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RNA N-glycosylation enables immune 
evasion and homeostatic efferocytosis

Vincent R. Graziano1, Jennifer Porat2, Marie Dominique Ah Kioon3, Ivana Mejdrová4, 
Alyssa J. Matz1, Charlotta G. Lebedenko2, Peiyuan Chai2, John V. Pluvinage5,6, 
Rafael Ricci-Azevedo1, Andrew G. Harrison1, Skylar S. Wright1, Xinzheng Wang1, 
Madison S. Strine7, Penghua Wang1, Michael R. Wilson5,6, Sivapriya Kailasan Vanaja1, 
Beiyan Zhou1,8, Franck J. Barrat3,9, Thomas Carell4, Ryan A. Flynn2,10,11,12 ✉ & 
Vijay A. Rathinam1,12 ✉

Glycosylation is central to the localization and function of biomolecules1. We recently 
discovered that small RNAs undergo N-glycosylation2 at the modified RNA base 
3-(3-amino-3-carboxypropyl) uridine (acp3U)3. However, the functional significance  
of N-glycosylation of RNAs is unknown. Here we show that the N-glycans on glycoRNAs 
prevent innate immune sensing of endogenous small RNAs. We found that de-N- 
glycosylation of cell-culture-derived and circulating human and mouse glycoRNA 
elicited potent inflammatory responses including the production of type I interferons 
in a Toll-like receptor 3- and Toll-like receptor 7-dependent manner. Furthermore,  
we show that N-glycans on cell surface RNAs prevent apoptotic cells from triggering 
endosomal RNA sensors in efferocytes, thus facilitating the non-inflammatory 
clearance of dead cells. Mechanistically, N-glycans conceal the hypermodified uracil 
base acp3U, which we identified as immunostimulatory when exposed in RNA. 
Consistent with this, genetic deletion of an enzyme (DTWD2) that synthesizes acp3U 
abrogated innate immune activation by de-N-glycosylated small RNAs and apoptotic 
cells. Furthermore, synthetic acp3U-containing RNAs are sufficient to trigger innate 
immune responses. Thus, our study has uncovered a natural mechanism by which 
N-glycans block RNAs from inducing acp3U-dependent innate immune activation, 
demonstrating how glycoRNAs exist on the cell surface and in the endosomal network 
without inducing autoinflammatory responses.

RNA sensing is a critical innate immune surveillance programme 
that protects the host from invading pathogens. Pattern recognition 
receptors (PRRs) monitor the endosomes and cytosol for foreign 
RNA. In the endosomal compartment, Toll-like receptor 3 (TLR3) 
senses double-stranded RNA (dsRNA), whereas TLR7 and TLR8 sense 
single-stranded RNA (ssRNA)4–8. RIG-I-like receptors, retinoic-acid 
inducible gene-I and melanoma differentiation-associated protein 5 
survey for foreign RNA in the cytosol9,10. Consequently, RNA sensing by 
TLRs and RIG-I-like receptors stimulates innate immune responses, such 
as NF-κB-dependent expression of pro-inflammatory cytokines and 
interferon regulatory factor 3 or 7 (IRF3 or IRF7)-dependent expression 
of type I interferons11–13. As RNA is not a pathogen-specific molecular 
pattern, the host deploys numerous mechanisms to prevent immune 
sensing of self-RNA. These mechanisms include the spatial exclusion 
of RNA sensors from self-RNA, the expression of RNases to limit ligand 
availability to RNA sensors and self-RNA modifications.

N-glycosylation is a recently identified RNA modification. Diverse 
small non-coding RNAs including transfer RNAs (tRNAs), Y RNAs, 
small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) 
are modified with sialic acid-containing N-linked glycans (glycoRNAs)2. 
A direct site for N-glycosylation on RNA has been characterized at 
3-(3-amino-3-carboxypropyl) uridine (acp3U)3, which is predominantly 
found in the D-loop of eukaryotic tRNA14. GlycoRNAs are proposed 
to be trafficked into the endoplasmic reticulum for N-glycosylation, 
guided to the cell surface through the endoplasmic reticulum–Golgi 
network, deployed on the cell surface and presumably constitutively 
endocytosed without stimulating immune sensors2,15,16. However, the 
mechanisms preventing self-sensing of glycoRNAs and the functional 
importance of RNA glycosylation remain unknown. Furthermore, the 
cell surface localization of glycoRNA poses a challenge for the immuno-
logically silent removal of dead cells. Apoptotic cells are cleared mostly 
by tissue-resident macrophages by means of efferocytosis, mediated 
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by phagocytic receptor recognition of eat-me ligands on dead cells17. A 
key feature of efferocytosis is that it occurs without eliciting inflamma-
tion. In this context, cell surface-exposed glycoRNA risks activation of 
endosomal RNA receptors when cells become apoptotic and engulfed 
by phagocytes18. However, the molecular mechanism that prevents 
the sensing of glycoRNAs during efferocytosis, enabling homeostatic 
efferocytosis, is not known.

In this study, we provide evidence that the N-glycosylation of endog-
enous small RNAs prevents their detection by innate immune PRRs. 
We found that enzymatic removal of N-glycans from RNAs stimulates 
RNA-sensing pathways leading to a potent type I interferon response. 
Consistent with this finding, removing N-glycans from apoptotic cells 
induced an inflammatory response in an RNA-dependent manner upon 
efferocytosis by macrophages. Our studies show that acp3U, a linker 
between N-glycans and RNA that gets exposed upon de-N-glycosylation, 
renders RNA immunostimulatory. Finally, both TLR3 and TLR7 sense 
acp3U-containing de-N-glycosylated RNA in macrophages. Altogether, 
this study shows that by caging acp3U, N-glycosylation of RNAs deters 
innate immune sensing of self-RNAs, facilitating the non-inflammatory 
clearance of dead cells.

RNA N-glycans prevent immune activation
To investigate whether N-glycosylation of RNA serves as a determinant 
of self- versus non-self-nucleic acid sensing, we isolated the small RNA 
fraction from HeLa cells (enriched for sialoglycoRNAs)2,19 and treated 
with enzymes that cleave N-glycans (PNGase F) and RNA (RNase cock-
tail: RNase A, RNase T1 and RNase III, referred to as RNase hereafter) 
individually and in combination2,20. After enzymatic digestion, we trans-
fected these RNAs into RAW macrophages and assessed the production 
of interferon-β (IFNβ), the signature outcome of nucleic acid sensing 
(Extended Data Fig. 1a). We observed no induction of IFNβ in our lipo-
fectamine controls or upon transfection of native small RNA at two dif-
ferent concentrations (Fig. 1a). However, small RNAs de-N-glycosylated 
with PNGase F induced robust IFNβ production. Pretreatment of 
PNGase F-treated small RNA with RNase abolished IFNβ production 
attributing the interferon response to intact, but de-N-glycosylated 
RNA (Fig. 1a). We also observed that de-N-glycosylated small RNA was 
able to induce IFNβ expression when added to RAW macrophages with-
out transfection (Extended Data Fig. 1b). Thus, removing N-glycans 
with PNGase F from small RNA elicits IFNβ production. By contrast, 
PNGase F treatment did not confer an immunostimulatory activity to 
long RNA, which do not contain glycoRNAs2,19 (Fig. 1b). PNGase F also 
had no effect on IFNβ induction by poly(I:C), a synthetic RNA that has 
no glycans (Fig. 1c). These data show de-N-glycosylation of small RNAs 
as a potent inducer of type I interferons.

We next examined the activation of TANK-binding kinase 1 (TBK1) 
and interferon regulatory factor 3 (IRF3), key components of PRR 
signalling that drive type I interferon production21. We observed 
phosphorylation of TBK1 (pTBK1) and IRF3 (pIRF3) only in cells trans-
fected with PNGase F-treated small RNAs (Fig. 1d). We also assessed the 
phosphorylation of JNK, ERK1/2 and p38, as well as NF-κB p65—com-
ponents of innate immune signalling—by immunoblotting and found 
that PNGase F-treated small RNAs stimulated the activation of JNK, 
ERK1/2, p38 and NF-κΒ p65 in RAW macrophages (Fig. 1e). Furthermore, 
de-N-glycosylated RNA induced assembly of the myddosome—a central 
upstream event in the TLR signalling22—albeit weakly compared to the 
synthetic TLR2 agonist Pam3CSK4 (Extended Data Fig. 1c). The immu-
nostimulatory effect of de-N-glycosylated small RNA was not limited 
to RAW macrophages, as mouse peritoneal macrophages as well as 
primary human plasmacytoid dendritic cells (pDCs) and macrophages 
also robustly produced type I interferons, tumour necrosis factor (TNF) 
and/or interleukin-6 (IL-6) upon stimulation with PNGase F-treated 
small RNA (Fig. 1f and Extended Data Fig. 1d,e). These data reveal that 
de-N-glycosylated small RNAs activate innate immune signalling.

