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Impact of mRNA chemistry and manufacturing process 
on innate immune activation
Jennifer Nelson*†, Elizabeth W. Sorensen*‡, Shrutika Mintri§, Amy E. Rabideau, Wei Zheng, 
Gilles Besin||, Nikhil Khatwani¶, Stephen V. Su#, Edward J. Miracco, William J. Issa, Stephen Hoge, 
Matthew G. Stanton**, John L. Joyal††

Messenger RNA (mRNA) represents an attractive therapeutic modality for potentially a wide range of clinical indi-
cations but requires uridine chemistry modification and/or tuning of the production process to prevent activation 
of cellular innate immune sensors and a concomitant reduction in protein expression. To decipher the relative 
contributions of these factors on immune activation, here, we compared, in multiple cell and in vivo models, 
mRNA that encodes human erythropoietin incorporating either canonical uridine or N1-methyl-pseudouridine (1m), 
synthesized by either a standard process shown to have double-stranded RNA (dsRNA) impurities or a modified 
process that yields a highly purified mRNA preparation. Our data demonstrate that the lowest stimulation of immune 
endpoints was with 1m made by the modified process, while mRNA containing canonical uridine was immuno-
stimulatory regardless of process. These findings confirm that uridine modification and the reduction of dsRNA 
impurities are both necessary and sufficient at controlling the immune-activating profile of therapeutic mRNA.

INTRODUCTION
mRNA is a relatively new therapeutic modality with the potential for 
a wide range of clinical applications, including vaccines against 
infectious agents and cancers, cancer therapy, treatment of genetic 
disorders, regenerative therapeutics, and immunotherapies (1–5). 
Advantages of mRNA-based therapeutics compared to protein-
based biologic agents include the ability to use intracellular and 
membrane-bound proteins as therapeutic targets, the absence of 
protein synthesis and purification, and the potential for rapid ad-
vancement from development to clinical manufacturing.

mRNA therapeutics comprise two key elements: the mRNA en-
coding the protein of interest and the delivery system. Designing an 
mRNA drug product requires reaching an efficacious level of pro-
tein expression at a specified dose level (6) and the development of 
a robust delivery system that protects the mRNA either in circula-
tion or in the interstitium long enough to reach the desired tissue. 
Lipid nanoparticles (LNP) represent the most suitable system to date 
for mRNA delivery (7). LNP-formulated mRNA enters the cell through 
receptor-mediated uptake into endosomes and is subsequently re-
leased into the cytosol where it is translated into the protein of interest. 
Substantial advances in the development of novel lipid systems for 
mRNA therapeutics were recently described (8, 9).

Another important feature of an mRNA therapeutic is that it must 
avoid detection by the innate immune system, which can mistake 
therapeutic mRNA for non-self nucleic acids and thereby generate 
an immune response. This is of particular importance for repeat 
dosing of mRNA therapeutic drugs, where immune memory may 

limit effectiveness of the drug product (10). Identification of non-
self nucleic acids is accomplished by two families of pattern recog-
nition receptors (PRRs) that are part of the innate immune system 
(Fig. 1): the endosomal membrane-bound Toll-like receptors (TLR) 
and cytoplasmic sensors of viral nucleic acids (11). Triggering of 
TLR activates signal transduction pathways that selectively lead to 
production of proinflammatory cytokines, which collectively act to 
eliminate intracellular pathogens and infected cells (12, 13). In par-
ticular, TLR7 and TLR8 in humans and TLR7 in mice, which recog-
nize single-stranded RNA (ssRNA) and activate the adaptor protein 
myeloid differentiation primary response 88 (MyD88) (14), and TLR3, 
which detects double-stranded RNA (dsRNA) and signals through 
Toll/interleukin-1 (IL-1) receptor domain–containing adaptor in-
ducing interferon- (IFN) (TRIF) (15), all lead to expression of a 
large panel of proinflammatory cytokines, including IFN (11). The 
cytosolic RNA sensors retinoic acid–inducible gene I (RIG-I) and 
melanoma differentiation–associated protein 5 (MDA5) bind to 
dsRNA and induce expression of proinflammatory cytokines such as 
IFN through activation of the adaptor protein mitochondrial anti-
viral signaling protein (MAVS) (16, 17).

One possible outcome of immune activation is reduced mRNA 
translation due to feedback between the innate immune system and 
translation machinery, which will decrease the potency of therapeu-
tic mRNA (18, 19). Mechanistically, viral RNA has been shown to 
activate stress response genes that ultimately inhibit protein trans-
lation (19). This natural cellular defense mechanism aims to block 
protein expression of viral genes but has the added consequence of 
reducing overall cellular gene expression (19).

Therapeutic mRNA is typically synthesized using in vitro tran-
scription (IVT) with single-subunit polymerases (e.g., T7, T3, and 
SP6) using a DNA template to produce multiple copies of the coded 
mRNA. T7 RNA polymerase can incorporate chemically modified 
nucleotide triphosphates (NTP), particularly uridine modifications, 
which have been shown to maintain translational efficiency and al-
ter the interactions between exogenous mRNA and TLR7, TLR8, 
and RIG-I (20). During the enzymatic transcription process, pro-
miscuity of T7 RNA polymerase (8, 9) can result in the generation 
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of dsRNA impurities, which are known to trigger an innate immune 
response (21, 22). Purification of the IVT product by reversed-phase 
high-performance liquid chromatography (RP-HPLC) has been 
shown to reduce dsRNA impurities, decrease IFN response, and im-
prove protein expression from therapeutic mRNA (21). Treatment 
with ribonuclease III (RNase III), an RNase that recognizes and cleaves 
dsRNA of approximately 22 nucleotides in length, has also been shown 
to reduce immune-stimulatory response (23). It has also been ob-
served that alteration of IVT components affects the purity of the 
mRNA, including dsRNA content, leading to greater or less innate 
immune activation (22, 24).

While the implications of uridine modification and dsRNA im-
purities in mRNA vaccines are still being understood, substantial 
evidence exists describing the benefits that chemical modifications 
and the elimination of dsRNA have on mRNA for therapeutic ap-
plications (25). To decipher the relative contributions of these factors, 
we comprehensively evaluated the impact of uridine chemistry and 
dsRNA impurities on immune activation both in vitro and in vivo. 
We conclude that it is necessarily the combination of both uridine 
modifications and the reduction of dsRNA through process optimi-
zation and/or purification that results in an mRNA drug product 
that is both efficacious and well tolerated for therapeutic purposes.

