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Abstract 

The innate immune response is the first line of defence in mammalian cells against various 
pathogens, including RNA viruses. While activation of the innate immune system is crucial to 
produce antiviral agents such as interferons, overstimulation can lead to autoimmune disorders. 
One of the key regulators of innate immunity against RNA viruses is the cytoplasmic pattern 
recognition receptor - retinoic acid-inducible gene I (RIG-I). RIG-I detects double-stranded 
RNA (dsRNA) transcripts bearing a 5′-triphosphate (5′-ppp) or 5′-diphosphate (5′-pp) moiety, 
triggering a signaling cascade that includes phosphorylation of IRF3 and induction of type I 
interferon production.  

In addition to viral and certain endogenous intracellular RNA polymerase III transcripts, RIG-
I recognizes dsRNA byproducts generated during in vitro transcription reaction (IVT), a widely 
used method to manufacture mRNA therapeutics. Notably, IVT reaction using T7 RNA 
polymerase exclusively produces transcripts with either 5′-pppA or 5′-pppG as the initiator 
nucleotide; however, the immunogenic potential depending on the identity of the 5′-terminal 
nucleotide has not yet been investigated. In the first part of my PhD thesis, I demonstrate that 
RNA IVT products initiating with 5′-pppA show higher immunogenicity than those starting 
from 5′-pppG. This immunogenic potential of 5′-pppA initiating RNAs is driven by higher 
amount of dsRNA byproducts formation during IVT production. 

Notably, naturally occurring RIG-I agonists also vary in their 5′-end nucleotide. While many 
viral RNA genomes begin with 5′-pppA, most polymerase III transcripts in higher eukaryotes 
initiate with 5′-pppG. The biological significance of this variation remains unexplored. My 
research shows that dsRNAs with a 5′-pppA end more robustly activate RIG-I/IFN pathway 
than 5′-pppG dsRNAs in concentrations mimicking early phases of viral infection. 
Furthermore, I provide potential explanation of this phenomenon showing GTP-binding 
proteins selectively interact with 5′-pppG dsRNAs, thereby inhibiting RIG-I. 

In summary, this study examines both technical and biological aspects of how 5′-terminal 
nucleotides influence the immunogenic potential of RNA. Technically, it identifies features of 
IVT that promote immune activation. Biologically, it demonstrates that variation in the 5′-
terminal structure of dsRNAs modulates innate immune recognition, establishing a direct link 
between RNA sequence and immune sensing. The characterisation of IVT mechanisms that 
trigger immunogenicity provides a foundation for optimising next-generation mRNA 
therapeutics. The observed reduction in immunogenicity of 5′-pppG dsRNAs further suggests 
a viral and pol III evasion strategy in which RNAs recruit GTP-binding proteins via 5′-pppG 
ends. Collectively, these findings reveal a previously underappreciated role for 5′-terminal 
nucleotides in modulating antiviral immune responses. 



Streszczenie 

Wrodzona odpowiedź immunologiczna stanowi pierwszą linię obrony w komórkach ssaków 
przed różnymi patogenami, w tym wirusami RNA. Choć jej aktywacja jest kluczowa dla 
wytwarzania czynników przeciwwirusowych, takich jak interferony, nadmierna stymulacja 
może prowadzić do chorób autoimmunologicznych. Jednym z głównych regulatorów 
odporności wrodzonej przeciwko wirusom RNA jest cytoplazmatyczny receptor – RIG-I (ang. 
retinoic acid-inducible gene I). RIG-I rozpoznaje dwuniciowe RNA (dsRNA) zawierające 
grupę 5′-trifosforanową (5′-ppp) lub 5′-difosforanową (5′-pp), co uruchamia kaskadę 
sygnałową obejmującą fosforylację IRF3 oraz produkcję interferonów typu I. 

RIG-I wykrywa nie tylko wirusowe i niektóre endogenne transkrypty polimerazy RNA III, ale 
również dwuniciowe produkty uboczne powstające podczas reakcji transkrypcji in vitro (IVT), 
szeroko stosowanej metody wytwarzania terapeutycznych cząsteczek mRNA. Istotnie, IVT z 
użyciem polimerazy RNA T7 wytwarza wyłącznie transkrypty rozpoczynające się od 
nukleotydu 5′-pppA lub 5′-pppG. Jednak immunogenny potencjał zależny od nukleotydu na 
końcu 5′ nie został dotychczas zbadany. W pierwszej części mojej rozprawy doktorskiej 
wykazuję, że produkty IVT rozpoczynające się od 5′-pppA wykazują wyższą immunogenność 
niż te inicjowane przez 5′-pppG. Ten potencjał immunogenny RNA inicjowanych od 5′-pppA 
wynika z większej ilości produktów ubocznych dsRNA powstających podczas reakcji IVT. 

Naturalnie występujące agonisty RIG-I również różnią się pod względem nukleotydu 
końcowego 5′. Wiele wirusowych genomów RNA zaczyna się od 5′-pppA, natomiast 
większość transkryptów polimerazy III u organizmów wyższych inicjuje od 5′-pppG. 
Biologiczne znaczenie tej różnicy pozostaje nieznane. Moje badania pokazują, że dsRNA z 
końcem 5′-pppA silniej aktywują szlak RIG-I/IFN niż dsRNA z końcem 5′-pppG, w stężeniach 
reprezentujących wczesne fazy infekcji wirusowej. Ponadto przedstawiam potencjalne 
wyjaśnienie tego zjawiska, wskazując, że białka wiążące GTP selektywnie oddziałują z dsRNA 
5′-pppG, a tym samym hamują działanie RIG-I. 

Reasumując, niniejsze badania pokazują techniczne i biologiczne aspekty wpływu nukleotydu 
końcowego 5′ na potencjał immunogenny RNA. Technicznie zidentyfikowano cechy 
transkrypcji IVT sprzyjające aktywacji układu odpornościowego, a biologicznie wykazano, że 
zmienność struktury końca 5′ dsRNA moduluje rozpoznawanie przez odporność wrodzoną, 
ustanawiając bezpośredni związek między sekwencją RNA a jej detekcją przez układ 
odpornościowy. Charakterystyka mechanizmów IVT wywołujących immunogenność stanowi 
podstawę do optymalizacji terapii mRNA nowej generacji. Zaobserwowane obniżenie 
immunogenności dsRNA 5′-pppG sugeruje strategię unikania odpowiedzi immunologicznej 
stosowaną przez wirusy i transkrypty polimerazy III poprzez rekrutację białek wiążących GTP 
do końców 5′-pppG. Wyniki te ujawniają dotąd niedocenianą rolę nukleotydów końcowych 5′ 
w modulowaniu przeciwwirusowych odpowiedzi immunologicznych. 
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1. Introduction 

In recent years, RNA viruses have been among the most frequent causes of severe infectious 
diseases worldwide. According to the statistics provided by the World Health Organization, 
approximately 1 billion people are infected with seasonal influenza each year. Of these, around 
250,000 to 600,000 cases result in respiratory-related deaths annually1,2. Moreover, the 
emergence of the novel SARS-CoV-2 virus in 2019 led to a global pandemic, resulting in global 
crisis and over 7 million deaths1,3. To mount an effective response against RNA viruses, a deep 
understanding of cellular antiviral strategies is crucial. 

The first line of defence in human cells against viral infections is the innate immune system. 
This response is characterized by non-specific recognition of viral presence, independent of 
species or strain, which triggers the production of antiviral agents, such as cytokines, and 
initiates signals that activate the adaptive (species-specific) immune response4. The detection 
of RNA viruses by the innate immune system largely depends on RNA-protein interactions5. 
My PhD research was primarily focused on gaining a deeper understanding of these 
interactions and identifying novel features of RNAs involved in the innate immune detection. 

1.1. RNA sensing – Pattern Recognition Receptors 

The first step in the host response to viral infection is the detection of foreign molecules or 
structures known as pathogen-associated molecular patterns (PAMPs). Host proteins 
responsible for recognizing these PAMPs are called pattern recognition receptors (PRRs). 
Notably, PRRs are found not only in specialized immune cells such as macrophages, dendritic 
cells, and natural killer (NK) cells, but also in most human cell types, including epithelial cells, 
endothelial cells, and fibroblasts4. PRRs can detect PAMPs derived from various viral 
components, including capsid proteins, envelope lipids, and viral nucleic acids. In this work, I 
focus specifically on PRRs that sense the genetic material of RNA viruses. Several families of 
PRRs detect viral RNA in humans, including transmembrane Toll-like receptors (TLRs), as 
well as cytoplasmic sensors such as RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), 
and a few others, which will be reviewed in this thesis. Figure 1 presents a schematic 
representation of the pathways activated by RNA PRRs. 
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Figure 1. Recognition of viral RNA by pattern recognition receptors (PRRs), including Toll-like receptors 
(TLRs), RIG-I-like receptors (RLRs), nucleotide-binding oligomerization domain-containing protein 2 
(NOD2), and protein kinase R (PKR), which together constitute key components of the innate immune system 
responsible for detecting viral RNA in different cellular compartments and initiating antiviral signaling 
pathways. 