Because of the constitutive endocytic process, cell surface glycoRNAs 
continuously localize in the endosomes containing RNA sensors. In 
this context, we hypothesized that de-N-glycosylation of cell surface 
glycoRNAs by adding large amounts of PNGase F directly to cells would 
stimulate RNA sensors in the endosome, in cis, as cells constitutively 
endocytose cell surface components. To test this, we added increasing 
doses of PNGase F (3, 9 and 15 times the amount used to treat isolated 
small RNA samples in our previous experiments) or PNGase F and RNase 
to RAW macrophages. We note that even adding three times the amount 
of PNGase F (2 µg) used to treat purified small RNA fractions to cells did 
not induce a robust interferon production (Extended Data Fig. 1f). By 
contrast, adding nine times more PNGase F to macrophages induced 
an RNA-dependent innate immune response (Extended Data Fig. 1f). 
These data are supportive of a model in which cells present RNAs on 
their surface that are normally N-glycosylated and, thus, invisible to 
RNA sensors upon constitutive endocytosis. Overall, our data indicate 
that glycoRNAs are shielded by their N-glycans from innate immune 
RNA sensors.

Deglycosylated serum RNA is stimulatory
Whereas glycoRNAs were first described to exist on the cell surface, 
small RNAs have been found in the peripheral blood of vertebrates23,24. 
We thus asked whether mouse and human blood also contains sialo-
glycoRNAs. We isolated RNAs from mouse and human sera as well as 
from HeLa cells (the latter for comparison) and labelled them with 
rPAL: a periodate oxidation and aldehyde ligation method to detect 
native sialoglycoRNAs3. We observed rPAL signals in all three sources. 
Comparative analysis of rPAL-labelled cell- and sera-isolated RNA dem-
onstrated that the sialoglycoRNA to total RNA ratio was higher in human 
and mouse sera-isolated RNA compared to the cell-isolated RNA and 
revealed different molecular weight banding patterns (Fig. 1g and 
Extended Data Fig. 2a,b). Normalizing for the amount of RNA labelled 
(1 μg, quantified before rPAL labelling as sera-isolated RNA was not 
visible in the gel), sera RNA generated 38-fold more rPAL signal than 
HeLa cell RNA per μg of RNA (Extended Data Fig. 2c–e). Having identi-
fied glycoRNAs in circulation, we next asked whether sera glycoRNA 
is similarly immunogenic upon de-N-glycosylation with PNGase F. We 
found that de-N-glycosylated mouse and human sera RNA potently 
induced the production of IFNβ, TNF and IL-6 when compared to 
untreated sera RNA in mouse peritoneal macrophages and human 
THP1 macrophages (Fig. 1h–k). As we found with cellular small RNA, 
RNase treatment of de-N-glycosylated sera-derived RNAs blunted its 
immunostimulatory activity (Fig. 1h–k). Considering the link between 
aberrant sensing of endogenous RNAs25–28 and anti-dsRNA antibod-
ies and autoimmune diseases such as systemic lupus erythematosus 
(SLE)29, we assessed whether there were alterations in circulating sialo-
glycoRNA in a small set of healthy controls and patients with SLE. We 
subjected the isolated RNA to rPAL analysis and found heterogeneity in 
sera-isolated sialoglycoRNA signals across individuals (Extended Data 
Fig. 2f). Whereas the two highest intensity samples are from patients 
with SLE, the overall changes are not statistically significant (Extended 
Data Fig. 2f). Overall, these data revealed that glycoRNAs are present in 
mouse and human circulation and that their de-N-glycosylation elicits 
inflammatory responses.

RNA N-glycans aid silent efferocytosis
Efferocytosis of apoptotic cells is a fundamental immunologically silent 
process that is critical for tissue homeostasis30. Having RNA exposed 
on the cell surface risks activation of endosomal RNA receptors when 
cells become apoptotic and engulfed by phagocytes. Therefore, we 
hypothesized that the N-glycans on RNA may prevent the activa-
tion of endosomal RNA receptors during efferocytosis. To test this 
hypothesis, we induced apoptosis in HeLa cells by treating them with 
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Fig. 1 | N-glycans shield small RNAs from innate immune recognition.  
a, IFNβ enzyme-linked immunosorbent assay (ELISA) of RAW macrophage 
supernatants 6 h posttransfection of small RNA untreated or treated with 
PNGase F, RNase cocktail or PNGase F + RNase cocktail. b, IFNβ ELISA of RAW 
macrophage supernatants 6 h posttransfection with long RNA treated with  
or without PNGase F. c, IFNβ ELISA of RAW macrophage supernatants 6 h 
posttransfection with poly(I:C) treated as in b. d,e, Immunoblotting of lysates 
from RAW macrophages transfected with small RNAs treated with or without 
PNGase F (d) or in combination with RNase (e) for different signalling proteins. 
f, IFNβ ELISA of peritoneal macrophage supernatants 6 h posttransfection with 
small RNA untreated or treated as in a. g, rPAL-labelled sialoglycoRNAs from 
sera samples from human and WT mice visualized with streptavidin IR800 
(Strep; top) and total RNA (Sybr; bottom). h, IFNβ ELISA of peritoneal 
macrophage supernatants 6 h posttransfection with mouse-sera-derived 

(m-Sera) small RNAs untreated or treated with PNGase F, RNase cocktail  
or PNGase F + RNase cocktail. i, IL-6 and TNF ELISA of THP1 macrophage 
supernatants 6 h posttransfection with mouse-sera-derived small RNAs 
untreated or treated with PNGase F, RNase or PNGase F + RNase. j, IFNβ ELISA of 
peritoneal macrophage supernatants 6 h posttransfection with human-sera- 
derived (h-Sera) small RNAs untreated or treated as in a. k, IL-6 and TNF ELISA 
of THP1 macrophage supernatants stimulated as in j. Data are represented as 
mean ± standard error of the mean (s.e.m.) (a–c,f,h–k). Pooled data from three 
independent experiments (a–c,f) or four human and mouse sera samples from 
three independent replicates (h–k) or one experiment representative of two (d) 
or three (e,g) are shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;  
NS, not significant. Two-way analysis of variance (ANOVA) with Tukey’s test 
(a,f,h–k) or one-way ANOVA with Šídák’s test (b,c). mIFNβ, mouse IFNβ; hIL-6, 
human IL-6.
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Fig. 2 | De-N-glycosylation of cell surface RNAs makes apoptotic cells 
immunostimulatory. a, Schematic of the experimental design. b, IFNβ ELISA 
of peritoneal macrophage supernatants 24 h poststimulation with live or 
apoptotic HeLa cells (generated by doxorubicin stimulation) treated with or 
without PNGase F or PNGase F + RNase at indicated macrophage to HeLa cell 
ratios (Mac:HeLa). c, IFNβ ELISA of supernatants of peritoneal macrophages 
pretreated with DMSO or with cytochalasin D or latrunculin B for 30 min and 
stimulated for 24 h with untreated or PNGase F-treated apoptotic cells at  
a 1:4 macrophage to HeLa cell ratio. d, IFNβ ELISA of peritoneal macrophage 
supernatants 24 h poststimulation with live or apoptotic HeLa cells (generated 
by ultraviolet light exposure) treated with or without PNGase F or PNGase 
F + RNase cocktail (1:4 macrophage to HeLa cell ratio). e, Immunoblotting  
of lysates of cells stimulated with untreated, PNGase F-, PNGase F + RNase- 
treated apoptotic cells for indicated proteins. f, IFNβ ELISA of resident 

peritoneal cell supernatants 24 h poststimulation with live or apoptotic HeLa 
cells (generated by doxorubicin stimulation) treated with or without PNGase F 
or PNGase F + RNase cocktail at indicated macrophage to HeLa cell ratios.  
g, IL-6 and TNF ELISA of THP1 macrophage supernatant 24 h poststimulation 
with live or apoptotic HeLa cells treated with or without PNGase F or PNGase 
F + RNase cocktail at a 1:4 macrophage to HeLa cell ratio. h, IFNβ ELISA of 
peritoneal lavages from WT mice 24 h after i.p. injection with 10 million 
apoptotic HeLa cells treated with or without PNGase F or PNGase F + RNase 
cocktail. Data are represented as mean ± s.e.m. (b–d,f–h). Pooled data from 
three independent experiments (b–d,f–h) or one experiment representative 
of two (e) are shown. **P < 0.01; ***P < 0.001; ****P < 0.0001. Two-way ANOVA 
with Tukey’s test (b,f,g) or one-way ANOVA with Šídák’s test (c,d,h). Schematic 
in a was created with BioRender (https://biorender.com).
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doxorubicin31. Live and apoptotic cells were subjected to PNGase F 
treatment to de-N-glycosylate cell surface molecules and then fed to 
peritoneal macrophages in vitro (Fig. 2a). As expected, control live cells 
did not induce an inflammatory response even after PNGase F treat-
ment (Fig. 2b). Similarly, apoptotic cells not exposed to PNGase F were 

non-immunostimulatory. By contrast, we observed a potent induction 
of IFNβ by apoptotic cells treated with PNGase F, whereas apoptotic cells 
treated with the combination of PNGase F + RNase induced negligible 
IFNβ (Fig. 2b). This suggests that the de-N-glycosylation of apoptotic 
cells induces a potent inflammatory response in an RNA-dependent 
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manner. This effect was not due to increased efferocytosis of apoptotic 
cells treated with PNGase F as the enzymatic treatment of apoptotic 
cells did not change efferocytotic rates (Extended Data Fig. 3a). Effero-
cytosis requires cytoskeleton remodelling within the phagocytes eating 
the apoptotic cells32. When we inhibited efferocytosis of apoptotic 
cells by pretreating macrophages with actin polymerization inhibi-
tors, cytochalasin D or latrunculin B, we observed a potent reduction 
in innate immune activation by de-N-glycosylated apoptotic cells as 
measured by IFNβ production (Fig. 2c). These data indicate that effe-
rocytotic uptake is a prerequisite for de-N-glycosylated apoptotic cells 
to induce an RNA-driven type I interferon response.