RESULTS
Uridine and process modifications alter dsRNA content, 
protein expression, and type I IFN response to mRNA
The combined impact of both uridine modification and IVT process 
on protein expression and innate immune activation was evaluated 

using human erythropoietin (hEPO) mRNA containing either un-
modified uridine triphosphate (U) or N1-methylpseudo-uridine-5′-
triphosphate (1m) and prepared by two processes, A and B. The 
IVT conditions for process A contained equimolar levels of each 
nucleotide; process B used a custom NTP ratio observed to reduce 
production of dsRNA impurities. In addition to standard affinity 
purification using 2′-deoxy-T20 oligo resin, RP-HPLC was added to 
process B to ensure further removal of any residual dsRNA impuri-
ties. These four mRNA variants, which differ by uridine chemistry 
and mRNA purity, termed as process A (U), process A (1m), pro-
cess B (U), and process B (1m), respectively, were used throughout 
further experiments.

mRNA prepared by process A resulted in higher amounts of dsRNA 
regardless of the substitution of U residues with 1m (Fig. 2A; red 
and pink bars) compared to process B (Fig. 2A; light and dark blue 
bars). Upon transfection of BJ fibroblasts, hEPO protein produc-
tion was lower with process A than process B (Fig. 2B; open bars). 
Protein expression was inversely correlated with the IFN produc-
tion by these cells (Fig. 2C; open bars), as there was significant IFN 
production with process A (U) and, to a lesser extent, with process 
A (1m) but not the process B groups (Fig. 2C; open bars). The 
presence of dsRNA by enzyme-linked immunosorbent assay (ELISA) 
and IFN production in BJ fibroblasts were diminished when mRNA 
was treated with RNase III (dsRNA-specific RNase) before trans-
fection (Fig. 2, A and C, respectively; hatched bars), while hEPO 
expression was restored for groups made with U chemistry and un-
affected for groups made with 1m chemistry (Fig. 2B; hatched 
bars), confirming that the dsRNA content contributes to the IFN 
response.

Fig. 1. Cellular innate immune pathways activated by endocytosis of foreign RNA. Endocytosis of mRNA in LNP is detected by the microbial-associated molecular 
pattern (MAMP) surveillance system, whereby detection of dsRNA, by TLR3, or ssRNA containing canonical nucleotides, by TLR7/8, activate either TRIF or MyD88, respectively. 
Activation of MyD88 leads to expression of proinflammatory cytokines through nuclear factor B (NF-B), as well as expression of type I IFN through IFN regulatory factor 
7 (IRF7). Activation of TLR3 also initiates a type I IFN response, although through TRIF-mediated activation of TANK-binding kinase 1 (TBK-1) or IB kinase epsilon (IKK), 
which, in turn, activates IRF3 and IRF7. Upon escape of the exogenously delivered mRNA payload from the endosome, dsRNA impurities are detected by RIG-I or MDA5, 
which initiate expression of type I IFN cytokines (e.g., IFN and IFN) via TBK-1/IKK activation of IRF3.
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Type I IFN response to dsRNA impurities is RIG-I–dependent 
in vitro
To elucidate the mechanism by which dsRNA stimulates an innate 
immune response, we evaluated the ability of the mRNA preparations 
to activate an IFN-mediated immune response in vitro using the THP1-
Dual human monocyte cell line. These cells express two stably trans-
fected gene constructs comprising a Lucia luciferase gene reporter 
driven by an interferon stimulated gene 54 (ISG54) promoter and a 
nuclear factor B (NF-B)–inducible secreted alkaline phosphatase 
(SEAP) gene. THP1-Dual cells have functioning ssRNA- and dsRNA-
sensing innate immune pathways, as demonstrated by IFN promoter 
stimulation with a series of agonists (Fig. 3A): RIG-I stimulation via 
5′ppp-hpRNA (hairpin RNA; orange bars) and 5′ppp-dsRNA (orange 
hatched bars), TLR7/8 activation using R848 (green bars), TLR8 
activation using TL8-506 (green hatched bars) and stimulator of IFN 
genes (STING) stimulation via 2′3′-cGAMP (cyclic guanosine 
monophosphate–adenosine monophosphate; black bars). STING is 
not interconnected with the TLR and RIG-I signaling pathways (26) 
and is unlikely to be directly affected by mRNA in these experi-
ments; however, the agonist was a strong positive control for IFN 
up-regulation independent of the dsRNA signaling pathway.

mRNA was introduced to wild-type (WT) THP1-Dual cells by 
N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium 
methyl-sulfate (DOTAP) transfection, and ISG54 induction was 
measured via luciferase activity. Independent of uridine chemistry, 
mRNA produced by process A stimulated the IFN pathway in WT 
THP1-Dual cells, with process A (U) hEPO mRNA yielding a greater 
IFN response compared to process A (1m) mRNA (Fig. 3A; red versus 
pink bars), whereas mRNA produced by process B did not stimu-
late the IFN pathway above the background control (Fig. 3A; light 
and dark blue bars).

MAVS, an adaptor protein that activates type I IFN through tran-
scription factors IFN regulatory factor 3 (IRF3), IRF7, and NF-B 
(27, 28), is downstream of both RIG-I and MDA5 (17). RIG-I differs 
from MDA5 in that it responds to shorter dsRNA or hpRNA and 
has the capacity to bind both blunt-end and 5′-triphosphate 
dsRNA, whereas MDA5 recognizes >500–base pair (bp) dsRNA 
with a 5′-triphosphate (29, 30). MAVS−/− THP1-Dual cells were 
generated via the CRISPR-Cas9 system and used to test the role of 
both RIG-I and MDA5 signaling in the IFN response to the mRNA 
preparations. Loss of MAVS, which mediates the cytosolic dsRNA 
sensing pathway, obliterated activation in the MAVS−/− THP1-Dual 

cells by both the dsRNA agonists and the induction of IFN for all 
mRNA preparations (Fig. 3B). Signaling through the TLR7/8 ag-
onists was also substantially reduced in the MAVS−/− THP1-Dual 
cells. To determine whether the loss of IFN induction from mRNA 
in the MAVS−/− THP1-Dual cells was secondary to an impact on the 
TLR7/8 pathway, the mRNA preparations were also tested in 
MyD88−/− THP1-Dual cells, which should remove ssRNA signaling 
through TLR7/8 but not affect dsRNA sensing. While activation 
with the agonists R848 and TL8-506 was inhibited in these cells, 
there was no impact on IFN induction with mRNA (Fig. 3C). Al-
though it is possible for the immune response downstream of ds-
RNA in process A mRNA to be stimulated via the dsRNA receptor 
TLR3  in the endosome, these data implicate the MAVS pathway, 
through dsRNA, in the induction of IFN in THP1-Dual cells.

To distinguish between the two MAVS-mediated dsRNA recep-
tors RIG-I and MDA5, the mRNA preparations were transfected 
into WT and RIG-I−/− A549-Dual human lung epithelial carcinoma 
cells. The agonist panel demonstrated that WT A549-Dual cells were 
responsive to the RIG-I agonist 3′ppp-hpRNA and the STING agonist 
2′3′-cGAMP but not to the TLR7/8 agonists R848 and TL8-506 
(Fig. 3D). This is perhaps expected, as it has been previously reported 
that A549 cells lack TLR7 and TLR8 signaling with R848 (31). Sim-
ilar to the observations in THP1-Dual cells and BJ fibroblasts, mRNA 
produced by process A, but not by process B, stimulated an IFN 
response in A549-Dual cells (Fig. 3D; red and pink versus light and 
dark blue bars). Removal of the RIG-I gene from these cells resulted 
in complete abrogation of IFN signaling in response to all mRNA 
variants (Fig. 3E), confirming RIG-I as the primary dsRNA sensor 
in vitro. Both THP1-Dual and A549-Dual cells allow for detection 
of NF-B activation via SEAP. Except for process A (U), which con-
tains the highest level of dsRNA, little to no induction of the NF-B 
pathway was observed with the mRNA preparations (fig. S1, A and 
D). NF-B stimulation by process A (U) was also MAVS or RIG-I 
mediated (fig. S1, B and E).