1.1.1. Toll-Like Receptors (TLRs) 

Toll-like receptors (TLRs) are a family of transmembrane proteins and represent one of the 
most well-characterized groups of PRRs. TLRs detect pathogen-associated molecular patterns 
(PAMPs) either at the cell surface or within intracellular compartments such as endosomes and 
lysosomes4.  The human genome encodes ten TLRs (TLR1–TLR10), each composed of an N-
terminal ectodomain containing leucine-rich repeats (LRRs), a single transmembrane domain, 
and a cytosolic Toll/interleukin-1 receptor (TIR) domain responsible for signaling6. Upon 
ligand binding to the ectodomain, TLRs undergo dimerization, which brings the TIR domains 
into proximity, facilitating the recruitment of adaptor proteins and initiation of downstream 
signalling cascades7. 
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Most TLRs expressed on the cell surface recognize microbial surface components, whereas 
endosomal TLRs—specifically TLR3, TLR7, and TLR8—are involved in the recognition of 
viral RNAs8. TLR3 recognises viral dsRNA, synthetic polyinosinic-polycytidylic acid (poly 
I : C), polyadenylic-polyuridylic acid (poly A : U) and viral ssRNA with stable stem loop 
structures9–11. In contrast, TLR7 and 8, which are very similar in characteristics, detects 
specifically viral ssRNA containing guanosine- and uridine-rich sequences12,13.  

Although, those three TLRs are using different adaptor proteins – TLR3 is recruiting TIR 
domain-containing adaptor protein inducing IFN-β (TRIF), whereas TLR7 and 8 induce 
signalling via a TIR-containing adaptor named myeloid differentiation primary response gene 
88 (MyD88) – further downstream signalling is similar. TLRs are activating three main 
signalling pathways: mitogen-activated protein kinases (MAPKs), interferon regulatory factors 
3 or 7 (IRF3/7) depending on TLR and nuclear factor kappa–light-chain-enhancer of activated 
B cells (NF-κB). All those pathways lead to the production of antiviral, proinflammatory agents 
– IRF3 and IRF7 promote production of a type I interferons (IFNs), MAPKs induce activator 
protein 1 (AP-1) and combined with NF-κB promote adaptive immune activation and 
production of inflammation cytokines, including IL-1β, IL-6, IL-18, and tumour necrosis factor 
(TNF)14,15. 

1.1.2. RIG-I-Like Receptors (RLRs) 

The RIG-I-like receptors are proteins, which are present in most human cells, recognising viral 
RNA. They are predominantly cytosolic proteins16–18, however some studies show their nuclear 
localisation19. Common feature for all RLRs is belonging to ATP dependent DExD/H family 
of helicases15, possessing conserved D-E-x-D motif, where "x" can be any amino acid. It means 
they use the energy from ATP hydrolysis to unwind RNA structures or remodel RNA-protein 
complexes20. Second domain shared across all RLRs is carboxy-terminal domain (CTD), 
together with helicase domain involved in specific recognition of immunostimulatory viral 
RNA21. 

The most similar in structure and molecular functions are two members of RLRs – retinoic 
acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5). Apart 
from RNA recognition domains – helicase and CTD, both PRRs possess two additional caspase 
activation and recruitment domains (CARDs), responsible for downstream pathway 
activation22,23. Although RIG-I and MDA5 similarities decide that both bind viral dsRNA, RNA 
molecular patterns crucial for its recognition are different. RIG-I specifically binds to short 
double-stranded panhandle structures bearing triphosphate moiety at 5′ terminal nucleotide24–

26 (more details in section 1.2.), whereas MDA5 recognises longer dsRNA molecules that 
typically exceed 500 nucleotide base pairs27,28. In essence, binding RNA to helicase domain 
together with ATP recruitment leads to conformational changes and release of CARDs for 
further signalling. Then RIG-I/MDA5 CARDs interact with similar CARDs found in 
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mitochondrial antiviral-signalling protein (MAVS), which acts as main adaptor protein for 
RLRs signalling. In next steps of signalling, MAVS recruits two kinases – TANK-binding 
kinase 1 (TBK1) and IκB kinase-ε (IKKε), activating interferon regulatory factors 3 and 7 via 
phosphorylation. Those, together with NF-κB, activate transcription of type I interferons 
encoding genes and other antiviral agents29,30. 

Third member of RLRs – laboratory of genetics and physiology 2 (LGP2) is much less 
characterised. In opposite to RIG-I and MDA5, LGP2 does not contain downstream pathway 
stimulatory CARDs, but still has ability to recognise viral RNA. Studies show that recognition 
and binding to RNA by LGP2 is independent of 5′-triphosphates31. Currently, its role is 
described as regulatory protein of other RLRs, and depending on various viral infections it can 
stimulate or inhibit RIG-I and MDA5 activation15,32,33. 

1.1.3. Nucleotide-binding oligomerization domain 2 (NOD2) 

Nucleotide-binding oligomerization domain 2 (NOD2) is cytosolic protein belonging to broad 
family of proteins called (NOD)-like receptors (NLR), which regulates inflammatory and 
apoptotic responses. NLRs consist of 3 domains: C-terminal LRR domain is considered as 
sensor domain, central NACHT domain that is responsible for oligomerisation and activation 
of NLR protein and N-terminal effector-binding domain – CARD or alternatively a pyrin 
domain (PYD). Although, many NLRs are involved in PAMPs recognition of many microbial 
organisms, NOD2 is the only one to sense nucleic acids34. However, primarily NOD2 was 
found to be sensor of bacterial PAMPs including muramyl dipeptide – component of bacterial 
peptidoglycan35, another study shown its ability to recognise viral ssRNA genomes36. 
Interestingly, downstream signalling of ssRNA-dependent activation of NOD2 is similar to 
RLRs activation pathway, ligand binding leads to exposition of CARD, which interacts with 
MAVS and facilitates further cascade of events leading to IRF3 activation and IFN type I 
production36. 

1.1.4. Protein Kinase R (PKR) 

In contrast to other described innate immune sensors, protein kinase R (PKR) does not directly 
activate signalling pathways leading to the production of cytokines or other inflammation-
inducing agents. PKR is a sensor protein, containing two double-stranded RNA-binding motifs 
(dsRBMs) at its N-terminus and a kinase domain at its C-terminus, which specifically 
recognizes double-stranded RNA (dsRNA) during viral infection. The binding of dsRNA – 
typically at least 30 base pairs in length – by two PKR molecules via their dsRBMs promotes 
dimerization, leading to autophosphorylation and activation of the kinase in the form of a 
homodimer37–39. 

Once activated, phosphorylated PKR can phosphorylate the eukaryotic initiation factor 2 alpha 
(eIF2α), which inhibits cap-dependent translation initiation and global protein synthesis. This 
ultimately suppresses both cellular proliferation and viral replication38,40. Similar to other 
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pattern recognition receptors (PRRs), PKR is an interferon-stimulated gene (ISG); thus, 
stimulation by type I interferons (produced in response to other PRRs) leads to its upregulation 
during viral infection38. 

To summarize, cells activate multiple signaling pathways to sense immunogenic RNA, all of 
which converge on the induction of interferons and the suppression of viral replication. 

1.2. RIG-I agonists 

As briefly mentioned, RIG-I uses its helicase and C-terminal domain (CTD) to selectively 
recognize viral RNAs that form double-stranded structures with a 5′-terminal triphosphate 
group (section 1.1.2.). Studies have shown that additional structural and chemical features of 
the RNA molecule must also be considered when evaluating RIG-I agonists. 

 

Figure 2. Molecular features of RIG-I ligands 

First, dsRNA bearing a 5′-diphosphate group has been found to be as effective as 
triphosphorylated RNA in activating RIG-I41. In contrast, unmodified 5′-hydroxyl (5′-OH) 
RNA induces only minimal activation, while RNA with a 5′-monophosphate (5′-p) – a 
modification common in most cellular RNAs – completely prevents RIG-I recognition42. 
Furthermore, methylation of the 5′-terminal nucleotide at the 2′-O position has been shown to 
drastically reduce RIG-I activation43. 

Beyond the requirement for double-strandness, additional structural features have been 
evaluated for their influence on RIG-I specificity, including RNA length, dsRNA overhangs, 
and duplex complementarity. Regarding RNA length, several studies have shown that synthetic 
dsRNA ligands of approximately 10-15 base pairs are sufficient to activate RIG-I44–46. 
Nevertheless, longer dsRNA molecules are known to be more potent RIG-I agonists. For 
example, analysis of mini viral RNAs derived from influenza A virus (IAV) infections revealed 
that the most stimulatory RNA fragments were approximately 80 nucleotides in length47. This 
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enhanced stimulation of the RIG-I pathway by longer dsRNA fragments can be explained by 
ATP-dependent oligomerization of RIG-I along the duplex, promoting more robust signaling48. 