We then asked whether this RNA-dependent inflammatory response 
was unique to apoptosis induced by doxorubicin or whether this could 
be recapitulated with ultraviolet-induced apoptosis33. We subjected 
apoptotic HeLa cells generated by means of ultraviolet exposure to 
PNGase F or PNGase F + RNase treatment and fed them to peritoneal 
macrophages. We found that ultraviolet-generated apoptotic HeLa cells 
de-N-glycosylated with PNGase F also induced a robust IFNβ response 
in an RNA-dependent manner (Fig. 2d). We observed that efferocy-
tosis of de-N-glycosylated apoptotic cells induced IRF3 activation in 
an RNA-dependent manner in RAW macrophages (Fig. 2e). Similarly, 
resident peritoneal cells and RAW macrophages also elicited an IFNβ 
response to de-N-glycosylated apoptotic cells in an RNA-dependent 
manner (Fig. 2f and Extended Data Fig. 3b). Furthermore, efferocytosis 
of de-N-glycosylated apoptotic cells induced IL-6 and TNF production in 
THP1 macrophages and peritoneal macrophages (Fig. 2g and Extended 
Data Fig. 3c,d). To extend our observations in vivo, we intraperitoneally 
(i.p.) injected wild-type (WT) mice with apoptotic cells (untreated or 
PNGase F- or PNGase F + RNase-treated) and then assessed IFNβ levels 
in the peritoneal lavage 24 hours later. We found IFNβ production only 
in mice injected with PNGase F-treated apoptotic cells (Fig. 2h). Overall, 
these data suggest that N-glycosylation of cell surface RNAs facilitates 
the immunologically ‘silent’ clearance of apoptotic cells.

acp3U-modified RNA is immunostimulatory
We recently identified hypermodified acp3U as a site of attachment 
of N-glycans in sialoglycoRNAs3. Mammalian acp3U is synthesized by 
DTW domain-containing proteins 1 and 2 (DTWD1 and DTWD2) and 
is best characterized in the D-loop of tRNAs34. This discovery offers a 
genetic approach to prevent the addition of N-glycans on RNA, comple-
menting our pharmacologic strategy of N-glycan removal by PNGase 
F. Genetic knockout (KO) of DTWD2 led to specific defects in the rPAL 
profile of sialoglycoRNAs suggesting that DTWD2 is at least in part 
responsible for sialoglycoRNA biogenesis3. We therefore anticipated 
that DTWD2 deletion would render endogenous small RNAs immu-
nogenic by preventing N-glycan attachment that would otherwise 
block RNA-dependent innate immune activation. To our surprise, we 
observed the opposite phenotype: small RNA isolated from DTWD2 
KO U2OS cells failed to induce IFNβ production (Fig. 3a and Extended 

Data Fig. 4a). Similarly, DTWD2 KO apoptotic cells did not induce IFNβ 
production in macrophages upon efferocytosis, whether untreated  
or PNGase F-treated (Fig.  3b and Extended Data Fig.  4b). More
over, DTWD2 KO cell-derived small RNAs and DTWD2 KO apoptotic 
cells did not induce an RNA-driven innate immune response upon 
de-N-glycosylation, in THP1 macrophages (Extended Data Fig. 4c,d). 
Last, DTWD2 KO apoptotic cells untreated or treated with PNGase F 
failed to induce IFNβ response in vivo upon i.p. injection compared 
to PNGase F-treated WT apoptotic cells (Fig. 3c).

One possibility that reconciles these results is that acp3U is essential 
to the immunogenicity of de-N-glycosylated RNA. PNGase F treatment 
removes entire N-glycan branches to reveal acp3U, the hypermodified 
base generated by DTWD2 (ref. 3). RNAs harvested from DTWD2 KO 
cells devoid of acp3U lacked the capacity for IFNβ induction. Accord-
ing to this idea that RNA with exposed acp3U is immunostimulatory, 
masking acp3U with as little as one N-acetylglucosamine (GlcNAc) could 
prevent immune activation. To test this, we treated small RNAs with 
Endo-F2 and Endo-F3 enzymes to yield cleaved glycoRNAs in which 
acp3U is blocked by a single GlcNAc moiety3. Small RNA fractions har-
vested from WT HeLa cells treated with Endo-F2 + F3 did not induce 
IFNβ on transfection into RAW or peritoneal macrophages (Extended 
Data Fig. 4e). Furthermore, unlike PNGase F-treated apoptotic cells, 
Endo-F2 + F3-treated apoptotic cells did not stimulate IFNβ produc-
tion during efferocytosis (Extended Data Fig. 4f). Together, these data 
suggest that exposed acp3U within RNAs can potently induce innate 
immune responses to endogenous small RNA and apoptotic cells.

Although our data from PNGase F-treated RNA and DTWD2 KO RNA 
data are consistent, small RNA isolated from cells is complex, made up 
of many transcripts and other posttranscriptional modifications that 
could confound our observed phenotype. To confirm a direct role of 
acp3U, we synthesized an 18-nucleotide long tRNA fragment containing 
either an unmodified U or acp3U in two sequence contexts (8C and 8D) 
positioned in the D-loop of a model tRNA (Supplementary Information 
and Supplementary Table 1). The acp3U-8C and acp3U-8D RNAs have 
the acp3U within a tRNA D-loop scaffold differing by one nucleobase 
(GU or AU preceding the acp3U in the 8C and 8D RNAs, respectively). 
We then used these synthetic RNAs to stimulate THP1 macrophages 
with or without lipofectamine and found that acp3U containing RNA 
resulted in higher production of IL-6 and TNF over the unmodified 
RNA (Fig. 3d,e and Extended Data Fig. 5a,b). To determine the global 
transcriptional responses induced by acp3U-containing RNAs, we per-
formed bulk RNA sequencing (RNA-seq) of THP1 cells stimulated with 
acp3U-8C or the unmodified control RNA for 6 hours. Pathway analy-
sis of differentially expressed genes revealed that acp3U-8C induced 
many pathways related to RNA sensing and innate immune responses 
such as TLR signalling and IRF pathways. Interferon signalling is the 
most upregulated pathway in acp3U-8C-RNA-treated cells (Fig. 3f and 
Extended Data Fig. 5c). We also performed RNA-seq analysis of THP1 
cells transfected with untreated or PNGase F-treated small RNAs and 
found that the immune gene signature induced by PNGase F-treated 

Fig. 3 | RNA containing the modified base acp3U stimulates innate  
immune responses. a, IFNβ ELISA of peritoneal macrophage supernatants 6 h 
posttransfection with small RNA derived from WT and two single cell clones of 
DTWD2 KO U2OS cells treated with or without PNGase F, RNase cocktail or 
PNGase F + RNase cocktail. b, IFNβ ELISA of peritoneal macrophage 
supernatants 24 h poststimulation with apoptotic WT, DTWD2 KO1 and 
DTWD2 KO2 U2OS cells treated with or without PNGase F or PNGase F + RNase 
cocktail at a 1:4 macrophage to U2OS cell ratio. c, IFNβ ELISA of peritoneal 
lavages from WT mice (n = 4) 24 h after i.p. injection with 10 million apoptotic 
WT or DTWD2 KO U2OS cells treated with or without PNGase F or PNGase 
F + RNase cocktail. d,e, IL-6 ELISA of THP1 macrophage supernatants 6 h 
poststimulation (d) or posttransfection (e) with synthetic unmodified RNA or 
synthetic RNAs modified with acp3U (acp3U-8C and acp3U-8D). f,g, Bubble 
plots of ingenuity pathway analysis (IPA) analysis of RNA-seq of THP1 

macrophages stimulated with acp3U-8C-RNA (f) or PNGase F-treated small 
RNAs (g). Activation or repression of pathways is represented by z-score (x 
axis and colour) and pathway enrichment by −log-P ( y axis). Dot size is the  
ratio of the differentially expressed gene (DEG) hits within the total pathway 
from IPA. h, Schematic of the hypothesis in which acp3U exposed on RNA is 
immunostimulatory, which is attenuated by modifying the carboxylic acid 
with an amide or GlcNAc. i, TNF ELISA of THP1 macrophage supernatants 6 h 
postaddition or posttransfection with uridine, acp3U, acp3U-modified with  
an N-acetylglucosamine (acp3U-GlcNAc), acp3U + uridine or acp3U-GlcNAc +  
uridine. Data are represented as mean ± s.e.m. (a–e,i). Pooled data from three 
(a,b,d,e,i) or four (c) independent experiments are shown. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001; two-way ANOVA with Tukey’s test (a,b,d,e,i) or 
one-way ANOVA with Šídák’s test (c). nt, nucleotide(s).
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RNAs is very similar to that of acp3U-8C RNA with the interferon pathway 
being the highly expressed one (Fig. 3f,g and Extended Data Fig. 5c–e). 
Thus, despite the heterogeneity of natural small RNAs compared to the 
synthetic acp3U-8C RNA, acp3U-8C and PNGase F-treated small RNAs 
induced a greatly overlapping immune gene signature associated with 
RNA sensing.