Last, the ability of Lipofectamine-delivered modified and un-
modified mRNA produced by both processes to induce expression of 
C-X-C motif chemokine 10 (CXCL10; also known as IFN-induced 
protein 10) was evaluated in human primary monocyte-derived macro-
phages (MDMs). CXCL10 is a chemokine that plays an important 
role in viral and bacterial infections (32) and is a robust indicator of 
activation of the innate immune system. The agonist panel described 
above confirmed that both ssRNA (TLR7/8 agonists) and cytosolic 

Fig. 2. dsRNA levels, protein expression, and immune activation from hEPO mRNA incorporating uridine or 1m, made by processes A or B, with or without 
RNase III treatment. (A) dsRNA content was determined by dsRNA ELISA. (B) hEPO expression and (C) IFN response were measured by Ella in BJ fibroblasts at 48 hours 
after transfection. Data represent two independent experiments, with n = 2 to 3 technical replicates.
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dsRNA (RIG-I agonists) detection pathways are functional in these 
cells (Fig. 3F; innate immune activators). Independent of uridine 
chemistry, mRNA produced by process A induced high levels of 
CXCL10 expression (Fig. 3F; red and pink versus light and dark blue 

bars). In contrast, process B (U) mRNA induced moderate levels of 
CXCL10, while process B (1m) mRNA induced very low levels of 
CXCL10 (Fig. 3F; light versus dark blue bars). These data demon-
strate that mRNA with canonical uridine and significantly reduced 

Fig. 3. Immune activation in THP1-Dual, A549-Dual, and monocyte-derived macrophage cells. Immune activation associated with mRNA transfected in THP1-Dual, 
A549-Dual, and monocyte-derived macrophage (MDM) cells or TLR7/8 (R848 and TL8-506), RIG-I (5′ppp-dsRNA and 5′ppp-hpRNA), and STING (2′3′-cGAMP) agonists into 
(A) THP1-Dual cells, (B) MAVS−/− THP1-Dual cells, (C) MyD88−/− THP1-Dual cells, (D) A549-Dual cells, (E) RIG-I−/− A549-Dual cells, and (F) MDM was examined. ISG54 
promoter activity (A to E) was measured through a Lucia luciferase reporter and reported as relative luminescence units (RLU). C-X-C motif chemokine 10 (CXCL10) mRNA 
induction (F) was determined by branched DNA (bDNA) analysis. Data are representative of two independent experiments, with n = 2 to 3 technical replicates. n.s., not 
significant; ctrl, control; Lipo2000, Lipofectamine 2000.
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dsRNA impurities may still stimulate innate immunity, possibly 
through ssRNA activation of the TLR7/8 pathway.

The immune response to mRNA in vivo is dependent on both 
uridine chemistry and dsRNA impurities
To further investigate the effects of mRNA production process and 
nucleotide modifications on protein expression and immune ac-
tivation, LNP-encapsulated mRNA encoding hEPO was injected 
intravenously into C57BL/6 mice. In addition, synthetic 19-mer oli-
gonucleotides comprising uridine [poly(U)] or 1m [poly(1m)] 
were tested to evaluate the impact of uridine modifications in the 
absence of IVT process. As shown in Fig. 4A, levels of hEPO protein 
in mouse serum at 6 hours after injection were significantly higher 
in mice that received mRNA prepared by process B compared with 
process A, regardless of uridine modification. Notably, IFN was 
significantly up-regulated in mice that received mRNA made by 
process A but not process B, with a higher level observed in process 
A (U), as compared to process A (1m) (Fig. 4B; red versus pink 
bars). These combined data confirm the findings from the in vitro 
experiments, showing that activation of the innate immune system 
with dsRNA impurities reduces protein expression from exogenous 
mRNA. The synthetic poly(U) or poly(1m) 19-mer oligonucleotides 
did not elicit IFN, while polyinosinic:polycytidylic acid [poly(I:C)], 
a synthetic dsRNA that primarily stimulates TLR3 when delivered 
gymnotically but can activate the MAVS dsRNA pathway as well 
(33), substantially induced serum IFN (Fig. 4B; purple bar).

To evaluate the effect of systemic administration of mRNA on a 
specific immune cell population, the frequency of total (Fig. 4C; 
CD19+ cells) and activated (Fig. 4D; CD19+CD69+CD86+ cells) 
B cells within the spleen was analyzed by flow cytometry. The total 
B cell frequency in the spleen was unaffected by any of the mRNA 
tested (Fig. 4C). In contrast, the frequency of activated B cells was 
significantly affected by mRNA process and chemistry. Process A 
(U), process B (U), and process A (1m) all resulted in activation of 
B cells, and only process B (1m) did not. B cell activation was sig-
nificantly less with process B (U) compared to process A (U) (Fig. 4C; 
red versus light blue bar). A significant decrease in activated B cells 
was also observed between process A (1m) and process B (1m) 
(Fig. 4C; pink versus dark blue bar). Similar to CXCL10 induction 
in primary human MDM in vitro, process B (U) activated B cells, 
potentially as a result of stimulation by ssRNA through TLR7/8 ac-
tivation. Consistent with this observation, the differential activation 
of B cells was also observed with the synthetic 19mers: poly(U) 
19-mer activated B cells, while poly(1m) 19-mer did not. Neither 
oligonucleotide should contain dsRNA. As expected, as a potent ac-
tivator of multiple PRR (15, 33), poly(I:C) treatment lead to a signif-
icant increase in serum IFN and percentage of activated B cells 
(Fig. 4D; purple).

Similar to the results obtained with B cell activation, an analysis 
of the same mouse spleen samples by NanoString with 768 splenic 
genes in the Mouse Myeloid Innate Immunity Panel showed differ-
ential expression of 299 genes (table S1) in five pairwise compari-
sons: U versus 1m (in each process), process A versus process B (in 
each chemistry), and poly(U) versus poly(1m). Notably, a non-
supervised hierarchical clustering on these 299 genes showed clear 
coclustering of these treatments (Fig. 4E). mRNA prepared by pro-
cess A, regardless of uridine chemistry, leads to the up-regulation of 
192 genes and down-regulation of 107 genes (Fig. 4E; red and pink 
clusters), when compared to the phosphate-buffered saline (PBS)–

treated control. The presence of canonical uridine in a process that 
resulted in less dsRNA [process B (U)] or in the absence of IVT 
process [poly(U) 19mer] leads to measurable, but less, up-regulation 
of certain genes in this subset (Fig.  4E; light blue and brown 
clusters). This indicates that, despite using a highly sensitive meth-
od to detect the gene induction, the combination of process B with 
unmodified uridine leads to an mRNA product that does not stim-
ulate significant gene expression in the tested genes nor, therefore, 
a downstream immune response greater than that generated by the 
poly(U) 19-mer. There was a small subset of up-regulated genes, likely 
downstream of TLR7 signaling since these treatments use canonical 
uridine. Little or no change in gene regulation was observed when 
animals were treated with process B (1m) mRNA or poly(1m) 
19-mer; gene regulation with both of these treatments clustered with 
the PBS control (Fig. 4E; dark blue, grey, and white, respectively). 
This strongly reinforces the conclusion that using 1m-modified 
uridine in process B delivers mRNA in an essentially immunologically 
silent manner in vivo that is almost indistinguishable from PBS at a 
differential gene expression level for genes involved in the myeloid 
innate immune response. These data show that the bulk of the myeloid 
immune response in C57BL/6 mice was due to process A, particu-
larly for mRNA with 1m-modified uridine.