Notably, RIG-I binding is highly sensitive to the structure of the RNA 5′ end. Optimal binding 
occurs with a panhandle structure featuring a blunt end; any overhang at this site adversely 
affects the interaction49. However, a single-nucleotide 3′ overhang on the panhandle structure 
is tolerated with only a slight decrease in binding affinity, while longer overhangs cause a 
significant reduction in RIG-I binding. At the 5′ terminus, even minimal overhangs eliminate 
RIG-I recognition50,51. Although perfect complementarity is crucial at the first base pair at the 
5′ end of the dsRNA, the RIG-I receptor tolerates wobble pairs, mismatches, or small bulges 

(~3 nucleotides) that begin further away from the 5′ terminus50. 

Altogether, these studies demonstrate that RIG-I activation depends on a combination of 
structural and chemical features of the RNA ligand, rather than solely on the presence of a 5′-
triphosphate. Moreover, there is no strong evidence supporting sequence specificity or the 
presence of defined motifs recognized by the RIG-I receptor. However, a study by Schlee et al. 
suggested that the identity of the 5′-terminal nucleotide may influence RIG-I activation50, the 
observed difference was marginalised and no longer studied. More recent work found no 
significant difference in RIG-I activation upon altering the 5′-terminal nucleotide in a short 
synthetic dsRNA ligand51. Nevertheless, the RNA molecules used in that study were 
suboptimal in terms of length, necessitating the use of extremely high concentrations to elicit 
activation. In this thesis, a more in-depth analysis of the role of the 5′-terminal nucleotide in 
modulating RIG-I pathway activity will be presented. 

1.3. IVT products – origin of immunogenicity 

Currently, IVT by T7 polymerase is the most widely used technique to produce synthetic RNA-
based therapeutics. In recent years, mRNA therapeutics produced via IVT have shown great 
potential, with successful application in COVID-19 vaccines and ongoing exploration in 
experimental cancer therapies52. The main advantages of IVT for RNA production include high 
yield, scalability, and cost-effectiveness. However, IVT also generates immunogenic dsRNA 
byproducts, which can negatively affect the safety and efficacy of RNA-based therapeutics. 

1.3.1. Various types of dsRNA byproducts 

All dsRNA impurities generated during in vitro transcription arise from the natural 
imperfections of T7 RNA polymerase. There are two main stages during T7 transcription where 
errors leading to byproduct formation are most likely to occur – transcription 
initiation and termination53. 

Transcription begins with T7 polymerase binding to the promoter sequence on the DNA 
template and locally unwinding the double-stranded DNA54. The enzyme then initiates RNA 
synthesis by incorporating the first few nucleotides. At this early stage, the DNA-protein 
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complex is highly unstable. Once the nascent transcript reaches a length of approximately 10 
nucleotides, a conformational change occurs, converting the initiation complex into a more 
stable elongation complex55,56. During the unstable initiation phase, short abortive transcripts 
(typically 2–13 nucleotides in length) may be generated in a process known as abortive 
cycling57. These short RNA fragments can anneal to complementary regions within full-length 
transcripts. Such structures could act as potent agonists for pattern recognition receptors 
(PRRs) or serve as primers for RNA-templated, noncanonical transcription, ultimately 
generating longer dsRNA products. 

Transcription termination usually occurs at a specific sequence signal or at the end of a linear 
DNA template, producing a full-length RNA product58,59. However, T7 RNA polymerase can 
occasionally add extra nucleotides at the 3′ end of the transcript60,60. This additional RNA 
fragment can fold back and base-pair with complementary sequences within the same RNA 
molecule, forming a loopback structure. The resulting structure can serve as a primer that 
enables the polymerase’s noncanonical RNA-templated activity. As a result, the RNA product 
may undergo further extension, leading to the synthesis of long double-stranded RNA (dsRNA) 
regions within the final transcript61. 

In addition to loopback formation, T7 polymerase can exhibit promoter-independent activity 
using DNA or RNA templates, generating long, fully complementary antisense transcripts. 
These reverse transcripts can hybridize with sense transcripts, forming long dsRNA 
molecules62,63. 

All such dsRNA byproducts are potent PRRs’ agonists, capable of activating receptors such as 
RIG-I, MDA5, and toll-like receptors (TLRs), which in turn trigger innate immune responses 
and undesirable inflammation in host cells. Moreover, activation of the PKR pathway can lead 
to global translation inhibition, resulting in reduced protein production and possible cytotoxic 
effects. This compromises the therapeutic efficacy of mRNA-based treatments, whose success 
depends on efficient translation into the target protein64. 

1.3.2. Avoiding dsRNA byproducts 

As described in the previous section, avoiding dsRNA impurities is crucial for the accurate and 
effective production of RNA therapeutics. Despite the development of several purification 
strategies to remove immunogenic dsRNA impurities generated during in vitro transcription65, 
complete elimination of these byproducts remains unachievable. Consequently, additional 
strategies have been implemented to minimize dsRNA formation during the IVT reaction itself. 
These approaches primarily focus on optimizing reaction conditions and engineering the RNA 
polymerase through targeted mutations aimed at reducing its propensity for noncanonical 
transcription. 

Among the reaction components influencing T7 polymerase accuracy, researchers have 
identified ionic composition, chaotropic agents, and nucleotide modifications as key factors. 
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First, high concentration of magnesium ions (Mg2+) has been shown to increase levels of 
dsRNA impurities during IVT62. It has been hypothesized that elevated Mg²⁺ concentrations 
stabilize the elongation complex during promoterless, RNA-dependent transcription63. Second, 
chaotropic agents such as urea and formamide have been demonstrated to reduce dsRNA 
production by 60–70%. These agents decrease the likelihood of forming undesired back-loop 
structures, particularly those involving poly(A) tails hybridizing with internal RNA 
sequences66. Interestingly, this backfolding can also be limited by reducing the concentration 
of UTP in the IVT reaction67. 

Additionally, the use of modified nucleotides – pseudouridine (Ψ), N¹-methylpseudouridine 
(m¹Ψ), and 5-methylcytidine (m⁵C) – has been shown to lower production of dsRNA 
impurities63. This strategy has a dual benefit, as these modifications are primarily employed to 
reduce recognition of RNA therapeutics via PRRs like RIG-I and TLRs by decreasing RNA 
binding affinity or preventing conformational changes required for receptor activation68,69. 

Beyond reaction composition, substantial efforts have been directed toward engineering T7 
polymerase to improve transcription fidelity. Based on the hypothesis that initiation complex 
conformation is responsible for generation of abortive transcripts, mutations were introduced 
into the N-terminal domain (NTD) of T7 polymerase to promote a smoother transition to the 
elongation complex. One such mutation – G47A – was found to significantly reduce dsRNA 
production while maintaining comparable yields of the main RNA product70. Moreover, 
FAFA883 motif, located in carboxy-terminal domain (CTD) of T7 polymerase, was shown to 
influence both 3′-end homogeneity and overall transcription efficiency71,70. Recent work from 
Dousis et al.70 reported that 884G mutation perform best results by increasing 3′-end 
homogeneity from 6–12% to 30–45% and decreased impurities formations by 7–15-fold 
compared with wild-type enzyme. Finally, increasing the IVT reaction temperature using a 
commercially available thermostable T7 polymerase variant was shown to reduce dsRNA 
generated via 3′-end extensions. However, this modification did not affect dsRNA production 
resulting from strand-switching events72. 

So far, limited data are available on how the RNA product sequence influences dsRNA 
byproduct formation. In this PhD thesis, I investigate the impact of the initial nucleotide on 
dsRNA production during IVT using wild-type T7 polymerase. 



 16 

2. Research objectives 

 

The primary goal of my PhD research was to investigate the impact of the RNA 5′ terminal 
nucleotide on the innate immune response triggered by the cytoplasmic pattern recognition 
receptor RIG-I. I was investigating two main questions: 

1. How the 5′ terminal nucleotide determines the immunogenicity of in vitro transcribed RNA 
synthesised with T7 polymerase. 

2. How the 5′ terminal nucleotide mechanistically modulates RIG-I/IFN signalling in 
mammalian cells. 
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3. Results 

3.1. 5′ terminal nucleotide determines the immunogenicity of IVT RNAs 
(Manuscript 1.) 