To further examine the immunostimulatory potential of acp3U, we 
synthesized uridine and acp3U mononucleosides and stimulated or 
transfected THP1 macrophages and peritoneal macrophages with 
uridine, acp3U or in combination. When acp3U and uridine are used in 
combination, we observed an increase in the production of IL-6, TNF 
and IFNβ suggesting that acp3U with further unmodified uridine bases 
is more immunostimulatory (Extended Data Fig. 6a–f). Given the selec-
tive immune activation upon PNGase F but not Endo-F2 + F3 treatment, 
we reasoned that the carboxylic acid moiety of acp3U could be critical 
for its activity. Blocking the carboxylic acid with only a single GlcNAc 
moiety (acp3U-GlcNAc) or the nitrogen of an amide (acp3U-amide) 
abrogated the immunogenicity of acp3U when used individually or 
in combination with extra uridine bases (Fig. 3h,i and Extended Data 
Fig. 6g,h). Together, these data indicate that acp3U-modified RNA is an 
innate immune trigger, which supports our model in which N-glycans 
block the immunostimulatory RNA modification, acp3U, from innate 
immune sensors.

TLR3 and TLR7 sense de-N-glycosylated RNAs
To identify the endosomal receptor that senses de-N-glycosylated 
RNAs, we isolated primary bone-marrow-derived macrophages 
(BMDMs) from WT, TRIF KO (the adaptor for TLR3) and MyD88 KO (the 
adaptor for TLR7) mice and stimulated them with small RNA treated 
with or without PNGase F. We found that PNGase F-treated small RNAs 
robustly induced an innate immune response compared to untreated 
RNAs in WT BMDMs, recapitulating our previous results (Fig. 4a). 
However, IFNβ induction by PNGase F-treated small RNAs was greatly 
reduced in MyD88 KO and TRIF KO BMDMs, implicating TLR3 and TLR7 
as potential receptors for de-N-glycosylated RNAs in mice. Further-
more, to determine whether de-N-glycosylated cell surface RNAs on 
apoptotic cells activate the MyD88-dependent or TRIF-dependent 
pathway upon efferocytosis, we induced apoptosis of HeLa cells with 
doxorubicin and treated the apoptotic cells with PNGase F, RNase or 
both. These untreated or enzyme-treated apoptotic cells were then fed 
to WT, MyD88 KO and TRIF KO peritoneal macrophages and the IFNβ 
response was assessed. IFNβ production induced by PNGase F-treated 
apoptotic cells was abolished in MyD88 KO and TRIF KO peritoneal 
macrophages (Fig. 4b). These data show that both MyD88 and TRIF 
are necessary for innate immune activation by apoptotic cells with 
de-N-glycosylated cell surface RNAs.

Next, we sought to examine the role of TLR3 and TLR7 in sensing 
de-N-glycosylated RNAs. We therefore collected peritoneal macrophages 
and BMDMs from WT, TLR3 KO and TLR7 KO mice and stimulated them 
with PNGase F-treated or untreated small RNAs (Fig. 4c,d and Extended 
Data Fig. 7a). Consistent with our previous data, PNGase F-treated small 
RNAs, compared to untreated RNAs, induced stronger innate immune 
responses in WT peritoneal macrophages and BMDMs. This effect 
was also sensitive to RNase treatment as we previously observed. By 
contrast, de-N-glycosylated small RNA-induced IFNβ production was 
reduced in both TLR3 KO and TLR7 KO peritoneal macrophages and 
BMDMs indicating that both receptors are required for optimal sensing 
of de-N-glycosylated RNA (Fig. 4c,d). We then asked whether TLR3 and 
TLR7 are also responsible for sensing de-N-glycosylated cell surface 
RNAs on apoptotic cells during efferocytosis. Like before, we induced 
apoptosis of HeLa cells with doxorubicin and treated the apoptotic 
cells. We stimulated WT, TLR3 KO and TLR7 KO peritoneal macrophages 
with apoptotic cells untreated or treated with PNGase F, RNase or both. 
Results from WT peritoneal macrophages phenocopied our previous 

data whereas IFNβ production was ablated in both TLR3 KO and TLR7 KO 
peritoneal macrophages, supporting our hypothesis that both receptors 
can detect PNGase F-treated small RNAs (Fig. 4e).

To further examine the role of TLR3 and TLR7 in sensing acp3U- 
containing RNAs, we stimulated WT, TLR3 KO and TLR7 KO peritoneal 
macrophages with a synthetic 56-nucleotide long RNA that contains 
an unmodified uridine or acp3U in the central ssRNA loop and a longer 
dsRNA region (Supplementary Table 1). We found that stimulation 
with the acp3U-containing synthetic RNA resulted in the production 
of IFNβ both by transfection and addition, whereas the unmodified 
RNA was poorly immunostimulatory (Fig. 4f). More importantly, 
acp3U-RNA-induced IFNβ response was greatly reduced in TLR3 KO 
and TLR7 KO macrophages (Fig. 4f). These data showing a dual depen
dency of synthetic acp3U-RNA on both TLR3 and TLR7 are consistent 
with the earlier data obtained with de-N-glycosylated cellular RNA. 
We next tested how the activity of acp3U-RNA compares to well-known 
TLR3, TLR7 or TLR8 ligands. We stimulated THP1 macrophages indi-
vidually with de-N-glycosylated small RNAs, unmodified synthetic 
RNA, acp3U-containing short synthetic RNAs (acp3U-8C and acp3U-8D), 
poly(I:C) (TLR3), CL097 (TLR7 and TLR8), R837 (TLR7), 2′,3′-cGMP 
(TLR7), ssRNA40 (TLR7 and TLR8) and TL8 (TLR8) (Extended Data 
Fig. 7b). We found that de-N-glycosylated small RNAs as well as synthetic 
acp3U-containing RNAs (acp3U-8C and acp3U-8D) stimulated human 
THP1 macrophages similarly to other canonical TLR3 and TLR7 or TLR8 
ligands. Furthermore, the electroporation of mononucleosides (uri-
dine, acp3U, or acp3U + uridine) as well as the synthetic acp3U-RNAs into 
the cytosol failed to stimulate an IFNβ response. Consistent with TLR3 
and TLR7 sensing of acp3U-RNA, these data indicate that acp3U-RNA 
are not sensed in the cytosol (Extended Data Fig. 7c). We further cor-
roborated the physiological relevance of these data in vivo by injecting 
WT, TLR3 KO and TLR7 KO mice i.p. with de-N-glycosylated apoptotic 
cells and assaying the peritoneal lavage for IFNβ. Consistent with our 
in vitro findings in peritoneal macrophages, de-N-glycosylated apop-
totic cells induced IFNβ production in WT mice but not in TLR3 KO and 
TLR7 KO mice (Fig. 4g). Altogether, these data show that TLR3 and TLR7 
are sensors for de-N-glycosylated RNAs supporting our model that 
N-glycosylation chemically cages acp3U-containing RNAs preventing 
them from activating endosomal RNA sensors (Fig. 4h).

Here we describe a mechanism by which glycoRNAs can exist in spaces 
where highly sensitive RNA sensors exist. We provide evidence that 
N-glycans serve to chemically cage the hypermodified nucleoside acp3U 
to prevent self-activation of TLR3 and TLR7. The caging of acp3U in 
mammalian RNA also promotes homeostatic efferocytosis by blocking 
the engagement of glycoRNAs present on the surface of apoptotic cells 
by macrophage TLRs. Methods and experimental strategies capable of 
assessing the functional role of glycoRNAs are still in their nascent form. 
Live cell RNase treatment has been used recently to study cell surface 
RNAs and their roles in processes such as neutrophil recruitment to 
inflammatory sites2,15,20,35. Our data with cell-culture-derived small RNAs, 
N-glycoRNA deficient DTWD2 KO cells, and synthetic acp3U-modified 
RNAs enabled a direct assessment of the role of N-glycans on RNA in 
the context of endosomal TLR sensing. Together, our data represent 
an effort to establish a direct role for N-glycosylation of RNA.