Canonical uridine, but not modified uridine, elicits 
an immune response in MAVS−/− mice
To investigate the contribution in vivo of RIG-I/MDA5 signaling 
through MAVS in the immune activation from uridine and 1m 
mRNA made by both processes, we intravenously administered the 
LNP-encapsulated mRNA preparations encoding hEPO in MAVS−/− 
and B6129SF2/J control mice (Fig. 5; hatched versus open bars, 
respectively). Process A (U), which contains the most dsRNA impu-
rities and is the most potent immune activator, resulted in a significant 
reduction in hEPO protein expression in the serum of B6129SF2/J 
control mice when compared to all other mRNA preparations (Fig. 5A; 
open red versus light blue bars). However, in the MAVS−/− mice, all 
four mRNA preparations resulted in similar levels of hEPO expres-
sion (Fig. 5A; hatched bars).

To ensure the complete absence of RIG-I signaling in MAVS−/− 
mice, we injected LNP-encapsulated 5′ppp-hpRNA, a strong specific 
agonist of RIG-I, and assessed the serum cytokine response (Fig. 5B; 
open and hatched orange bars). B6129SF2/J control mice treated 
with 5′ppp-hpRNA displayed a high serum IFN response, which 
was undetectable in the MAVS−/− mice (Fig. 5B; open versus hatched 
orange bars). Poly(I:C), which mainly signals through TLR3 when 
delivered unformulated (but can signal though MDA5), unexpectedly 
led to an almost undetectable IFN level in the B6129SF2/J control 
mice and no IFN response in the MAVS−/− mice. The TLR7 agonist 
R848 did not induce IFN in the MAVS−/− or B6129SF2/J control 
mice (Fig. 5B; open and hatched green bars). Serum IFN was in-
duced in response to mRNA prepared only by process A (regardless 
of uridine chemistry) in C57BL/6 mice (Fig. 4B) but was significantly 
induced in the sera of B6129SF2/J control mice in response to all 
treatments with canonical uridine-containing mRNA [process A (U), 
process B (U), and poly(U) 19-mer] in comparison to PBS-treated 
groups (Fig. 5B; open red, light blue, and brown bars). The mean level 
of serum IFN in MAVS−/− mice injected with process A (U) was 
>50% lower than levels seen in B6129SF2/J control mice (Fig. 5B; 
open versus hatched red bars). This trend was also observed in multi-
ple innate immune cell–produced chemokines, such as chemokine 
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Fig. 4. Protein expression and immune activation from hEPO mRNA incorporating uridine or 1m, made by processes A or B, or poly(I:C), poly(U) 19-mer, and 
poly(1m) 19-mer in C57BL/6 mice (5 to 10 mice per group) at 6 hours after injection. The level of (A) hEPO and (B) IFN in serum was measured using Ella and 
Luminex, respectively. The percentage of (C) total (CD19+) B cells and (D) activated (CD19+CD69+CD86+) B cells in spleen was determined by flow cytometric analysis. 
Expression of splenic genes included in the Mouse Myeloid Innate Immunity Panel (E), represented as Z-score, was evaluated by NanoString analysis and grouped on the 
basis of a clustering analysis of treatment groups. PBS, phosphate-buffered saline.
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(C-C motif) ligand 4 (CCL4) and CCL5 (fig. S2, A and B). The large 
difference between B6129SF2/J control and MAVS−/− mice in sys-
temic inflammatory response observed with process A (U) was not 
observed with process B (U) (Fig. 5B; open versus hatched light blue 
bars), indicating that the dsRNA impurities found in process A mainly 
signal though MAVS to induce IFN. The IFN responses in the 

MAVS−/− mice treated with either process A (1m) or process B (1m) 
mRNA were significantly lower than process A (U) and process 
B (U) (Fig. 5B; hatched red versus pink and hatched light versus 
dark blue, respectively). Furthermore, for both processes A and B, 
1m chemistry reduced the type I IFN response compared to ca-
nonical uridine in both B6129SF2/J control and MAVS−/− mice. The 
decrease in immune response to modified uridine mRNA-treated 
MAVS−/− mice indicates strongly that 1m chemistry avoids TLR7 
signaling that is triggered by canonical uridine and that mRNA pro-
duced using process B is essentially immunologically silent when 
made with 1m (Fig. 5B; hatched red versus pink bars and hatched 
light versus dark blue bars).

To further evaluate the immune response to the mRNA variants 
in B6129SF2/J control and MAVS−/− mice, we compared the frequency 
of activated B cells in the spleen by flow cytometry. The overall 
B cell frequency (CD19+) was unaffected by both the targeted dele-
tion of the MAVS gene and by the mRNA and agonist samples tested 
(fig. S2C; open versus hatched bars). As with serum IFN induction, 
splenic B cells were activated in the B6129SF2/J control mice by 
mRNA prepared by process A regardless of uridine chemistry and 
by process B (U) but not by process B (1m) (Fig. 5C; open red and 
pink bars). The percentage of activated B cells in the spleen was signifi-
cantly lower in MAVS−/− mice injected with process A (1m) mRNA 
(Fig. 5C; open versus hatched pink bars) compared to B6129SF2/J 
control mice, a trend seen in IFN production as well, implicating 
the dsRNA pathway as the primary mechanism for this mRNA vari-
ant. The 19-mer poly(U), but not the 19-mer poly(1m), activated 
splenic B cells (Fig. 5C; brown versus grey bars), which were un-
affected by the absence of the MAVS gene, implicating a contribution 
of the ssRNA sensors such as TLR7 for the other mRNA preparations 
with canonical uridine produced by either process. Both processes 
B (1m) mRNA and poly(1m) 19-mer lead to a similar percent-
age of activated B cells at baseline as PBS (Fig. 5C; dark blue and 
grey versus white bars), indicating that LNP delivery of mRNA with 
modified uridine in the absence of dsRNA impurities is essentially 
immunologically silent. As expected, B cell activation in animals in-
jected with the RIG-I agonist 5′ppp-hpRNA was completely abol-
ished in the MAVS−/− mice (Fig. 5C; orange bars), whereas stimu-
lation by the TLR7 activator R848 and the TLR3 activator poly(I:C) 
was not affected by removing the MAVS gene (Fig. 5C; green and 
purple bars, respectively).

