






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).



Article

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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