The dual sensing by TLR3 and TLR7 of acp3U-containing RNA species 
is surprising. Though these RNA-sensing receptors have been classically 
thought to operate independently, there is some evidence for synergy 
between these two RNA sensors36. One possibility for this phenotype 
could be that purified and de-N-glycosylated cellular RNA fraction 
contains dsRNA and ssRNA ligands for TLR3 and TLR7, respectively. 
Thus, the dual engagement of TLR3 and TLR7 by these RNA ligands 
provide sufficient signal threshold—which, the engagement of TLR3 
or TLR7 alone may fail to induce—to drive IRF-dependent interferon 
transcription. The 18- and 56-nucleotide long synthetic RNAs each 
contained ssRNA and dsRNA regions, which may allow the engagement 
of both TLR3 and TLR7. Even though the longer dsRNAs are stronger 
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agonists for TLR3, shorter double-stranded regions have been shown 
to engage TLR3, albeit weakly37,38. Overall, these previously reported 
observations and the presence of both ssRNA and dsRNA regions in 
the synthetic RNAs and de-N-glycosylated cellular RNA pool probably 
explain the dual engagement of TLR7 and TLR3.

In characterizing the RNA component of mouse and human sera, 
we also identified circulating sialoglycoRNAs. Upon enzymatic 
de-N-glycosylation, sera-derived glycoRNAs can induce RNA-dependent 
innate immune activation. This raises the question of whether circu-
lating sialoglycoRNAs could play a causal role in the pathogenesis of 
diverse autoimmune disorders. Increasing evidence suggests that many 
autoimmune disorders such as SLE and Aicardi–Goutières syndrome 
are driven by aberrant sensing of endogenous RNAs25–28,39. SLE pathol-
ogy is associated with the production of anti-dsRNA antibodies40,41 and 
auto-antibodies to SSA/Ro and SSB/La proteins that form complexes 
with Y RNA42 as well as to Sm proteins that associate with snRNA (U 
RNAs)43. As the major form of glycoRNAs consist of Y RNA2, it is interest-
ing to speculate whether anti-RNA antibodies are recognizing circulat-
ing sialoglycoRNAs or their de-N-glycosylated byproducts such as free 
or exposed-acp3U and whether such anti-sialoglycoRNA or anti-acp3U 
antibodies have a role in SLE. Our rPAL data from a small cohort of serum 
samples from patients with SLE revealed a highly heterogenous pattern 
with different levels and molecular weights of the observed sialogly-
coRNAs. Future studies involving larger cohorts of patients with SLE 
are warranted to examine whether there is any correlation between 
the sialoglycoRNA and free or exposed-acp3U levels in the circulation 
and SLE manifestations and establish a clinical link between RNA with 
uncaged acp3U and SLE. We also observed that PNGase F-treated small 
RNA could activate both human pDCs and macrophages, two cell types 
that have been associated with the pathogenesis of SLE44–47, suggesting 
that these small RNAs could contribute to SLE and potentially other 
autoimmune diseases.

Finally, although we describe the presence of acp3U on RNA as an 
immunostimulatory modification, there are other putative linkers 
between N-glycans and RNA such as yW-72 and yW-86 that have not 
yet been fully characterized and remain under active investigation3. 
Examining the expression patterns of the enzymes making these mod-
ifications, their deposition in RNA and the biodistribution of these 
RNAs and their caged forms in autoimmune disease could provide 
new insights into the development of autoimmunity and potential 
therapeutic targets.
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Methods

Mice
WT C57BL/6J, TLR3 KO (strain B6;129S1-Tlr3tm1Flv/J), TLR7 KO (strain 
B6.129S1-Tlr7tm1Flv/J), MyD88 KO (strain B6.129P2(SJL)-Myd88/J) 
and TRIF KO (strain C57BL/6J-Ticam1/J) from the Jackson Labora-
tory were bred and maintained in specific pathogen-free conditions 
in the animal facility of UConn Health. All mice were housed at an 
ambient temperature of roughly 22 °C, a humidity of 40–60% and 
a light/dark cycle of 12/12 h. Sex- and age-matched mice were used. 
All experiments were carried out in accordance with the guidelines 
set forth by the UConn Health Institutional Animal Care and Use  
Committee.

Cells
HeLa cells (American Type Culture Collection (ATCC), CCL-2), U2OS 
(ATCC, HTB-96), U2OS DTWD2 KO (clones 1 and 2 from ref. 3) and RAW 
264.7 cells (ATCC, TIB-71) were maintained in Dulbecco’s modified 
Eagle media (DMEM, Gibco) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) (SeraPrime) and 1% penicillin–streptomycin 
(Invitrogen). HeLa and U2OS cells were passaged with TrypLE (Gibco). 
THP1 (ATCC, TIB-202) cells were maintained in RPMI 1640 (Gibco) 
containing 10% FBS and 1% penicillin–streptomycin. Cell lines were 
authenticated by the sources and no further validation was done. THP1 
monocytes were seeded and differentiated into macrophages with 
100 ng ml−1 phorbol 12-myristate-13-acetate (catalogue no. 10008014; 
Cayman Chemical) overnight. Peritoneal macrophages were obtained 
by peritoneal lavage of 4 days of thioglycollate-injected (Remel, cata-
logue no. R07178) mice, euthanized with CO2. Resident peritoneal cells 
were similarly obtained from naïve mice. Peritoneal macrophages and 
resident peritoneal cells were cultured in DMEM with 10% FBS and 1% 
penicillin–streptomycin. To generate primary BMDMs, bone marrow 
cells from femurs and tibiae of mice were cultured in 10% FBS DMEM 
containing 20% L929 conditioned supernatant, with media replace-
ment on days 3 and 6.

RNA isolation and fractionation
HeLa cells were seeded into 15-cm cell culture plates and grown until 
roughly 70% confluency. Media was removed and 2 ml of RNAzol RT 
(Molecular Research Center) was used to lyse and isolate small or large 
RNA fractions according to the manufacturers protocol. Briefly, water 
was added to precipitate DNA, proteins and lipids followed by pre-
cipitation of large RNAs with 100% ethanol. Small RNAs were isolated 
from the supernatant postlarge RNA precipitation by precipitating 
with 100% isopropanol. Large and small RNAs were then cleaned using 
a Zymo Clean and Concentrator Kit (Zymo Research) and then eluted 
in UltraPure DNase/RNase free water (Invitrogen). To harvest small 
RNAs from WT mice and commercial human sera samples (Pel-Freez 
and Innovative Research), we added 1 ml of RNAzol RT to 400 μl of 
sera and isolated the small RNA fraction as described above.

RNA stimulation of cells
Large RNAs (300 ng), small RNAs (30 or 300 ng) or poly(I:C) (300 ng) 
(catalogue no. tlrl-pic-5; InvivoGen) were treated in Opti-Mem (Gibco) 
with or without 2 μl (2 µg; for three wells of 100,000 cells/well) of 
PNGase F Prime (Bulldog Bio), 2 μl of an RNase cocktail (ThermoFisher) 
with 1 μl of RNase III (New England Biolabs) for 2 h at 37 °C. After 
digestion, each condition was transfected using Lipofectamine 2000  
(ThermoFisher) into 100,000 indicated cells for 6 h or column cleaned 
using Zymo RNA Clean and Concentrator kit (R1013, Zymo Research) 
and then transfected into cells. Furthermore, all synthetic ligands gen-
erated in this study were added (directly to cell culture supernatant) 
or transfected into cells using Lipofectamine 2000 (ThermoFisher) as 
previously described. The supernatant was then assayed for various 
cytokines by enzyme-linked immunosorbent assay (ELISA).