To address the main objective of my PhD thesis, investigating the role of the 5′ terminal 
nucleotide in the stimulation of RIG-I–mediated innate immunity, I employed IVT using T7 
RNA polymerase, a widely used method for RNA synthesis that naturally produces transcripts 
with 5′-ppp moiety. Two representative single-stranded RNA (ssRNA) fragments, each capable 
of forming a panhandle-like double-stranded RNA (dsRNA) structure, were generated: IAV-
derived short viral RNA and the other derived from endogenous polymerase III transcript Y5 
RNA. To evaluate the impact of the 5′ terminal nucleotide, two variants of each RNA were 
prepared, differing only in the identity of the initial nucleotide – either 5′-pppA or 5′-pppG – 
while preserving base pairing within the panhandle structure. 

Innate immune activation by these RNAs was assessed in human embryonic kidney HEK293 
and lung-derived A549 cell lines.  Using colorimetric assay, we found that RNAs initiated with 
5′-pppA induced up to ~1000-fold higher IFN-α/β production than their 5′-pppG counterparts 
across a broad range of RNA concentrations (0.1–300 ng/mL), with saturation of the response 
observed only at the highest concentrations. Furthermore, control experiments involving either 
enzymatic removal of the 5′-ppp moiety or knockout of RIG-I abolished interferon production, 
confirming the essential role of RIG-I protein in recognition of those RNAs. 

Having established the RIG-I-dependent immunogenicity of 5′-pppA RNAs in human cells, we 
next investigated whether this phenomenon also occurs in murine systems. We examined 
immortalized mouse embryonic fibroblasts (MEFs) and primary cell types such as bone 
marrow-derived macrophages (BMDMs) and fibroblasts. Across all models, RNAs initiated 
with 5′-pppA consistently triggered stronger RIG-I/IFN responses than those initiated with 5′-
pppG. Furthermore, together with a team we expanded our research on in vivo model - a 
reporter knock-in mouse, in which the IFN-β was replaced with the mKate2 fluorescent protein. 
This model enables us to detect innate immune response activation upon RNAs encapsulated 
into lipid nanoparticles (RNA-LNP) injection via flow cytometry measurements. We observed 
higher level of reporter mKate2 in the liver and spleen isolated from 5′-pppA RNA injected 
mice compared with 5′-pppG RNA treatment. Similar results were obtained in the IFN-
β/mKate2 BMDMs. These results indicate that the phenomenon of varying immunogenicity of 
IVT RNA, depending on the identity of the terminal 5′ nucleotide, is not limited to a single 
species but occurs across mammals. 

To explore the mechanism of increased immunogenicity of 5′-pppA IVT RNAs observed across 
mammalian systems, we performed in-depth analysis of dsRNA presence in IVT products. At 
first, we employed anti-dsRNA J2 detection on dot-blot analysis, which showed increased level 
of dsRNA in 5′-pppA initiated transcripts. Second, RNA pull-down assays coupled with mass 
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spectrometry (RP-MS) using whole-cell lysates identified a greater enrichment of dsRNA-
binding proteins – such as ADAR, PKR (EIF2AK2), and DICER1 – on 5′-pppA RNAs 
compared to 5′-pppG RNAs. To further investigate origin of dsRNA formation, we performed 
native polyacrylamide gel electrophoresis (PAGE) analysis as well as J2 antibody based 
northern blot showed, that additional product enriched in 5′-pppA initiated products 
corresponds to dsRNA product formed by annealing of main IVT product with its separately 
synthesized complementary strand. Altogether, the occurrence of additional dsRNA products 
in 5′-pppA RNA preparations, together with their heightened immunogenicity, suggests that 
dsRNA impurities may play a direct role in RNA immunogenicity. 

To directly assess the contribution of these dsRNA impurities to the immunogenicity, we 
constructed semisynthetic short viral RNA by splint ligation of initial 55 nucleotides 
synthesized with IVT and remaining 21 nucleotides – with chemical synthesis. Native PAGE 
confirmed that this so-called semisynthetic RNA was identical to IVT short viral RNA, except 
for additional band of dsRNA contamination present in 5′-pppA initiated IVT product. 
Transfection experiments on human cells showed no immunogenic potential in semisynthetic 
RNAs. However, supplementing the RNA with just 1–5% of a complementary strand restored 
RIG-I/IFN activation to the levels like those seen with the 5′-pppA IVT RNA, indicating that 
the immune stimulation was primarily driven by dsRNA byproducts. These findings 
demonstrate that otherwise non-stimulatory ssRNAs can become highly immunogenic when 
antisense strands generated during IVT form dsRNA byproducts. 

Given the growing importance of IVT in RNA-based therapeutics, we investigated whether 
this phenomenon extended to longer transcripts (~1000 nt). Thus, we produced RNAs encoding 
EPO flanked with UTRs derived from the mRNA sequence of the Moderna SARS-CoV2 
vaccine (mRNA-1273) and Segment 8th from the PR8 strain of IAV (Seg. 8th

 IAV PR8). In both 
cases, J2 dot-blot analysis showed increased dsRNA contamination for PAGE purified 5′-pppA 
initiated products. Moreover, HEK239 and A549 cells produced higher levels of IFN-I upon 
treatment with 5′-pppA initiated transcripts. Altogether, this demonstrates that initiation with 
5′-pppA consistently drives the formation of immunogenic dsRNA byproducts, independent of 
transcript length. 

Altogether, we discovered that IVT using T7 polymerase generates substantially higher amount 
of dsRNA impurities while initiated from 5′-pppA. Moreover, these impurities are not 
effectively removed by standard size-based purification methods and are primarily responsible 
for the heightened immunogenicity of 5′-pppA transcripts. Thus, the choice of initiating 
nucleotide has profound consequences for the safety and reliability of IVT RNAs, underscoring 
the need for improved strategies to minimize dsRNA impurities in RNA therapeutics and 
vaccines. 
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Figure 3. Schematic showing the differences in the immunogenicity of 5′-pppA and 5′-pppG IVT RNAs 

 

Reference – Manuscript 1: 

Wolczyk M.*, Szymanski J.*, Trus I.*, Naz Z., Tame T., Bolembach A., Choudhury N.R., Kasztelan K., 
Rappsilber J., Dziembowski A., Michlewski G. 5' terminal nucleotide determines the immunogenicity 
of IVT RNAs. Nucleic Acids Res. (2025). DOI: 10.1093/nar/gkae1252. 
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3.2. 5′-triphosphate guanosine RNAs recruit GTP-binding proteins to suppress 
RIG-I/IFN type I signalling (Manuscript 2.) 
According to findings reported in the literature, unprocessed RNA polymerase III (Pol III) 
transcripts naturally possess a 5′-ppp moiety73. Although these RNAs are typically hidden from 
RIG-I detection due to additional post-transcriptional modifications, under certain conditions 
they can activate the innate immune system via the RIG-I signalling pathway73,74. Our sequence 
analysis revealed that Pol III transcripts in higher eukaryotes predominantly initiate with 5′-
ppp guanosine (5′-pppG). In contrast, many RNA viruses capable of triggering RIG-I 
activation, such as influenza A virus (IAV), begin with a 5′-ppp adenosine (5′-pppA). Notably, 
some highly pathogenic viruses – including H5N1 IAV, Ebola virus, and hepatitis C virus 
(HCV) – also initiate with 5′-pppG. This observation led us to investigate whether the 5′ 
terminal nucleotide influences discrimination via RIG-I between host and viral RNAs. 

Since direct manipulation of the 5′ terminal nucleotide in viral genomes is not feasible, we 
employed synthetic RNAs as a suitable alternative. Although native RIG-I agonists are often 
single-stranded RNAs (ssRNAs) that fold into panhandle-like secondary structures, their IVT 
typically leads to the generation of immunogenic dsRNA byproducts – particularly in 
transcripts initiated with 5′-pppA, as demonstrated in Manuscript 1. To circumvent this, we 
adopted a strategy using fully complementary dsRNA duplexes, generated either via IVT or 
chemical synthesis, as defined RIG-I agonists. 

Specifically, we synthesized two types of dsRNAs corresponding to the 5′ end of segment 8 of 
the IAV PR8 strain: a longer 76 bp duplex produced by IVT, and a shorter 24 bp duplex 
synthesized chemically. Each was generated with either a 5′-pppA or 5′-pppG as an initiator 
nucleotide. Then we assessed the impact of the 5′ terminal nucleotide on innate immune 
activation by transfecting these dsRNAs into both human and murine cells. In HEK293 cells, 
transfection with 5′-pppA dsRNAs led to increased RIG-I expression and elevated levels of 
phosphorylated IRF3 compared to 5′-pppG dsRNAs. This pattern was also reflected in type I 
interferon (IFN) activity, particularly following transfection with the 76 bp IVT-derived 
dsRNA. Enhanced innate immune activation was similarly observed in bone marrow-derived 
macrophages (BMDMs) isolated from mKate2 reporter mice. Importantly, control dsRNAs 
lacking the 5′-ppp moiety failed to elicit an immune response, confirming that RIG-I was the 
primary sensor mediating recognition of these synthetic dsRNAs.  