To further evaluate the role of dsRNA and uridine modification 
on innate immunity, we analyzed differential gene expression in the 
spleens of B6129SF2/J control and MAVS−/− mice. Figure 6A displays 
the differentially expressed genes from both B6129SF2/J control and 
MAVS−/− mice injected with an mRNA variant, poly(U) 19-mer, 
poly(1m) 19-mer, 5′ppp-hpRNA, or PBS. As expected, there is little 
difference between B6129SF2/J control and MAVS−/− mice in the 
PBS treatment groups, whereas differences in the gene expression 
pattern are marked in the 5′ppp-hpRNA–treated mice: The MAVS−/− 
mice showed a much lower Z-score (Fig. 6A; white and orange, re-
spectively). This alteration was not seen with the R848 and poly(I:C) 
controls, which signal through TLR7 and TLR3, respectively (fig. S3A; 
green and purple, respectively). The greatest alteration in the gene 
expression pattern between the mRNA variants was observed in the 
process A (1m)–treated mice (Fig. 6A; pink). In both 5′ppp-hpRNA 
and process A (1m) treatment groups, the MAVS−/− mice showed 
a much lower Z-score across the differentially expressed genes com-
pared to the B6129SF2/J control mice. This alteration is consistent 

Fig. 5. Protein expression and immune activation from hEPO mRNA incorpo-
rating uridine or 1m, made by processes A or B, or poly(U) 19-mer, poly(1m) 
19-mer, 5′ppp-hpRNA, R848, or poly(I:C) in B6129SF2/J control and MAVS−/− 
mice (five mice per group) at 6 hours after injection. The level of (A) hEPO and 
(B) IFN in serum was measured using Ella and Luminex, respectively. (C) The per-
centage of activated (CD19+CD69+CD86+) B cells in spleen was determined by flow 
cytometric analysis. Data are representative of two replicate experiments.
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Fig. 6. Immune activation from hEPO mRNA incorporating uridine or 1m, made by processes A or B, or poly(U) 19-mer, poly(1m) 19-mer, or 5′ppp-hpRNA 
in B6129SF2/J control and MAVS−/− mice (five mice per group) at 6 hours after injection. (A) Expression of splenic genes included in the Mouse Myeloid Innate 
Immunity Panel, represented by Z-score, was evaluated by NanoString analysis. (B) Quantitation of CXCL10, CCL5, and Ikbke levels. Data are representative of two replicate 
experiments.
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with the MAVS-dependent activation of B cells (Fig. 5C). All groups 
containing canonical uridine [process A (U), process B (U), and 
poly(U) 19-mer] showed a marked increase in differential gene ex-
pression in both B6129SF2/J control and MAVS−/− mice (Fig. 6A; 
red, light blue, and grey). Cluster analysis of treatments shows that 
all canonical uridine–containing treatments and process A (1m) 
cluster separately from PBS and poly(1m) 19-mer in B6129SF2/J 
control mice but cluster closely with 5′ppp-hpRNA, indicating that 
the gene response in the spleen to these treatments are closely relat-
ed and highly inflammatory (fig. S3B). Consistent with side-by-side 
comparisons, the cluster analysis of spleens from the MAVS−/− mice 
shows that both 5′ppp-hpRNA and process A (1m), but not the 
canonical uridine–containing treatments, cluster with PBS and pro-
cess B (1m), which contains low levels of dsRNA (fig. S3C). This 
indicates that both modification of uridine and elimination of dsRNA 
play a role in the elimination or modification of the immune response.

To explore the impact of the genetic alterations on the RIG-I 
pathway, we compared the normalized counts from the NanoString 
data for genes of interest [CXCL10, CCL5, and IB subunit epsilon 
(Ikbke)] between the B6129SF2/J control and MAVS−/− mice (Fig. 6B). 
CXCL10 and CCL5 were chosen, as they have been sensitive read-
outs to innate immune activation in in vitro and/or in vivo models. 
Ikbke was chosen for its specific regulation of dsRNA-induced NF-B. 
All three genes are significantly decreased in MAVS−/− spleens in 
both the 5′ppp-hpRNA–treated mice and the process A (1m)–
treated mice compared to B6129SF2/J control mice (Fig. 6B; orange 
and pink bars). CCL5 and Ikbke both showed a less significant decrease 
in expression in MAVS−/− in process A (U)–treated mice (Fig. 6B; 
red bars). These combined data show that dsRNA found in process 
A signals via MAVS to modulate the immune system and process 
modifications to reduce dsRNA impurities can modify the response.

DISCUSSION
The clinical evaluation of IVT mRNA as a therapeutic has initially 
focused on its interface with the immune system. The intrinsic im-
munostimulatory profile of an IVT mRNA–based drug, coupled 
with coding of a target antigen, has allowed for a simplified product 
that coordinates immune activation and antigen presentation, mim-
icking a viral infection. This has led to the development of antibodies 
at levels indicating protection against infectious diseases and the 
detection of immune titers against cancer epitopes (34, 35). The 
ability to decouple immune system activation from protein expres-
sion should allow for the utilization of mRNA as a disruptive tech-
nology for current therapies that require protein production in the 
absence of an immune response. We have found that the combination 
of process engineering and the use of 1m have a significant impact 
on the overall innate immune response of a therapeutic mRNA and 
the total amount of protein expressed.

To systematically probe how synthesis process and nucleotide 
chemistry affect innate immune activation, we examined four mRNA 
variants: process A (U), process B (U), process A (1m), and process 
B (1m). The idea that purification and reaction engineering can 
have a material impact on the dsRNA levels in an IVT mRNA prepa-
ration has become a recent topic of intense interest (22). Here, we 
showed that neither chemistry nor process alone reduced immune 
activation of an IVT mRNA as much as the combination of the two 
and that avoiding endosomal TLR–mediated microbial-associated 
molecular pattern (MAMP) recognition via uridine modification (1m) 

and decreased cytosolic immune activation from 5′-triphosphorylated 
dsRNA impurities removed by RP-HPLC (process B) were necessary 
and sufficient for producing a drug product nearly indistinguishable 
from injected PBS with regard to innate immune activation in two 
mouse strains; C57BL/6 and B6129SF2/J (Figs. 4, D and E; 5C; and 
6; dark blue versus white) (21, 22, 24).

TLR7 activation has been shown to occur in the presence of prox-
imal uridines (36), while TLR8, which also recognizes ssRNA, requires 
a single uridine for high-affinity binding (37). To examine the hy-
pothesis that uridine chemistry substitution (e.g., 1m) achieves a 
reduction in immune signaling through decreased activation of TLR 
signaling, we transfected our mRNA variants into MyD88−/− THP1-
Dual cells (Fig. 3C), which lack TLR7/8 signaling, and WT THP1-
Dual cells (Fig. 3A). We expected that process A (U) and process A 
(1m) would have similar IFN responses in MyD88−/− cells, unlike 
the differential response seen in the WT THP1-Dual cells (Fig. 3A). 
However, the response pattern to process A (U) and process A 
(1m) in the MyD88−/− cells was equivalent to the WT cells (Fig. 3C). 
It is possible that formulation of mRNA with DOTAP limits en-
gagement of the mRNA with endosomal TLR7/8 in this cell system. 
This is supported by a lack of stimulation seen with process B (U) in 
WT THP1-Dual cells. The differential response between process A 
(U) and process A (1m) is due to either a greater amount of dsRNA 
in the process A (U) mRNA or the fact that dsRNA containing uridine 
is a far more effective activator of dsRNA PRRs compared to dsRNA 
that includes 1m (38, 39). Unlike THP1-Dual cells, process B (U) 
induces the production of CXCL10 by MDM (Fig. 3F), suggesting 
either stimulation of the ssRNA detection pathway via TLR7/8 or 
increased sensitivity to any residual dsRNA in process B (U). A sim-
ilar observation can be seen in vivo using LNP-encapsulated process 
B (U) mRNA in C57BL/6 (Fig. 4, B to D) and B6129SF2/J control 
mice (Fig. 5, B and C, and fig. S3B), where both strains had in-
creased splenic IFN, B cell activation, and up-regulation of splenic 
genes compared to process B (1m) mRNA. This increase was like-
ly due to MAMP-mediated TLR7 activation by uridine, as there is a 
significant increase in immune response in process B (U) compared 
to process B (1m) in MAVS−/− mice, whereas there was a small, 
unaltered immune response between process B (1m) and process 
A (1m) (Fig. 5C; hatched bars).