Electroporation
Electroporation of synthetic unmodified or acp3U-containing mon-
onucleosides and 18-mer RNAs were performed using the Ther-
moFisher Neon transfection system according to the manufacturer’s 
protocol. Then 2 × 105 RAW 264.7 cells were mixed with each ligand 
and then the electroporation was done using the following settings: 
1,680 V, 20 ms and 1 pulse. Cells were then seeded in DMEM contain-
ing 10% FBS (no antibiotic) for 24 h. Supernatant was then assayed 
for IFNβ by ELISA.

rPAL labelling and northern blotting of glycoRNAs
rPAL and northern blotting were performed as previously described3. 
Briefly, lyophilized RNA (3 μg of HeLa total RNA or 1 μg of sera RNA) 
was blocked in a 28 μl of reaction containing 570 μM mPEG3-Ald 
(BroadPharm, catalogue no. BP-22802), 500 mM MgSO4 and 450 mM 
NH4OAc pH 5.0 for 45 min at 35 °C. Then 1 μl of 30 mM aldehyde reac-
tive probe (Cayman Chemicals, ARP/aminooxy biotin, catalogue no. 
10009350) and 2 μl of 7.5 mM NaIO4 were added, quickly vortexed 
and incubated for 10 min at room temperature in the dark. The reac-
tion was quenched with the addition of 3 μl of 22 mM sodium sulfite 
for 5 min at room temperature in the dark, and the ligation reaction 
was allowed to proceed for 90 min at 35 °C in the dark. Labelled RNA 
was cleaned using a Zymo-I column (Zymo Research, catalogue no. 
C1003) and RNA was eluted from the column with 2× 25 μl of water 
and subsequently lyophilized. Lyophilized RNA was resuspended in 
12 μl of water and 12 μl of Gel Loading Buffer II (95% formamide, 18 mM 
EDTA, 0.025% SDS) with 5× SYBR Gold (ThermoFisher Scientific, cata-
logue no. S11494), denatured for 10 min at 55 °C and snap chilled on 
ice for 2 min before loading on a 1% agarose, 0.75% formaldehyde, 1.5× 
MOPS (Lonza, catalogue no. 50876) denaturing gel. The gel was run for 
34 min at 115 V in 1× MOPS buffer, visualized on an ultraviolet imager 
and transferred to a nitrocellulose membrane in 3 M NaCl pH 1.0 for 
90 min. Membranes were blocked with Intercept Protein-Free Block-
ing Buffer (LiCor Biosciences, catalogue no. 927-80001) for 30 min 
at room temperature and stained with 1:5,000 Streptavidin IR800 
(LiCor Biosciences, catalogue no. 926-32230) diluted in blocking 
buffer for 30 min at room temperature, followed by washes with 1× 
phosphate-buffered saline (PBS) + 0.1% Tween-20 (Sigma, catalogue 
no. P1379) and 1× PBS. Membranes were imaged on a LiCor Odyssey 
CLx scanner (LiCor Biosciences).

Immunoblotting
After stimulation, cell lysates were prepared using RIPA buffer contain-
ing protease inhibitor cocktail (catalogue no. 1861279; ThermoFisher) 
and phosphatase inhibitor (catalogue no. 78420; ThermoFisher), run 
on 10 or 12.5% polyacrylamide gel and transferred to nitrocellulose 
membranes. Membranes were then probed with the following anti-
bodies. phospho-IRF3 (1:1,000 dilution, 4D4G, 4947, Cell Signaling 
Technology), total IRF3 (1:1,000 dilution, 4302, D83B9, Cell Signaling 
Technology), total TBK1 (1:1,000 dilution, 51872, E9H5S, Cell Signal-
ing Technology), phospho-TBK1 (1:1,000 dilution, 5483, D52C2, Cell 
Signaling Technology) and α-Tubulin (1:1,000 dilution, 3873, DM1A, Cell 
Signaling Technology), phospho-p38 (1:1,000 dilution, 4511 (Thr180/
Tyr182, D3F9), Cell Signaling Technology), total p38 (1:1,000 dilution, 
8690 (D13E1), Cell Signaling Technology), phospho-p65 (1:1,000 dilu-
tion, 3031 (Ser536), Cell Signaling Technology), total p65 (1:1,000 dilu-
tion, 6956 (L8F6), Cell Signaling Technology), phospho-JNK (1:1,000 
dilution, 9251 (Thr183/Tyr185), Cell Signaling Technology), total JNK 
(1:1,000 dilution, 9252, Cell Signaling Technology), phospho-ERK1/2 
(1:1,000 dilution, 9106 (Thr202/Tyr204), Cell Signaling Technology), 
total ERK1/2 (1:1,000 dilution, 9102, Cell Signaling Technology) and 
β-Actin (1:1,000, 3700 (8H10D10), Cell Signaling Technology). Sec-
ondary antibodies used were HRP-conjugated anti-rabbit (1:5,000 
dilution, 711035152, Jackson ImmunoResearch), HRP-conjugated 
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anti-mouse (1:5,000 dilution, 115035166, Jackson ImmunoResearch) 
and HRP-conjugated anti-goat (1:5,000 dilution, 805035180, Jackson 
ImmunoResearch) diluted in 5% milk in Tris-buffered saline with Tween. 
Blots were then imaged using an Azure 800 imager.

Co-immunoprecipitation
Co-immunoprecipitation of the myddosome assembly was performed 
as previously described22. Briefly primary BMDM cells were seeded into 
a six-well plate and stimulated with Pam3CSK4 (1 µg ml−1) as a positive 
control and small RNAs treated with or without PNGase F (Bulldog 
Bio) or in combination with RNase cocktail (ThermoFisher and New 
England Biolabs). After 3 h, cells were lysed with ice cold 1% NP-40 lysis 
buffer containing protease inhibitor cocktail (ThermoFisher) and phos-
phatase inhibitor (ThermoFisher) for 15 min at 4 °C, centrifuged to 
remove cellular debris and then incubated overnight with anti-MyD88 
antibody (AF3109, R&D Systems) and Protein G magnetic beads (Pierce 
Protein G Magnetic Beads, catalogue no. 88847, Thermo Scientific). 
Next, beads were washed five times with ice cold NP-40 lysis buffer. 
Samples were then run on a 10% SDS–PAGE gel as previously described 
and blotted for IRAK2 (1:1,000 dilution, 4367T, Cell Signaling Tech-
nology), TIRAP (1:1,000 dilution, 13077T, Cell Signaling Technology), 
MyD88 (1:1,000 dilution, AF3109, R&D systems) and β-Actin (1:1,000, 
3700 (8H10D10), Cell Signaling Technology). Blots were then imaged 
using an Azure 800 imager.

Preparation and culture of primary human macrophages and 
pDCs
Enriched leukocytes were obtained from the New York Blood Center 
after informed consent of the donor and used under a protocol 
approved by the Institutional Review Board of the Hospital for Special 
Surgery and the Institutional Biosafety Committee of Weill Cornell 
Medical College. Peripheral blood mononuclear cells were prepared 
using Ficoll–Paque density gradient (GE Healthcare) as previously 
described48. pDCs and monocytes were isolated by positive selec-
tion using BDCA4-conjugated microbeads 2 and CD14-conjugated 
microbeads 3 (Miltenyi), respectively. Macrophages were differen-
tiated from monocytes by culturing with 20 ng ml−1 macrophage 
colony-stimulating factor for 5 days. For functional assay, freshly iso-
lated pDCs were resuspended at 0.3–0.4 × 105 cells per 100 µl of RPMI 
1640 medium (Gibco) and cultured for 24 h and then transfected with 
100 ng of small RNA that were either untreated or treated with PNGase 
F (Bulldog Bio) using Lipofectamine 3000 (Invitrogen). After differ-
entiation of macrophages, the cells were cultured at 1 × 105 cells per 
100 µl RPMI 1640 medium for 24 h and then transfected with 100 ng of 
small RNA that were either untreated or treated with PNGase F (Bulldog 
Bio) using Lipofectamine 3000 (Invitrogen). After 24 h, supernatant 
was collected for cytokine analysis by ELISA according to the manu-
facturer’s protocol (MabTech).

In vitro and in vivo efferocytosis assays
To induce apoptosis, we subjected HeLa cells to 4 μM of doxorubicin 
(catalogue no. 15007; Caymen Chemical) or 0.24 J cm−2 of ultraviolet 
light and incubated overnight. Dimethylsulfoxide (DMSO)-treated 
live HeLa cells were used as a control. Next, cells were collected, cen-
trifuged at 4,000g for 10 min and resuspended in serum-free media. 
Apoptotic cells were treated with or without PNGase F Prime (cata-
logue no. NZPULT10LY; Bulldog Bio) and RNase cocktail (catalogue 
no. AM2286; ThermoFisher) combined with RNase III (catalogue 
no. M0245S; New England BioLabs) for 2 h at 37 °C. Control and 
enzyme-treated apoptotic cells were fed to peritoneal macrophages, 
RAW 264.7 cells and human THP1 macrophages for 6 or 24 h. Super-
natant of efferocytotic macrophages were then assayed for cytokines 
by ELISA. In certain experiments, peritoneal macrophages were pre-
treated with actin polymerization inhibitors cytochalasin D (catalogue 
no. BML-T109; Enzo Life Sciences) and latrunculin B (catalogue no. 

BML-T110; Enzo Life Sciences) to inhibit efferocytosis and then stimu-
lated with PNGase F-treated apoptotic cells. Furthermore, WT mice 
were injected i.p. with 10 million untreated, PNGase F or RNase-treated 
apoptotic cells, and after 24 h peritoneal lavages were collected and 
concentrated using Microsep Advanced centrifugal concentrator 
with a 3-kDa filter (Pall Corporation) for cytokine analysis by ELISA.

High dose PNGase F treatment of RAW cells
RAW 264.7 cells (100,000/well) were seeded overnight to rest. Next, 
the media was replaced with fresh media containing either 2, 6 or 10 µg 
of PNGase F (Bulldog Bio) or identical doses containing 1 µl of RNase 
cocktail (ThermoFisher). Treated cells were incubated overnight and 
supernatant was collected for IFNβ ELISA.