Seeing these differences in cells, we wanted to explore the mechanistic basis underlying the 
differential activation of RIG-I by dsRNA bearing either 5′-pppA or 5′-pppG. Thus, we 
analyzed direct interactions between recombinant RIG-I and dsRNAs using biochemical 
assays. First, electrophoretic mobility shift assay (EMSA) showed significantly higher binding 
affinity of RIG-I protein to 5′-pppA than 5′-pppG dsRNA. On the other hand, while analysing 
RIG-I activation by measuring its ATPase activity, no significant difference determined by 5′ 
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terminal nucleotide was observed. Altogether, these results suggest that the presence of a 5′-
pppA may enhance RIG-I binding – potentially due to the thermodynamically less stable A–U 
base pair at the 5′ end, which could provide a more accessible entry point for the helicase 
domain – yet this increased binding affinity does not necessarily lead to stronger downstream 
activation of the receptor. Since direct binding between dsRNA and RIG-I does not completely 
explain the observed differences in pathway activation, additional mechanistic studies were 
required. 

To explore the possibility that cellular factors contribute to the observed differential recognition 
of RNAs based on their 5′ terminal nucleotide, we performed RP-MS to analyse the interactome 
of dsRNAs bearing either 5′-pppA or 5′-pppG. While many proteins were found to bind both 
RNA variants at similar levels, a distinct subset showed preferential binding to one over the 
other. Among the proteins that preferentially bound 5′-pppG-containing dsRNA, a particularly 
interesting subset included highly abundant factors involved in translation and RNA transport, 
exhibiting GTP-binding properties or GTPase activity. Three of those proteins with the highest 
enrichment – NUDT16, RAN and RANBP1 – were confirmed with RNA pull-down followed 
by western blotting to bind exclusively to 5′-pppG dsRNA. Notably, binding of those proteins 
was highly depending on presence of 5′-ppp moiety. Furthermore, preincubation of protein 
extracts with non-hydrolysable GTP analogues significantly reduced their interaction with 5′-
pppG RNA, suggesting that occupancy of the GTP-binding site interferes with RNA binding. 

To assess whether GTP-binding proteins influence RIG-I/IFN pathway activation by dsRNA, 
we aimed to saturate these proteins by increasing intracellular GTP levels. GTP concentrations 
were elevated by supplementing cells with guanosine, thereby activating the nucleoside salvage 
pathway. Notably, transfection of dsRNA into HEK293 cells following guanosine treatment led 
to enhanced innate immune responses compared to DMSO and adenosine controls. 
Additionally, the typical difference in RIG-I activation between 5′-pppA and 5′-pppG dsRNAs 
was diminished. These results suggest that elevated GTP levels disrupt the interaction of GTP-
binding proteins with 5′-pppG dsRNA, which may act to suppress RIG-I recognition under 
normal conditions. 

In summary, our results show that dsRNAs bearing 5′-pppA more effectively stimulate RIG-I–
mediated innate immune responses than those with 5′-pppG. Furthermore, our data support a 
model in which GTP-binding proteins selectively interact with 5′-pppG dsRNA, thereby 
limiting its availability for RIG-I activation and modulating the overall immune response. 
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Figure 4. A model presenting a hypothesis of sequence-specific RNA sensing by RIG-I. 
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4. Summary and future perspectives 

My PhD research primarily focused on investigating the role of the 5′ terminal nucleotide of 
RNA in the innate immune response mediated by the RIG-I receptor. This topic was inspired 
by observations in the literature indicating that majority of RNA viruses initiate their genomes 
with 5′-pppA75, whereas endogenous transcripts generated by RNA polymerase III typically 
begin with 5′-pppG76,77. Since the initial nucleotide in viral genomes has been shown to be 
impossible to modify (reference), my research was based on synthetic RNAs imitating native 
RIG-I agonists. 

In the first manuscript, I explored role of 5′ terminal nucleotide on immunogenicity of ssRNA 
produced by IVT. Although, short RNAs forming not fully complementary panhandle 
structures were suspected to stimulate RIG-I mediated immune response, our studies showed 
that their immunogenic potential is mainly affected by the amount of dsRNA impurities 
produced during IVT reaction. Moreover, we revealed that dsRNA byproducts formation is 
highly dependent on initial nucleotide, where 5′-pppA increases the level of dsRNA content 
comparing to 5′-pppG. 

Since IVT is the most widely used method for producing RNA therapeutics, our study provides 
new insights into designing RNA products with reduced immunogenicity. We demonstrated 
that the increased formation of dsRNA impurities associated with 5′-pppA-initiated transcripts 
prevailed in longer RNA molecules, such as mRNAs. As shown in our study, currently 
approved mRNA COVID-19 vaccines differ in their 5′ terminal nucleotide: the Moderna 
vaccine, which begins with guanosine (G), contains less dsRNA than the BioNTech vaccine, 
which starts with adenosine (A)78,79. This highlights that the knowledge gained from our study 
may contribute to the optimization and development of future mRNA-based therapeutics. 
While in the context of antiviral vaccines, dsRNA contamination may be beneficial by acting 
as an adjuvant and enhancing the immune response to the expressed antigen, in other 
applications such as mRNA-based cancer therapies or protein replacement therapies, 
minimizing immunogenicity is critical for therapeutic efficacy. 

Notably, our research focused on RNAs containing a 5′-triphosphate moiety, the transcripts 
used in our experiments did not include a 5′ cap structure, which is essential for mRNA 
therapeutics. However, enzymatic capping strategy is applied post IVT reaction, another 
method introducing cap co-transcriptionally with dinucleotide “primer” may affect production 
of dsRNAs during IVT reaction. Thus, further analysis should be performed, whether  
5′ terminal nucleotide of co-transcriptionally introduced cap affects dsRNA formation. 

Furthermore, the development of improved RNA therapeutic manufacturing methods includes 
engineering RNA polymerase variants that generate fewer dsRNA byproducts. Since our study 
utilized only the wild-type T7 RNA polymerase, future research should explore whether 
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engineered T7 variants alter the relationship between the 5′ terminal nucleotide and dsRNA 
production, to better inform strategies for minimizing immunogenicity in mRNA therapeutics. 

Since the results presented in the first manuscript demonstrated that ssRNA produced via IVT 
is largely unsuitable for investigating the impact of the 5′ terminal nucleotide on RIG-I 
stimulation, we developed a new strategy using chemically synthesized or IVT-generated 
dsRNA as defined RIG-I agonists. This strategy avoids the issue of dsRNA impurities 
commonly associated with IVT, and by using this approach, we showed that dsRNA bearing 
5′-pppA induces a stronger RIG-I-mediated innate immune response than dsRNA with 5′-
pppG. However, observed effect is saturated in higher concentrations of dsRNA, those low 
concentrations of dsRNA agonists can mimic native condition of early stages of viral infection, 
when viral RNA is detected with RIG-I receptor. 

Moreover, an in-depth investigation of the dsRNA interactome led us to propose a novel 
hypothetical mechanism for sequence-specific RNA recognition by RIG-I. Interestingly, the 
discrimination of the 5′ terminal nucleotide does not result from a direct interaction between 
dsRNA and the RIG-I protein itself but rather appears to be mediated by additional cellular 
factors. In our model, GTPases and GTP-binding proteins selectively interact with dsRNA 
containing a 5′-pppG moiety, thereby inhibiting the innate immune response by interfering with 
RIG-I activation. Notably, recent studies have shown that GTP-binding affinities are typically 
over 1000-fold higher than those for ATP80, which may explain why GTP-binding proteins can 
interfere with RIG-I recognition of 5′-pppG dsRNA, while 5′-pppA-containing dsRNA remains 
unaffected. 

This proposed mechanism not only accounts for the conservation of 5′-pppG in RNA 
polymerase III transcripts and in some pathogenic RNA viruses as a means of evading RIG-I 
mediated immune detection but also aligns with broader observations of nucleotide metabolism 
during viral infection. While previous studies have shown that viral infections can increase the 
levels of nucleotide precursors through host mRNA degradation and the nucleotide salvage 
pathway81, our findings suggest that elevated GTP levels may actually enhance the RIG-I/IFN 
pathway by saturating GTP-binding proteins, thereby reducing their ability to inhibit RIG-I 
activation. 

Given that our studies on the sequence-specificity of RIG-I–mediated innate immunity were 
conducted exclusively using synthetic RNAs, further investigations involving more native 
ligands are necessary. Although viral RNA genomes are inherently difficult to manipulate, 
future studies could focus on mutating the 5′ terminal nucleotide of endogenous RNA 
polymerase III transcripts to explore their impact on RIG-I activation. 