To confirm the mechanistic hypothesis that process changes 
affect innate immune activation through cytosolic dsRNA sensors, 
we evaluated the mRNA variants in knockout models in vitro and 
in vivo. In THP1-Dual and A549-Dual cells, MAVS or RIG-I, re-
spectively, were independently knocked out. These two cell lines 
showed a reduction of type I IFN promoter activity in all mRNA 
variants (Fig. 3, B and E), implicating dsRNA as the mediator of in-
nate immune activation. However, an unanticipated finding was a 
reduction or elimination of signal in THP1-Dual cells with TLR7 or 
TLR8 agonists (R848 and TL8-506, respectively) and in A549 cells 
with a STING agonist (2′3′-cGAMP). Perhaps the failure of the 
controls to elicit an immune response under these conditions im-
plies cross-talk among innate immune system sentinels (40, 41), 
whereby eliminating one signaling adaptor may have unintended 
consequences on other pathways (e.g., regulation of STING expres-
sion by RIG-I activation) (42). However, TLR7/8 agonist controls 
showed that TLR7 and TLR8 activate the NF-B pathway as expected 
in these cells (fig. S1, B and E).

To further probe the impact of process and chemistry on innate 
immune activation, we used a series of WT and knockout mouse 
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models. Clear differences in both the magnitude of innate immune 
response and level of protein expression can be seen, particularly 
comparing process A to process B (Fig. 4). We further corroborated 
that process and chemistry both contribute to innate immune activa-
tion using the NanoString transcript analysis of homogenized spleens 
(Figs. 4E and 6). Qualitative examination of the gene activation levels 
(Fig. 4E) shows that process A (U) and process A (1m) are similar 
to levels seen with poly(I:C), confirming that these treatments elicit 
an immune response similar to this potent innate immune agonist. 
Gene regulation with process B (U) and process B (1m) aligns 
with their synthetic chemistry 19-mer controls, providing confirma-
tion of the dramatic reduction in immunostimulatory contaminants 
from process and purification. Furthermore, the addition of modified 
chemistry makes mRNA made by process B almost immunologically 
indistinguishable from the PBS control (Fig. 4E).

We used MAVS−/− mice to confirm the relative roles of ssRNA 
and dsRNA sensors in mediating innate immune activation through 
the four mRNA variants (Fig. 5). The comparison of poly(U) to 
poly(1m) in B6129SF2/J control and MAVS−/− mice (Fig. 5C) 
revealed a strong contribution of chemistry, further supporting the 
role of uridine chemistry in TLR7-mediated MyD88 activation (36). 
As the above confirms uridine as an innate immune driver in 
B6129SF2/J control and MAVS−/− mice, the effects of process are 
most effectively elucidated via comparisons between control and 
MAVS−/− mice treated with either process A (1m) or process B 
(1m). The difference in immune activation between B6129SF2/J 
control and MAVS−/− mice is most notable with process A (1m), 
consistent with the levels of dsRNA present in this sample (Fig. 2A).

Gene expression analysis was also performed on splenic mRNA 
levels in B6129SF2/J control and MAVS−/− mice injected with the 
mRNA variants or controls. Process A (1m) shows a similar trend 
in gene expression as the RIG-I agonist 5′ppp-hpRNA, albeit with 
reduced magnitude, further suggesting the presence of dsRNA as a 
driver of immune activation even when uridine is replaced by 1m. 
Comparison of gene expression trends between the two strains 
qualitatively shows that process B (1m) but not process B (U) has 
a gene activation signature similar to the signature seen with PBS. 
There is unexpectedly little difference between B6129SF2/J control 
and MAVS−/− mice with process B (U) and process B (1m), indi-
cating that uridine chemistry contributes to innate immune activation 
of exogenous mRNA despite the process used to synthesize the mRNA. 
The branch migration of 5′ppp-hpRNA and process A (1mΨ) to the 
same cluster as PBS, observed in MAVS−/− mice, indicates the sub-
stantial difference in gene expression and downstream immune 
response dependent on cytosolic dsRNA sensors in vivo (fig. S3, B 
and C). Splenic gene expression analysis induced by short hpRNA 
delivered via transfection with polyethylenimine has been reported 
previously (29). Here, we extend these investigations with the as-
sessment of mRNA and compare gene expression profiles in both 
B6129SF2/J control and MAVS−/− mice to confirm mechanism. While 
both reports demonstrate gene modulation through the RIG-I/MAVS 
pathway, differences in the gene expression profiles may be the re-
sult of the delivery vehicles used, in our case, LNP, and the gene 
panel analyzed (29).

Our results show that uridine chemistry and mRNA synthesis 
process act synergistically to reduce the immune signature of mRNA. 
However, we cannot say with complete certainty that inclusion of 
1m is solely responsible for the interaction with TLR7/8. Another 
possibility is that 1m in the transcription reaction changes the amount 

or potency of dsRNA (43). Future mechanistic experiments using 
TLR7−/− mice could shed light on a chemistry-specific effect operat-
ing only through the TLR7/MyD88 pathway.

Strategies to engage or avoid the innate immune system will vary 
on the basis of the clinical application of the mRNA therapeutics 
(44). For vaccines, mRNA that engages the innate immune system 
may potentiate the response to the vaccine (44, 45); however, for 
nonimmunotherapy applications, activation of the innate immune 
response can compromise efficacy through reduction of protein ex-
pression (19, 44). Although some studies suggest that purification 
of unmodified mRNA is sufficient to achieve effective mRNA-based 
therapeutics, the measures of immune stimulation reported typically 
included serum activation markers and protein expression levels 
(46). As we have shown here, splenic B cell activation and immune-
related gene expression experiments show that dsRNA removal alone 
is not sufficient at avoiding immune activation and that it is the 
combination of uridine modification and dsRNA removal that are 
required to generate a furtive mRNA-based drug product. This is 
particularly important for therapies that require repeated adminis-
trations, as immune responses have memory, which could render 
subsequent administrations less effective over time (47).

In summary, we found that the combination of the production 
process to reduce dsRNA and substitution of 1m for uridine was 
more effective at reducing innate immune activation than either the 
process or nucleotide modification alone. As the field of RNA-based 
therapeutics advances, understanding the levers available to tune 
the immune signatures of therapies will be essential for developing 
effective and safe drugs.