Flow cytometry of efferocytotic peritoneal macrophages
Live and apoptotic HeLa cells were treated with PNGase F or PNGase 
F with an RNase cocktail for 2 h and stained with CellBright Red mem-
brane dye (Biotium) according to the manufacturer’s protocol. Cell-
Bright Red-labelled live and apoptotic HeLa cells were then fed to 
peritoneal macrophages at a ratio of 1:4 (macrophages to HeLa cells) 
for 2 h. Macrophages were then washed with fluorescence-activated cell 
sorting buffer (PBS containing 2.5% FBS and 2 mM EDTA) and stained 
with APC-conjugated anti-CD11b antibody (catalogue no. 101211; Bio-
legend). Flow cytometric analysis was performed on a FACSymphony 
A5 (BD Biosciences) and data were then processed by using FlowJo (BD 
Biosciences, v.10.10).

Synthesis and purification of oligonucleotides
Phosphoramidites of canonical ribonucleosides (Bz-A-CE, ibu-G-CE, 
Ac-C-CE and U-CE) were purchased from Sigma-Aldrich. Oligonucle-
otides were synthesized on a 1-μmol scale using RNA SynBase CPG 
1000/110 and High Load Glen UnySupport as solid supports using 
an RNA automated synthesizer (Applied Biosystems 394 DNA/RNA 
Synthesizer) with a standard phosphoramidite chemistry. Oligonu-
cleotides were synthesized in 5′-trityl-OFF mode using dichloroacetic 
acid (DCA) as a deblocking agent in CH2Cl2, Activator 42 as activator 
in MeCN, Ac2O as capping reagent in pyridine/THF and I2 as oxidizer 
in pyridine/H2O.

Cleavage from beads and precipitation of the oligonucleotide
The solid support beads were suspended in a 1:1 aqueous solution 
mixture (0.6 ml) of 30% NH4OH and 40% MeNH2. The suspension was 
heated at 65 °C (8 min for SynBase CPG 1000/110 and 60 min for High 
Load Glen UnySupport). Subsequently, the supernatant was collected, 
and the beads were washed with water (2 × 0.3 ml). The combined 
aqueous solutions were concentrated under reduced pressure using 
a SpeedVac concentrator. After that, the TBS-protecting group of 
the 2′-OH was cleaved by incubation of the oligonucleotide in DMSO 
(100 μl) and HF•NEt3 (100 μl) at 65 °C for 1.5 h, and the oligonucleotide 
was precipitated by adding 3 M NaOAc in water (25 μl) and n-butanol 
(1 ml). The mixture was kept at −80 °C for 2 h and centrifuged at 4 °C 
for 1 h. The supernatant was removed and the white precipitate was 
lyophilized.

Purification of the oligonucleotides by HPLC and desalting
The crude mixture was purified by semipreparative high-performance 
liquid chromatography (HPLC) (1260 Infinity II Manual Preparative 
Liquid Chromatography System from Agilent equipped with a G7114A 
detector) using a reverse-phase (RP) VP 250/10 Nucleodur 100-5 C18ec 
column from Macherey-Nagel (buffer A 0.1 M AcOH:Et3N, pH 7 in H2O 
and buffer B 0.1 M AcOH:Et3N, pH 7 in 20:80 H2O:MeCN; gradient 0–25% 
of B in 45 min; flow rate 5 ml min−1). The purified oligonucleotide was 
analysed by RP-HPLC (1260 Infinity II Liquid Chromatography Sys-
tem from Agilent equipped with a G7165A detector) using an EC 250/4 
Nucleodur 100-3 C18ec from Macherey-Nagel (gradient 0–30% of B in 



45 min; flow rate 1 ml min−1). Finally, the purified oligonucleotide was 
desalted using a C18 RP-cartridge from Waters.

Determination of concentration and mass of oligonucleotide
The absorbance of the synthesized oligonucleotide in H2O solution 
was measured using an IMPLEN NanoPhotometer N60/N50 at 260 nm. 
The extinction coefficient of the oligonucleotide was calculated using 
the OligoAnalyzer v.3.0 from Integrated DNA Technologies. For oli-
gonucleotides incorporating non-canonical bases, the extinction 
coefficients were assumed to be identical to those containing only 
canonical counterparts. The synthesized oligonucleotide (2–3 μl) 
was desalted on a 0.025-μm VSWP filter (Millipore), cocrystallized in 
a 3-hydroxypicolinic acid matrix (1 μl) and analysed by matrix-assisted 
laser desorption/ionization–time-of-flight mass spectrometry (nega-
tive mode).

ELISA
Mouse IFNβ ELISA was performed as described previously49 using an 
anti-IFNβ monoclonal antibody (sc-57201, Santa Cruz Biotechnology) 
as a capture antibody and a rabbit polyclonal anti-mouse IFNβ antibody 
(32400-1, PBL Assay Science) as a detection antibody. Human TNF (88-
7346-88, Invitrogen), human IL-6 (88-7066-88, Invitrogen), mouse IL-6 
(88-7064-88, Invitrogen), mouse TNF (88-7324-88, Invitrogen) and 
human IFNα (3425-1H-6, MabTech) ELISAs were performed according 
to the manufacturer’s protocol.

Human SLE samples
Patients were enrolled in a research study for suspected neuroinflam-
matory disease (University of California, San Francisco, Institutional 
Review Board no. 13-12236). Serum samples were frozen and stored at 
−80 °C before aliquoting as undiluted serum or diluted 1:1 in antibody 
sample buffer (final concentration: 20% glycerol, 20 mM HEPES and 
0.02% sodium azide in PBS).

RNA-seq analysis
Total RNA was extracted from THP1 macrophages stimulated with 
unmodified RNA, acp3U-8C-RNA, untreated small RNA or PNGase 
F-treated small RNAs for 6 h as described above using the Zymo 
Direct-zol (catalogue no. R2052; Zymo). After quality checking, total 
RNA samples were subjected to Illumina Stranded Ligation messen-
ger RNA library preparation followed by Illumina NovaSeq S4 v.1.5 
for 200 cycles with 40 million total paired-end reads per sample at 
the Center for Genome Innovation, Institute for Systems Genomics, 
University of Connecticut. The raw data were demultiplexed using 
Illumina’s bcl2fastq v.2.20. Reads in FASTQ files were aligned using 
HISAT2 v.2.2.1 (ref. 50) on the GRCh38 index, with SAMtools v.1.9 (ref. 51) 
for BAM conversion. Fragments per kilobase of transcript per million 
fragments mapped was calculated from aligned reads using StringTie 
v.2.1.3 with Ballgown52,53.

Data analyses were conducted with R v.4.4.0. Gene expressions 
were filtered by a minimum detection in at least one sample, yielding 
32,389 unique gene IDs. The filtered fragments per kilobase of tran-
script per million fragments mapped matrix was log2 transformed 
and normalized by quantiles using NormalizeBetweenArrays function 
from limma v.3.60.2 R package54. For differential gene expression, the 
limma-trend method52,53 was used: genes with an absolute log2 fold 
change greater than 1.5 were considered differentially expressed. For 
gene-expression visualization, expression z-score was calculated by 
mean (gene expression)/standard deviation (gene expression). Gene 
ontology was performed on differentially expressed genes using the 
QIAGEN IPA (Qiagen Inc., https://digitalinsights.qiagen.com/IPA)55. 
RNA-seq datasets generated in this study are available from the Gene 
Expression Omnibus (accession number GSE291767).

Statistical analysis
Data were analysed for statistical significance by unpaired two-tailed 
t-test or one-way or two-way ANOVA as indicated in the figure legends. 
No blinding and randomization were performed in this study. Statisti-
cal methods were not used to predetermine sample size. Data were 
plotted and analysed using Prism Graphpad software v.10.1.2. Figures 
were generated with Adobe Illustrator v.28.5. RNA-seq data analyses 
were conducted with R v.4.4.0.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
RNA-seq data have been deposited and are accessible at Gene Expres-
sion Omnibus number GSE291767. Source data are provided with this 
paper.
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Extended Data Fig. 1 | N-glycans shield small RNAs from innate immune 
recognition. (A) Experimental design to test if the enzymatic removal of 
N-glycans from glycoRNAs induces a type I IFN response. (B) IFN-β ELISA of 
RAW macrophage supernatants 6 hours post-stimulation with 500 ng, 1 µg,  
or 2 µg of small RNAs untreated or treated with PNGase F, RNase cocktail, or 
PNGase F+RNase cocktail. (C) Immunoblotting for IRAK2, TIRAP and MyD88 in 
MyD88 immunoprecipitates and IRAK2, TIRAP, MyD88, and β-Actin in input 
lysates from macrophages stimulated as indicated. (D) TNF and IL-6 ELISA of 
supernatants from primary human macrophages stimulated with small RNAs 
treated with or without PNGase F (one dot = triplicate averages from one 

human donor). (E) IFN-α, TNF, IL-6 ELISA of supernatants from primary human 
plasmacytoid dendritic cells stimulated with small RNAs treated with or without 
PNGase F (one dot = triplicate averages from one human donor). (F) IFN-β ELISA 
of RAW macrophage supernatants 6 hours post treatment with 2 µg, 6 µg, or 
10 µg of PNGase F alone or in combination with RNase. Pooled data from 3 (F) or 
4 (B, D, E) independent experiments are shown as mean ± SEM (B, D–F) or one 
representative blot of two independent replicates (C). *, p < 0.05; ***, p < 0.001; 
****, p < 0.0001; ns, not significant. Two-way ANOVA with Tukey’s test (B, F), 
One-way ANOVA with Šídák’s test (D, E). Schematic in a was created with 
BioRender (https://biorender.com).