Furthermore, our findings open a new avenue for therapeutic development, specifically, by 
targeting the masking interaction between GTP-binding proteins and viral RNAs or 
endogenous RIG-I agonists. Future experiments could assess whether disruption of these GTP-
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binding proteins enhances innate immune responses during viral infection and contributes to 
viral inhibition. 

Summing up, the research presented in this dissertation uncovered a critical role of the 5′ 
terminal nucleotide in shaping RNA immunogenicity. By focusing on the RIG-I receptor as a 
key component of innate immunity, my work bridges two important areas of biomedical 
science – fundamental RNA biology, including the mechanisms by which the immune system 
differentiates between host and viral RNA, and translational research aimed at improving IVT 
methods for mRNA therapeutics. Ultimately, this research advances for both – understanding 
of RIG-I biology and opening new directions for improving RNA therapeutics and antiviral 
strategies. 
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Abstract 

In vitro transcription (IVT) is a technology of vital importance that facilitated the production of mRNA therapeutics and dro v e numerous break- 
throughs in RNA biology. T7 polymerase-produced RNAs can begin with either 5 ′ -triphosphate guanosine (5 ′ -pppG) or 5 ′ -triphosphate adenosine 
(5 ′ -pppA), generating potential agonists for the RIG-I / type I interferon response. While it is established that IVT can yield highly immunogenic 
double-stranded RNA (dsRNA) via promoterless transcription, the speci!c contribution of initiating nucleosides to this process has not been pre- 
viously reported. Our study shows that IVT-derived RNAs containing 5 ′ -pppA are signi!cantly more immunogenic compared with their 5 ′ -pppG 

counterparts. We observed heightened levels of dsRNAs triggered by IVT with 5 ′ -pppA RNA, activating the RIG-I signaling pathw a y in cultured 
cells, as well as in ex vivo and in vivo mouse models, where the IFN- β gene was substituted with the mKate2 "uorescent reporter. Elevated 
le v els of dsRNA were found in both short and long 5 ′ -pppA RNAs, including those of COVID-19 vaccines. These !ndings reveal the unexpected 
source of IVT RNA immunogenicity, offering valuable insights for both academic research and future medical applications of this technology. 

Gr aphical abstr act 

Introduction 

The innate immune system of higher eukaryotes is the !rst 
line of defense against invading pathogens, including viruses. 
Pathogen-Associated Molecular Patterns (PAMPs), which are 
recognized by cellular Pattern Recognition Receptors (PRRs), 
are shared between viral as well as endogenous RNAs. The 5 ′ - 
triphosphate (5 ′ -ppp) moiety is an important PAMP, present 
in many viral RNAs and endogenous polymerase III (Pol III) 

transcripts ( 1 ,2 ). Highly structured RNAs with 5 ′ -ppp bind 
to Retinoic Acid Inducible Gene I (RIG-I / DDX58) PRR, pro- 
voking its conformational change and K63 ubiquitination by 
E3 ubiquitin ligase RIPLET ( 3 ,4 ), triggering a signaling cas- 
cade that culminates in phosphorylation of IRF3, IRF7 and 
NF- κB transcription factors ( 5 ). Upon activation, transcrip- 
tion factors translocate into the nucleus, initiating the expres- 
sion of type I interferon (IFN), which in turn triggers an innate 
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immune response. This response involves the upregulation of 
numerous interferon-stimulated genes (ISGs) ( 6 ) and is cru- 
cial for antiviral activity, but when overstimulated can lead to 
in"ammation and autoimmune diseases ( 7 ). 

The most potent activators of RIG-I are short, blunt, 
double-stranded RNAs (dsRNAs) capped with 5 ′ -ppp or 5 ′ - 
pp moieties ( 8–11 ). The 5 ′ -terminal nucleotide must remain 
unmethylated at its 2 ′ -O position to be recognized by RIG-I 
( 12 ). dsRNAs with short 3 ′ overhangs or bulge loops can also 
serve as potent RIG-I ligands ( 9 ). Synthetic dsRNAs, including 
RNA duplexes and stem loop RNAs, with as few as 10 base 
pairs, have been also shown to activate RIG-I ( 13 ,14 ). Finally, 
investigations into immunogenic RNAs during in"uenza A 

virus (IAV) infection have identi!ed 5 ′ -ppp single-stranded ge- 
nomic RNAs (ssRNAs) ( 15 ) as well as 80-nucleotide long mini 
viral RNAs ( 16 ) as effective stimulators for the RIG-I / IFN 

pathway. 
In vitro transcription (IVT) employing T7 polymerase 

serves various purposes, including RNA production for re- 
search, mRNA-based drugs and vaccines ( 17 ,18 ). However, 
it introduces a 5 ′ -ppp moiety that can activate the RIG-I / IFN 

pathway ( 19 ) and IFN-induced proteins with tetratricopep- 
tide repeats 1 and 5 (IFIT1 and IFIT5 proteins) ( 20–22 ). 
Notably, IVT can also generate unintended dsRNA byprod- 
ucts from random priming of abortive transcripts ( 23 ), turn- 
around transcription of run-off transcripts ( 24 ) or via pro- 
moterless transcription from sense strand of RNA or anti- 
sense strand of template DNA ( 19 ,25–27 ). Cellular response 
to those dsRNAs can result in undesirable suppression of pro- 
tein synthesis and cell death, which in turn can drastically re- 
duce the ef!cacy of mRNA therapies. Such dsRNA byproducts 
require complex puri!cation processes and strategies to make 
the IVT less immunogenic, including puri!cation by reversed- 
phase HPLC ( 28 ), cellulose !bers-mediated removal of dsR- 
NAs ( 29 ) or incorporation of N1-methylpseudouridine (1m !) 
( 30 ,31 ). 

There are several classes of T7 promoters ( 32 ). Class 
III promoters, the most used, favor the incorporation of 
guanosine (G), while class II promoters facilitate ef!cient 
initiation from adenosine (A) or adenosine-containing coen- 
zymes ( 33 ). Crucially, the ability to integrate either 5 ′ - 
pppG or 5 ′ -pppA by T7 polymerase has been leveraged 
in the production of S AR S-CoV-2 mRNA vaccines. Mod- 
erna incorporated Cap1 enzymatically on the 5 ′ -pppG- 
containing IVT RNAs ( 33 ), while BioNTech employed co- 
transcriptional addition of an AG-trinucleotide Cap1 ana- 
log (CleanCap) ( 34 ). However, even the most advanced cap- 
ping protocols leave a fraction of uncapped, immunogenic 
5 ′ -ppp RNA ( 35 ). Although widely utilized in medicine 
and research, the impact of different 5 ′ nucleosides on the 
immunogenicity and purity of IVT RNAs has not been 
investigated. 

Here, we demonstrate that despite their similar struc- 
tures, IVT RNAs originating from 5 ′ -pppA exhibit signi!- 
cantly higher immunogenicity compared to those originat- 
ing from 5 ′ -pppG. This difference was observed across hu- 
man and mouse cultured cells and was further validated 
in our novel mouse model, where the IFN- β gene was re- 
placed with the mKate2 "uorescent reporter. The activa- 
tion of innate immunity by 5 ′ -pppA RNAs relied on both 
RIG-I and the presence of 5 ′ -ppp. Unexpectedly, our !nd- 
ings revealed that IVT reactions initiated with 5 ′ -pppA 

generate signi!cantly greater levels of highly immunogenic, 

blunt-end dsRNAs, compared to their 5 ′ -pppG counterparts. 
Elevated amounts of dsRNA were detected in short 5 ′ - 
pppA RNAs and full-length mRNAs, including erythropoi- 
etin (EPO) mRNA and COVID-19 vaccine mRNA harbour- 
ing the complete sequence of the spike protein, where termi- 
nal adenosine was employed during IVT reaction. This has 
signi!cant implications for understanding the immunogenic- 
ity of IVT RNAs, existing mRNA medicines and their future 
development. 

Materials and methods 

Production of RNA with IVT reaction 

RNA transcripts representing both viral and host origin, were 
prepared using IVT reaction ( Supplementary Table S1 ). RNA 

representing miniviral RNA ( 36 ) was derived by truncating 76 
nucleotides from segment 8 th of the IAV genome (GenBank: 
NC_002020.1). Short non-coding Y5 RNA (84 nucleotides; 
GenBank: NR_001571.2) was representing the host RNA. 