MATERIALS AND METHODS
Study design
The aim of this study was to elucidate the relative contributions of 
uridine chemistry modification and dsRNA impurities in activation 
of the innate immune response. In vitro studies were carried out in 
duplicate or triplicate within groups, and the experiments were 
repeated two to three times, as indicated in the figure legends. Age-
matched (8 to 10 weeks old) mice used for this study were bred or 
ordered from vendors and housed in the same facility at Moderna.

mRNA synthesis and formulation
mRNA was synthesized in vitro by T7 RNA polymerase–mediated 
transcription, using either uridine 5′-triphosphate or 100% substituted 
with 1mTP, from a linearized DNA template, which incorporates 
5′ and 3′ untranslated regions and a polyadenosine tail. For process 
A, NTPs were included at equimolar concentrations, and the resulting 
mRNA was purified by 2′-deoxy-T20 oligo affinity chromatography. 
For process B, NTPs were included at custom molar ratios and pu-
rified by ion pair RP-HPLC. After purification, mRNA was buffer-
exchanged into 2 mM sodium citrate (pH 6.5), passed through a 
0.22-m filter, and stored at −20°C until use.

LNP formulations were prepared as previously described (48). 
Briefly, lipids dissolved in ethanol at a molar ratio of 50:10:38.5:1.5 
of ionizable:helper:structural:polyethylene glycol were mixed with 
acidified mRNA at a ratio of 3:1 mRNA:lipid. Formulations were 
dialyzed against PBS (pH 7.4) for at least 18 hours, concentrated 
using Amicon Ultra centrifugal filters (EMD Millipore Corp., Merck 
KGaA, Darmstadt, Germany), passed through a 0.22-m filter, and 
stored at 4°C until use. Particle size was measured by dynamic light 
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scattering and found to be <100 nm; encapsulation was >90%, as 
measured by the Quant-iT RiboGreen RNA quantitation kit (Thermo 
Fisher Scientific), and endotoxin was <10 endotoxin units (EU)/ml. 
mRNA was formulated with DOTAP (Sigma-Aldrich, St. Louis, MO) 
according to the manufacturer’s recommended protocol.

RNase III enzymatic treatment
mRNA was digested with RNase III (Epicentre, Madison, WI, USA) 
as previously described (49). Samples were incubated for 10 min at 
room temperature in reaction buffer [33 mM tris acetate (pH 7.5), 
66 mM potassium acetate, 10 mM magnesium acetate, and 0.5 mM 
dithiothreitol] and RNase III (0.001 U/g). Reactions were quenched 
with 50 mM EDTA.

dsRNA ELISA
dsRNA was detected by sandwich ELISA using antibodies previously 
reported to bind dsRNA (50). K1 mouse monoclonal antibody 
(SCICONS, Budapest, Hungary) was immobilized on 96-well Nunc 
Immuno plates (Thermo Fisher Scientific, Waltham, MA, USA) for 
3 hours and then blocked with 10% nonfat dry milk in PBS over-
night at 4°C. mRNA was incubated for 2 hours at room tempera-
ture, washed, and incubated with K2 mouse monoclonal antibody 
(SCICONS) for 1 hour at room temperature. Plates were washed and 
incubated for 1 hour with horseradish peroxidase–conjugated goat 
anti-mouse immunoglobulin G detection antibody (Thermo Fisher 
Scientific). After the final wash, the signal was read at 450 nm on a 
Synergy H1 plate reader (BioTek, Winooski, VT, USA). Determina-
tion of dsRNA concentration in total input RNA was based on a 
standard curve generated using a 400-bp dsRNA prepared using 
1m chemistry.

In vitro analysis in BJ fibroblasts
BJ fibroblasts from the American Type Culture Collection (ATCC; 
Manassas, VA) were cultured in EMEM (Eagle’s minimum essential 
medium) growth media with l-glutamine (ATCC) supplemented with 
10% heat-inactivated fetal bovine serum (HI-FBS) (Life Technologies, 
Waltham, MA, USA). Cells were seeded in 96-well flat-bottom cell 
culture plates (Corning Inc., Corning, NY, USA) at 20,000 cells per 
well for 24 hours before transfection. Cells were transfected with 
mRNA (250 ng per well) using Lipofectamine 2000 (Thermo Fisher 
Scientific). Cell culture supernatants were harvested 48 hours af-
ter transfection for analyses.

hEPO and IFN analysis
hEPO and IFN protein levels in cell culture supernatants and mouse 
sera were measured with an Ella microfluidic ELISA (ProteinSimple, 
San Jose, CA, USA) as per the manufacturer’s recommendations.

THP1-Dual and A549-Dual cell lines
THP1-Dual, THP1-Dual MyD88−/−, A549-Dual, and A549-Dual 
RIG-I−/− cells were purchased from InvivoGen (San Diego, CA, USA). 
THP1-Dual MAVS−/− cells were generated by CRISPR-Cas9 of THP1-
Dual cells using lentivirus containing single-guide RNA (GeneCopoeia, 
Rockville, MD, USA), targeting a specific exon on the MAVS gene 
and expressing mCherry and a puromycin resistance selection 
marker, along with Cas9 lentiviral particles expressing enhanced 
green fluorescent protein fluorophore and a neomycin selection 
marker (GeneCopoeia). Individual clones were isolated by cell sort-
ing on a FACSAria Cell Sorting System with FACSDiva Software 

(BD Biosciences, San Jose, CA, USA). Knockout of the MAVS gene 
was confirmed by polymerase chain reaction analysis with forward 
and reverse primers specific to the exon flanking the MAVS gene 
target, using T7E1 nuclease and analyzed by agarose gel electrophore-
sis, and Western blotting with a MAVS antibody (Cell Signaling 
Technology, Danvers, MA, USA).

All THP1 cell lines were cultured in RPM1 1640 growth medium 
(Life Technologies) supplemented with 10% HI-FBS (Life Technologies) 
and selective antibiotics blasticidin (10 g/ml; InvivoGen) and Zeocin 
(100 g/ml; InvivoGen). A549 cell lines were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) growth media (Life Technol-
ogies) supplemented with 10% HI-FBS (Life Technologies) and 
selective antibiotics blasticidin (10 g/ml; InvivoGen) and Zeocin 
(100 g/ml; InvivoGen).

THP1-Dual and A549-Dual reporter assays
THP1-Dual, THP1-Dual MyD88−/−, and THP1-Dual MAVS−/− cells 
were seeded in 96-well V-bottom culture plates (Corning) at 75,000 cells 
per well in antibiotic-free RPMI 1640 growth media with 10% HI-
FBS for 3 hours before transfection. A549-Dual and A549-Dual 
RIG-I−/− cells were seeded in 96-well flat-bottom plates (Corning) 
at 20,000 cells per well in antibiotic-free DMEM with 10% HI-FBS 
for 24 hours before transfection. Cells were transfected with mRNA 
(250 ng per well) or 3′ppp-hpRNA (2500 ng per well; InvivoGen), 
5′ppp-dsRNA (2500 ng per well; InvivoGen), or 2′3′-cGAMP 
(2500 ng per well; InvivoGen) or treated with agonists R848 (2500 ng 
per well; InvivoGen) or TL8-506 (2500 ng per well; InvivoGen) for 
24 hours. Luciferase in the supernatant was measured by the QUANTI-
Luc assay (InvivoGen), and SEAP was measured by the QUANTI-
Blue assay (InvivoGen) on a Synergy H1 plate reader (BioTek).

