Results were normalized to the expression 
levels of the housekeeping Gapdh or GAPDH mRNA. Primer se-
quences are listed in table S3.

Patient information
Detailed information about the patients with MS is described in 
Results. Samples of peripheral blood were taken from different 
patients at different time points. All the patients with MS fulfilled 
the McDonald criteria for MS (63). This study has been approved 
by the Ethics Committee, Osaka University Hospital, Osaka, Japan 
(permit number 11298-22). Written informed consents were ob-
tained from all participants.

Flow cytometry
Cells were washed in MACS buffer (PBS supplemented with 2% bo-
vine serum albumin and 500 mM EDTA), incubated with specific 
sets of antibodies for 15 min, and washed twice with MACS buffer 
before flow cytometry analysis. For intracellular staining, cells were 
permeabilized with Foxp3 staining buffer set (eBioscience). Anti-
body information is described in the Supplementary Materials.

In vitro CD4+ T cell differentiation
Naïve CD4+ T cells were isolated from the spleen and lymph nodes 
from naïve C57BL/6 mice by fluorescence-activated cell sorting and 
were cultured in RPMI (TH0, TH1, or induced Treg condition) or 
IMDM (TH17 condition) medium. For T cell polarization, cells 
were seeded in plates precoated with goat anti-hamster IgG (1:20) 
and were activated with soluble anti-CD3, anti-CD28 in the pres-
ence of the following cytokines: TH0 condition (IL-2), TH1 condi-
tion (IL-2, IL-12, and anti-IL-4), TH17 condition (IL-6, IL-1, IL-23, 
anti-IL-4, and anti-IFN), and induced Treg condition [IL-2, trans-
forming growth factor– (TGF-), anti-IL-4, and anti-IFN], in the 
presence of Ctrl MO or Reg1-MOs (5, 10, and 20 M) and endo-
porter. Cells were restimulated with phorbol 12-myristate 13-acetate 
(PMA)/ionmycin in the presence of Golgi Plug before analysis for 
cytokines (detailed antibody information and culture condition is 
provided in the Supplementary Materials).

RNA sequencing
BMDMs were treated with Ctrl MO or Reg1-MOs and stimulated 
with LPS (10 ng/ml) for 4 hours, and the RNA was isolated with 
TRIzol reagent and purified using RNA clean & Concentrator-5 
(Zymo Research). The cDNA libraries were prepared by NEBNext 
Ultra II Directional RNA Library Prep Kit (Illumina) according to 
the manufacturer’s instructions, and the samples were sequenced 
on a NextSeq500 (Illumina, 75 cycles). Acquired data were analyzed 
using Galaxy (see the Supplementary Materials).

Single-cell RNA sequencing
At day 16 after EAE immunization, spinal cord was resected and di-
gested, and CD45+ immune cells were isolated by cell sorting with BD 
FACSAria III and resuspended with 1× PBS supplemented with 2% 
FBS. Cell counts were about 7 × 105 cells per milliliter, and viability 
was above 90%. Single cells were partitioned using a Chromium 
Controller (10x Genomics), and gene expression sequencing libraries 
were generated using Chromium Single Cell 3’ Library & Gel Bead kit 
v3 (10x Genomics), following the standard manufacturer’s protocol.
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Statistical analysis
Statistical analyses were conducted using Prism8 (GraphPad, La Jolla, 
CA, USA) or Excel for Office 365. Statistical significance was esti-
mated with an unpaired two-tailed Student’s t test (for two groups), 
one-way analysis of variance (ANOVA) followed by Brown-Forsythe 
and Welch ANOVA’s multiple-comparison tests to analyze differ-
ences among three or more groups, or by two-way ANOVA followed 
by Sidak’s multiple-comparison test to compare multiple factors. 
Data are represented as means with standard deviations (±SD), un-
less otherwise mentioned. Spearman’s rank correlation test was used 
for the analysis of clinical samples. Statistical significance was de-
fined as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abo2137
Materials and Methods
Figs. S1 to S12
Tables S1 to S3
Data files S1 to S4
MDAR Reproducibility Checklist
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Enhancement of Regnase-1 expression with stem loop–targeting antisense
oligonucleotides alleviates inflammatory diseases
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A Regnase-1 remedy
Regnase-1 is an RNase known to limit inflammation by targeting specific mRNAs through recognition of stem-loop
(SL) structures in 3# untranslated regions. Tse et al. now describe a therapeutic approach of blocking Regnase-1
self-regulation to limit inflammatory responses. They targeted the binding interaction between Regnase-1 and SL
structures using two antisense phosphorodiamidate morpholino oligonucleotides (MOs), which enhanced Regnase-1
expression in macrophages and, in turn, reduced expression of proinflammatory transcripts targeted by this RNase.
Tissue-targeted delivery of Regnase-1–specific MOs attenuated acute respiratory inflammation and chronic fibrosis
in the lung and experimental autoimmune encephalitis symptoms in the nervous system. Regnase-1 expression also
inversely correlated with multiple sclerosis disease severity in patients. These findings highlight a role for Regnase-1 in
inflammatory diseases and suggest potential therapeutic benefits of targeting this mechanism.
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