The transcription template was !rst ampli!ed using the 
High-Fidelity Phusion DNA Polymerase (Thermo #F530L) 
and primers ( Supplementary Table S2 ) appending T7 Class 
III (T AA T A CGA CTCA CT A T A) or φ2.5 Class II (T AA T AC- 
GA CTCA CT A TT) promoter sequence to produce 5 ′ -pppA 

RNA or 5 ′ -pppG RNAs, respectively. ( 37 ) Subsequent IVT re- 
action producing 5 ′ -triphosphorylated RNAs was performed 
with NxGen T7 RNA Polymerase (Biosearch Technologies 
#30223–1). Then RNA was precipitated with 3 M Sodium 

Acetate (pH 5.1) and 100% EtOH, washed with 100% EtOH 

and resuspended in UP water. The RNA in 2 × loading buffer 
(7 M urea, bromophenol blue, and xylene cyanol) was then 
run on a denaturing polyacrylamide gel (10% polyacrylamide, 
7.5 M urea in 1 × TBE) for 2 h. RNA was stained with 
Stains-all (Sigma-Aldrich #E9379) and bands of a speci!c size 
corresponding to respective RNA were excised with individ- 
ual scalpel blades. Then RNA was extracted (0.3 M Sodium 

Acetate pH 5.2; 0.5 mM EDTA; 0.1% SDS) and precipi- 
tated again. RNA was washed with 100% EtOH, resuspended 
in UP water and !ltered on Spin-X Centrifuge Tube Filters 
(Costar #8160) to remove remaining gel residues. RNA con- 
centrations were assessed with NanoDrop and adjusted to 
50 ng / µl. RNA was aliquoted and stored at -80 ◦C. Denatur- 
ing PAGE / urea gel electrophoresis was repeated to con!rm 

that no extra bands were observed in the !nal RNA prepa- 
ration. Dephosphorylated RNA was produced with FastAP 
enzyme (Thermo #EF0654) and cleaned using column puri!- 
cation (Invitek Invisorb Spin Virus RNA Mini Kit). The 3p- 
hpRNA at a concentration of 100 ng / ml (InvivoGen #tlrl- 
hprna) or no RNA were used as positive and negative controls, 
respectively. 

Splint ligation 

RNA was produced by ligation of in vitro transcribed 5 ′ ac- 
ceptor RNA fragment with chemically produced 3 ′ donor 
RNA containing 5 ′ monophosphate essential for ligase activ- 
ity using T4 Ligase 2 (NEB #M0239S). Additionally, the ss- 
DNA fragment complementary to the 3 ′ end of the acceptor 
and the 5 ′ end of the donor was used as a splint to increase 
the speci!city of ligation. Ligation was performed according 
to the manufacturer protocol for the T4 Ligase 2 enzyme. Lig- 
ated RNA was precipitated and puri!ed from PAGE / urea gel 
with the procedure described in the IVT reaction section. 
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Production of dsRNA 

Fully complementary RNA strands were produced with IVT 

or splint ligation reaction described above. The sequences and 
primers are listed in the Supplementary Tables S1 and S2 . 
Equal quantities of sense and antisense strands were mixed 
in a refolding buffer (0.1 M Tris-HCl pH 7.5, 0.1 M NaCl, 5 
mM MgCl 2 ) and incubated at + 80 

◦C for 10 min and then at 
room temperature for 30 min. dsRNA was placed in tubes on 
ice and then used for further experiments. 

Native polyacrylamide gel electrophoresis 

For native polyacrylamide gel electrophoresis, a native gel 
loading buffer (1 mM Tris-HCl pH 7.5, 5% glycerol, 0.001% 

bromophenol blue) was added to the samples and mixed. The 
mixtures were overlaid on a non-denaturing 12% polyacry- 
lamide gel (prerun step was performed at 8 W for 45 min 
at + 4 ◦C). After electrophoresis at 8 W for 120 min at + 4 ◦C, 
the gels were stained with SYBR Gold nucleic acid gel stain 
(Invitrogen #S11494). Imaging was performed with a Chemi- 
doc MP (Bio-Rad Laboratories). 

Cell culture 

Murine bone marrow cells and !broblasts were obtained 
from C57BL6J / Rj mice as previously described ( 38 ,39 ). Bone 
marrow cells were cultured with 20 ng / ml of macrophage 
colony-stimulating factor (BioLegend #576404) for 7 days 
as previously described ( 39 ) to generate BMDMs. Human 
A549, HEK293, THP-1, Calu1, HEK-Blue IFN- α/ β cells, and 
murine MEF, BMDM, primary !broblasts, B16-Blue IFN- 
α/ β cells were maintained in Dulbecco’s Modi!ed Eagle’s 
Medium (DMEM; Gibco #32430) supplemented with 10% 

fetal bovine serum (Gibco #10270–106). HEK-Blue IFN- α/ β

were cultured with 100 µg / ml Zeocine (InvivoGen #ant-zn-1) 
and 30 µg / ml Blasticidine (InvivoGen #ant-bl-05). B16-Blue 
IFN- α/ β cells were supplemented with 100 µg / ml of Zeocine 
only. Primary cell cultures (!broblasts and BMDMs) were es- 
tablished in presence of 1 × Penicillin-Streptomycin (Gibco 
#15140122) and 0.1 mg / ml Gentamicin (Gibco #15710064). 
Cells were cultured at + 37 ◦C in a 5% CO 2 humidi- 
!ed incubator. The list of cell lines used is provided in 
Supplementary Table S3 . 

Transfection of RNAs in cell culture 

Cells were seeded in a 12-well plate at a concentration of 0.3–
0.7 × 10 6 cells per well and incubated for 24–48 h. RNA was 
mixed with Lipofectamine: (100 ng RNA was prediluted in 
125 µl of OptiMEM (Gibco #11058), then 2 µl of Lipofec- 
tamine 2000 (Invitrogen #11668) prediluted in 125 µl of Op- 
tiMEM was added) and after incubation at RT for 30 min 
750 µl of cell culture medium was added. Leading to a !nal 
concentration of 100 ng RNA per ml of medium. RNA with 
medium was added to cells and incubated for 8 h (A549) or 
24 h (HEK293, THP-1, Calu1, MEF, BMDM, primary !brob- 
lasts). Supernatants and cell lysates in Roeder D Buffer (1.38 
M glucose; 100 mM KCl, 2 mM EDTA; 100 mM Tris HCl 
pH 8; 0.2 mM PMSF and 12.5 mM DTT) were collected and 
processed either for IFN assay or western blot. 

Infection with IAV 

Firstly, HEK293 cells were seeded in a 48-well plate at a den- 
sity of 10 5 cells per well in cell culture medium (DMEM 

supplemented with 10% heat-inactivated FBS). Secondly, af- 
ter 24h of incubation (5% CO 2 , 37 

◦C), cells were transfected 
with 100 ng / ml of RNA representing a fragment of the IAV 

genome (short viral RNA) in 0.4 ml per well. Thirdly, after an- 
other 24 h of incubation (5% CO 2 , 37 

◦C), cells were washed 
with DMEM and inoculated with the NS1 mutant of the IAV 

(A / PR / 8 / 34_NS1(R38A / K41A)) at an MOI of 0.0001 in 0.2 
ml of medium (DMEM supplemented with 0.14% BSA). Af- 
ter 0.5 h of incubation (5% CO 2 , 37 

◦C), one ml of virus 
growth medium (DMEM supplemented with 0.14% BSA and 
0.2 µg / ml TPCK-treated trypsin) was added, and cells were 
incubated with the virus (5% CO 2 , 37 

◦C). Around 50 µl 
of supernatant was collected at 0, 24, 48, 72 and 96 h and 
titrated with the endpoint dilution assay. Fifty percent cell cul- 
ture infective dose (CCID50) endpoint titers were calculated 
by the Spearman–Kärber formula and expressed as a decimal 
logarithm. 

HEK-blue type I IFN assay 

Supernatants from murine cells (MEF, BMDM, primary !- 
broblasts) were processed with B16-Blue and from human 
(A549, HEK293, THP-1, Calu-1) with HEK-Blue cells-based 
assays in quadruplicates. Twenty µl of supernatants (undiluted 
or prediluted 1:7) were added to 50 000 of HEK-Blue or 100 
000 of B16-Blue cells in a 96-well plate. A standard curve 
was generated in parallel by serial dilutions of recombinant 
IFN- β standard in DMEM (R&D Systems #8499-IF-010 and 
#8234-MB-010). After overnight incubation (24 h), 20 µl of 
supernatants were mixed with 180 µl of the working solu- 
tion of the QUANTI-Blue reagent (InvivoGen #rep-qbs) and 
incubated at 37 ◦C for 0.1–3 h. Absorbance was measured at 
654 nm using a Tecan’s Sunrise absorbance microplate reader. 
Blank values were subtracted from all wells and the 4PL stan- 
dard curves were !tted to provide semiquantitative analyses 
of the IFN concentrations produced in the RNA-transfected 
cells ( 40 ,41 ). 