Isolation of human CD14+ monocytes
CD14+ monocytes were isolated from a 100-ml human Leukopak 
collected from healthy donors (STEMCELL Technologies, Cambridge, 
MA, USA). The peripheral blood sample was washed three times in 
an EasySep cell separation buffer (STEMCELL Technologies) and 
centrifuged at room temperature. The supernatant was aspirated, 
and cells were resuspended at 5 × 107 cells/ml in an EasySep buffer. 
An EasySep CD14+ selection kit (STEMCELL Technologies) was 
used to isolate monocytes. Isolation cocktail mix and magnetic par-
ticles from the kit were added to the cells and purified by magnetic 
separation. A series of incubation and centrifugation steps followed, 
resulting in an enriched cell suspension of CD14+ monocytes. The 
cells were counted using Vi-CELL XR (Beckman Coulter, Indianapolis, 
IN, USA), resuspended in CryoStor CS10 freezing media (STEMCELL 
Technologies), and aliquoted into 2-ml vials, followed by freezing 
overnight at −80°C and transferring to liquid nitrogen for long-
term storage.

Culture of human MDM
Frozen aliquots of human monocytes were thawed and suspended 
in RPM1 1640 growth medium (Life Technologies) supplemented 
with 10% HI-FBS (Life Technologies) and human recombinant 
macrophage colony-stimulating factor (M-CSF; 20 ng/ml; Invitrogen). 
The monocytes were plated at 150,000 cells per well in 96-well 
flat-bottom culture plates (Corning) and allowed to differentiate into 
macrophages for 4 days. The growth medium was replaced with 
fresh RPMI 1640 with 10% HI-FBS without M-CSF for 24 hours 
before transfection. MDMs were transfected with mRNA (250 ng per 
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well) or 3′ppp-hpRNA (2500 ng per well; InvivoGen), 5′ppp-dsRNA 
((2500 ng per well; InvivoGen), or 2′3′-cGAMP ((2500 ng per well; 
InvivoGen) or treated with agonists R848 (2500 ng per well; InvivoGen) 
or TL8-506 (2500 ng per well; InvivoGen). After a 5-hour incubation, 
the supernatant was discarded and cells were lysed with branched 
DNA (bDNA) lysis buffer.

CXCL10 bDNA assay
All reagents used for the assay were purchased as a part of the 
QuantiGene Singleplex Assay Kit (Thermo Fisher Scientific). A work-
ing probe set was prepared with capture extender, label extender, 
blocking probe, and CXCL10 probe as per the manufacturer’s in-
structions and added to the capture plate. MDM cell lysate was added 
to the capture plate, and the mixture was incubated for 16 to 22 hours 
at 55°C for hybridization. The reaction was amplified the next day 
by the addition of a preamplifier, amplifier, and label probe, with 
intermittent incubation and wash steps. The signal was developed 
using a chemiluminescent substrate and read on a Synergy H1 
luminometer (BioTek).

Animal studies
All animal procedures and experiments were approved by the 
Institutional Animal Care and Use Committee at Moderna. Female 
C57BL/6 mice at ~8 weeks of age were obtained from Charles River 
Laboratories. Mixed male and female B6129SF2/J control and MAVS−/− 
(B6;129-Mavstm1Zjc/J, JAX) mice at ~10 weeks of age were obtained 
from the Jackson laboratory. Mice were injected intravenously via the 
tail vein with formulated hEPO mRNA (0.5 mg/kg), poly(U) 19-mer 
(2 mg/kg) or poly(1m) 19-mer (2 mg/kg), or control compounds at 
indicated doses and euthanized at 6 hours after injection. Blood was 
collected by cardiac puncture after euthanasia and processed for serum. 
Spleens were isolated to evaluate B cell activation and gene expression.

Mouse ProcartaPlex immunoassay
Cytokine levels in mouse sera were evaluated per manufacturer’s 
instructions using bead-based ProcartaPlex immunoassay kit (Thermo 
Fisher Scientific) consisting of either a custom-designed 10-plex mouse 
panel or a commercially available 36-plex mouse panel (Thermo 
Fisher Scientific). Analytes measured in the custom 10-plex included 
granulocyte CSF, IFN, IFN, IL-12p70, IL-6, CXCL10, CCL2, CCL4, 
CCL7, and tumor necrosis factor–.

B cell activation
Splenocyte single-cell suspensions were prepared by crushing half of 
a spleen through a 35-m filter-capped polystyrene tube (Corning) 
with a 1-ml syringe plunger. Red blood cells were lysed using am-
monium potassium chloride lysis buffer (Thermo Fisher Scientific) 
for 1 min at room temperature, and remaining cells were washed 
with PBS. The splenocytes were evaluated for viability by staining 
with LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific), washed, 
and incubated for 30 min at 4°C with TruStain FcX (anti-mouse 
CD16/32) antibody (clone 93; BioLegend, San Diego, CA, USA), 
AF700-conjugated anti-CD19 (clone 1D3; Invitrogen), allophyco-
cyanin (APC)–conjugated anti-CD3 (clone 145-2C11; BioLegend), 
phycoerythrin/cyanine-7 (PE/Cy7)–conjugated anti-CD86 (clone 
GL1; Thermo Fisher Scientific), or PE/CF594-conjugated anti-CD69 
(clone H1.2F3; BD Biosciences) antibodies. After acquisition, cells 
were gated on live CD19+/CD3− cells, and percentages of CD86+/
CD69+ cells were reported as activated B cells.

NanoString
Spleens were incubated in RNAlater (Thermo Fisher Scientific), 
followed by homogenization in a Geno/Grinder (SPEX SamplePrep, 
Metuchen, NJ, USA) using ZR BashingBead Lysis Tubes (Zymo 
Research, Irvine, CA, USA). RNA was isolated using automated 
Maxwell RSC Instrument with simplyRNA Tissue Kit as per the 
manufacturer’s recommendations (Promega Corp., Madison, WI, 
USA). RNA quality was assessed using TapeStation RNA ScreenTape 
(Agilent, Santa Clara, CA, USA) and quantitated using the Quant-iT 
RNA Broad Range Assay Kit (Invitrogen). RNA (200 ng) was assessed 
for gene expression using the nCounter Mouse Myeloid Innate 
Immunity v2 Panel (NanoString Technologies, Seattle, WA, USA) 
according to the nCounter XT CodeSet Gene Expression assay protocol. 
Resulting RCC files were examined with NanoString nSolver soft-
ware for quality control analysis.

Statistical analysis
The sample size was determined to achieve a power of 80% to detect 
a twofold difference in hEPO serum levels between any chemistry 
or process groups, accepting a family-wise type I error rate of 0.05. 
Randomization and blinding were not used for analysis, as many of 
the assays required comparison to the negative control group. No 
outliers were removed, except for two samples from poly(I:C)-treated 
MAVS−/− mice (Fig. 5) because of a missed intravenous injection 
confirmed by baseline serum cytokine production. Statistical analysis 
for Figs. 3 and 4 was performed by nonparametric one-way analysis 
of variance (ANOVA) on ranks with Tukey’s multiple comparisons 
test. For data reported in Fig. 5, two-way ANOVA with Sidak’s mul-
tiple comparisons test was used to compare WT to MAVS−/−, and 
Tukey’s multiple comparisons test was used to compare treatment 
groups within each mouse strain. An adjusted P value of <0.05 was 
considered significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/26/eaaz6893/DC1

View/request a protocol for this paper from Bio-protocol.
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