https://www.biorender.com/


Extended Data Fig. 2 | GlycoRNAs are present in the circulation.  
(A) Quantification of rPAL signal from glycoRNAs enriched from human and 
mouse sera RNA. (B) One dot equals one donor/mouse. rPAL signal intensity  
of individual RNA samples (quantified in A). (C) Blotting of glycoRNAs from 
HeLa cells and human sera samples normalized at 1 µg of RNA per well.  
(D) Quantification of glycoRNA signal intensity observed in (C). (E) rPAL  

signal intensity of normalized human and HeLa cell-derived RNA samples  
(quantified in D). (F) Blotting of glycoRNAs from healthy human donors or SLE 
patient sera samples normalized at 1 µg of RNA per well. Data are represented 
as mean ± SEM (A, C, and D). Pooled data from four (A–E) or 6 (F) independent 
sera samples are shown. ***, p < 0.001; ns, not significant. Unpaired two-tailed 
t-test (D, F).
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Extended Data Fig. 3 | De-N-glycosylation of cell surface RNAs makes 
apoptotic cells immunostimulatory. (A) Efferocytosis of CellBright Red- 
labeled live or apoptotic HeLa cells treated with or without PNGase F, or PNGase 
F+RNase cocktail by CD11b+ peritoneal macrophages 2 hours post-feeding as 
assessed via flow cytometry. (B) IFN-β ELISA of RAW macrophage supernatants 
24 hours post-stimulation with apoptotic HeLa cells treated with or without 
PNGase F or PNGase F+RNase cocktail at indicated macrophage:HeLa cell 
ratios. (C) IL-6 ELISA of peritoneal macrophage supernatants 24 hours post- 

stimulation with live or apoptotic HeLa cells treated with or without PNGase F 
or PNGase F+RNase cocktail at indicated macrophage:HeLa cell ratios.  
(D) TNF ELISA of peritoneal macrophage supernatants 24 hours post- 
stimulation with live or apoptotic HeLa cells treated with or without PNGase F 
or PNGase F+RNase cocktail at indicated macrophage:HeLa cell ratios. Data are 
represented as mean ± SEM (A–D). Pooled data from 3 independent experiments 
(A–D) are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not 
significant. Two-way ANOVA with Tukey’s test (A–D).



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | The modified RNA base acp3U stimulates innate 
immune responses. (A) IFN-β ELISA of peritoneal macrophage supernatants 
6 hours post-transfection with small RNA derived from WT and two separate 
single cell clones of DTWD2 KO U2OS cells treated with or without PNGase F, 
RNase cocktail, or PNGase F+RNase cocktail. (B) IFN-β ELISA of peritoneal 
macrophage supernatants 24 hours post-stimulation with apoptotic WT, 
DTWD2 KO1 and DTWD2 KO2 U2OS cells treated with or without PNGase F or 
PNGase F with RNase cocktail at 1:2 macrophage:U2OS cell ratio. (C) TNF and  
IL-6 ELISAs of supernatants of THP1 macrophages 6 hours post-transfection of 
small RNAs harvested from DTWD2 KO cells treated with or without PNGase F 
or in combination with RNase. (D) TNF and IL-6 ELISAs of supernatants of THP1 

macrophages 6 hours post-stimulation with apoptotic DTWD2 KO cells treated 
with or without PNGase F or in combination with RNase. (E) IFN-β ELISA of  
RAW macrophage (left panel) and peritoneal macrophage (right panel) 
supernatants 6 hours post-transfection with small RNA treated with or without 
Endo-F2/F3 or Endo-F2/F3+RNase cocktail (This experiment was performed at 
the same time as Fig. 1F). (F) IFN-β ELISA of peritoneal macrophage supernatants 
24 hours post-stimulation with apoptotic HeLa cells treated with or without 
PNGase F or Endo-F2/F3 at 1:4 macrophage:HeLa cell ratio. Data are represented 
as mean ± SEM (A–F). Pooled data from 3 independent experiments (A–F) are 
shown. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant. Two-way 
ANOVA with Tukey’s test (A–E) or One-way ANOVA with Šídák’s test (F).



Extended Data Fig. 5 | The modified RNA base acp3U stimulates innate 
immune responses. (A and B) TNF ELISA of THP-1 macrophage supernatants 
6 hours post-stimulation (A) or post-transfection (B) with 10 nm, 100 nm, or 
250 nm of synthetic unmodified RNA or synthetic RNA modified with acp3U 
(acp3U-8C and acp3U-8D). (C and D) Volcano plot of differentially expressed 
genes in THP1 macrophages stimulated with acp3U-8C-RNA (C) or PNGase 
F-treated small RNAs (D) compared to THP1 macrophages stimulated with 
unmodified RNA (C) or untreated small RNA (D), respectively, as revealed by 
RNA-seq. Each dot represents a gene (Total of 32,389 genes tested). A cutoff of 
absolute value fold-change of 0.5 was used to select significantly differentially 

expressed genes for gene ontology, yielding 5107 genes in PNGase F-treated 
small RNAs vs. untreated small RNAs and 6472 genes in acp3U-8C RNA vs. 
unmodified RNA. (E) Heat map of the genes represented in the indicated 
immune pathways in THP1 macrophages stimulated as in C and D. Rows are 
samples grouped by condition; Columns are genes grouped by pathways; Color 
is the scaled expression of genes in each sample. Data are represented as 
mean ± SEM (A and B). Pooled data from 3 (A and B) or 2 (C–E) independent 
experiments are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001;  
ns, not significant. Two-way ANOVA with Tukey’s test (A and B).
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Extended Data Fig. 6 | RNA with the modified base acp3U stimulates innate 
immune responses. (A and B) IFN-β ELISA of peritoneal macrophage 
supernatants 6 hours post-stimulation (A) or post-transfection (B) with 50 µM, 
125 µM, 250 µM of uridine, acp3U, or uridine+acp3U (C and D) IL-6 ELISA of THP-
1 macrophage supernatant 6 hours post-stimulation (C) or post-transfection (D) 
with 50 µM, 125 µM, 250 µM of uridine, acp3U, or uridine+acp3U. (E and F)  
TNF ELISA of THP-1 macrophage supernatant 6 hours post-stimulation (E)  
or post-transfection (F) with 50 µM, 125 µM, 250 µM of uridine, acp3U, or 
uridine+acp3U. (G) IL-6 and TNF ELISA of THP-1 macrophage supernatant 

6 hours post-addition or post-transfection with 50 µM of uridine, acp3U, 
acp3U-modified with an amide (acp3U amide), acp3U+uridine or acp3U 
amide+uridine. (H) IL-6 ELISA of THP-1 macrophage supernatant 6 hours 
post-addition or post-transfection with 50 µM of uridine, acp3U, 
acp3U-modified with a GlcNAc (acp3U-GlcNAc), acp3U+uridine or acp3U 
GlcNAc+uridine. Data are represented as mean ± SEM (A–H). Pooled data  
from 3 independent experiments (A–H) are shown. *, p < 0.05; **, p < 0.01;  
***, p < 0.001; ****, p < 0.0001; ns, not significant. Two-way ANOVA with Tukey’s 
test (A–H).



Extended Data Fig. 7 | TLR3 and TLR7 sense de-N-glycosylated glycoRNAs. 
(A) IFN-β ELISA of supernatants from WT, TLR3 KO, and TLR7 KO peritoneal 
macrophages stimulated for 24 hours with small RNAs from HeLa cells that 
were treated with or without PNGase F or in combination with RNase and then 
column purified to remove the associated N-glycans and enzymes. Poly(I:C), 
CL097, R837 and LPS were used as controls. (B) TNF and IL-6 ELISA of 
supernatants from THP1 macrophages stimulated with small RNAs treated 
with or without PNGase F, or in combination with RNase, unmodified or 

acp3U-containing synthetic RNAs, as well as poly(I:C), CL097, ssRNA40, 2’,3’- 
cGMP, R837, and TL8. (C) IFN-β ELISA of supernatants of RAW macrophages 
24 hours post-electroporation with free uridine, acp3U, uridine+acp3U in 
combination or the synthetic 18-nucleotide unmodified or acp3U containing 
RNAs and poly(dA:dT). Pooled data from 3 independent experiments (A–C) are 
shown. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant. Two-way 
ANOVA with Tukey’s test (A) or One-way ANOVA with Šídák’s test (B–C).
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