For estimating the apparent dissociation constant (K d ), !rst, 
the optical density values for the blank wells were subtracted 
from the experimental data. In the colour reaction controlled 
by alkaline phosphatase, the optical density increased at 
higher RNA concentrations, and the data were !tted to a four- 
parameter (4PL) sigmoid curve model (OpticalDensity = Bot- 
tom + (Top - Bottom) / (1 + (K d / RNAConcentration) Slope ) 
with one constraint applied (Bottom = 0). To identify outliers 
in the dataset, Robust regression and OUTlier removal algo- 
rithm (ROUT) was employed. The false discovery rate was set 
at a 1% level (Q = 1%) ( 42 ). To compare K d values between 
different datasets, we applied the entropy maximization prin- 
ciple using Akaike’s Information Criterion corrected for small 
sample size (AICc). The probability of a shared K d value !t- 
ting both models was computed using the relative likelihood 
(Akaike’s Probability = 1 - (e "AICc / 2 + 1) −1 ). 

Detection of dsRNAs in IVT-derived RNAs using dot 
blot analysis 

RNAs were produced with IVT reaction and fully comple- 
mentary strands were mixed in equal quantities to produce 
dsRNAs as described above. Refolded RNA was diluted to 
contain 2 µg, 200 ng, 20 ng, 2 ng or 0.2 ng in 5 µl for 
dot blotting. DNase I treated RNA was produced according 
to the protocol provided (Thermo # EN0521) and cleaned 
using column puri!cation. RNA solution was spotted on a 
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positively charged nylon membrane (Invitrogen #AM10100) 
and each dot had an equal volume of 5 µl. The dots 
were air-dried and then crosslinked to the membrane us- 
ing 120 mJ / cm2 UV (254 nm) light for 30 s. Membranes 
were brie"y washed with PBS (Gibco #14 190) contain- 
ing 0.1% Tween (Sigma-Aldrich #P9416). Membranes were 
then blocked for 2 h at room temperature with blocking 
solution that contained 50 µg / ml Sheared Salmon DNA 

(Thermo #AM9680), 5% non-fat milk wt:vol and 0.1 µl / ml 
RiboLock (Thermo #EO0381) in PBS-Tween. The blocked 
membranes were incubated with J2 antibody (Jena bioscience 
#RNT-SCI-10010200; 1 / 1000) diluted in PBS-Tween with 
2% non-fat milk wt:vol overnight at + 4 ◦C. Then, the mem- 
branes were washed three times with PBS-Tween, incubated 
with secondary antibodies (Polyclonal Goat Anti-Mouse 
Immunoglobulins / HRP, Agilent Dako #P0447, 1 / 2000) di- 
luted in PBS-Tween with 2% non-fat milk wt:vol for 1 h at 
room temperature and washed three times with PBS-Tween. 
For the chemiluminescence reaction, peroxide ECL reagents 
(Bio-Rad #170–5061) were applied and then, the membranes 
were visualized using a Chemidoc MP (Bio-Rad Laboratories). 

RNAs from Moderna and BioNTech S AR S-CoV-2 vaccines 
were isolated by TRIzol™LS Reagent extraction (Invitrogen 
#10296028) according to the manufacturer’s instructions and 
dissolved in nuclease-free water. The RNA utilized to generate 
the standard curve of the amount of dsRNA in S AR S-CoV-2 
vaccines RNAs was the dsRNA genome of bacteriophage #6 
(kind gift from dr Krzysztof Skowronek, IIMCB). #6 dsRNA 

was diluted to contain 500, 250, 125, 63, 31 and 16 pg in 5 
µl for dot blotting. S AR S-CoV-2 vaccines RNAs were diluted 
to contain 400, 200, 100, 50, 25 and 13 ng in 5 µl for dot 
blotting. The RNAs were then processed in the same way as 
IVT-derived RNAs described above. 

Standard curve generated by image analysis densitometry 
of fully complementary RNA was used to calculate the level 
of dsRNA contamination in IVT-derived RNAs. 

dsRNA immuno-northern blot 

Around 2 µg of ssRNAs or dsRNAs were subjected to non- 
denaturing polyacrylamide gel electrophoresis as described 
above. Then, RNA transfer to a positively charged nylon 
membrane was performed using a wet transfer apparatus. 
Cold 0.5 × TBE buffer was used as a transfer buffer. The 
RNA transferred to the membranes was then crosslinked to 
the membrane using 120 mJ / cm2 UV light for 30 s. Mem- 
branes were brie"y washed with PBS-Tween and then blocked 
for 2 h at room temperature with blocking solution (50 µg / ml 
Sheared Salmon DNA, 5% non-fat milk wt:vol and 0.1 µl / ml 
RiboLock in PBS-Tween). The blocked membranes were in- 
cubated with J2 antibody (1 / 1000) diluted in PBS-Tween 
with 2% non-fat milk wt:vol overnight at + 4 ◦C. Then, the 
membranes were washed three times with PBS-Tween, incu- 
bated with HRP-conjugated anti-mouse secondary antibody 
(1 / 2000) diluted in PBS-Tween with 2% non-fat milk wt:vol 
for 1 h at room temperature and washed three times with PBS- 
Tween. For the chemiluminescence reaction, peroxide ECL 

reagents were applied and then, the membranes were visual- 
ized using a Chemidoc MP. 

Western blotting 

Cell monolayers were washed once with ice-cold 1 × DPBS 
and resuspended in 50 µl of a Roeder D buffer (100 mM 

KCl, 20% (p / v) glycerol, 0.2 mM EDTA, 100 mM Tris HCl 
pH 8.0, 0.5 mM DTT, 0.2 mM PMSF). After vortexing, cells 
were sonicated with Diagenode’s Bioruptor Pico sonication 
device for 10 min and centrifuged (16 000 × g, 5 min, +4 ◦C). 
Supernatants were moved to pre-chilled low protein binding 
tubes and after quantifying protein concentration with Nan- 
oDrop stored at -80 ◦C. Twenty to hundred µg of protein 
extract was mixed with 5 × SB buffer (250 mM Tris-HCl, 
10% SDS, 50% glycerol, 250 mM DTT, 0.02% bromophe- 
nol blue) and resolved using a 10% gel. Proteins were trans- 
ferred to nitrocellulose membranes (Amersham #10600007) 
using a wet transfer apparatus. Membranes were blocked with 
1% Western Blocking Reagent (WBR; Roche #11 921681001) 
or 5% BSA in TBST buffer for 1 h at room temperature. 
Membranes stained for pIRF3 were blocked with 5% BSA 

in TBST buffer. The blocked membranes were incubated 
with primary antibodies diluted in 0.5% WBR in TBST 

overnight at + 4 ◦C ( Supplementary Table S4 ), washed three 
times with TBST, incubated with secondary antibodies di- 
luted in 0.5% WBR in TBST for 1 h at room temperature 
(Polyclonal Goat Anti-Rabbit Immunoglobulins / HRP, Agi- 
lent Dako #P0448, 1 / 2000), washed three times with TBST. 
For the chemiluminescence reaction, peroxide ECL reagents 
(Bio-Rad #170–5061) were applied to each band and then, the 
membranes were visualized using a Chemidoc MP (Bio-Rad 
Laboratories). 

SHAPE analysis 

RNA was processed with the EclipseBio SHAPE Single RNA 

Kit according to manufacturer’s instructions. Brie"y, re-folded 
RNA molecules were probed with NAI (2-methylnicotinic 
acid imidazolide), a structure probing agent, or DMSO con- 
trol. Then an adapter was ligated to the 3 ′ end of the RNA 

and during reverse transcription reaction NAI induced muta- 
tions in the produced cDNA. Later, PCR-ampli!ed libraries 
were subjected to Illumina 100-bp single-ended sequencing. 
We processed two replicates for Y5 and three replicates for 
short viral RNAs. For each replicate of NAI and DMSO, 
the data underwent the following analysis: UMI extraction 
with umi_tools , quality, and adapter trimming with cutadapt , 
repetitive element removal, alignment to hg38 using the STAR 

aligner , and PCR deduplication with umi_tools (10 bp UMI 
sequence). The speci!c alignment parameters were like those 
used by ShapeMapper2 ( 43 ). To access coverage depth reads 
from DMSO-treated RNA samples were split into either neg- 
ative or positive strands with samtools and analyzed with 
bedtools . 

Next, mutations (mismatches, insertions, deletions) and 
coverages were counted with custom Python scripts to com- 
pute mutation rates per base. Finally, NAI and DMSO mu- 
tation rates were subtracted and scaled with the interquartile 
range, which is the raw reactivity divided by 1.5 ×(Q 3 -Q 1 ). 
With Q 3 and Q 1 being the 75 

th quartile and the 25 th quar- 
tile of the raw reactivities per RNA. Reactivities for all bases 
with > 10 000 × coverage was reported. 

Statistical comparison between reactivity pro!les of two 
RNAs was conducted via the empirical Bayes (eBayes) 
t-test implemented in the Bioconductor package limma 
( 44 ). Reactivity scores per replicate were square-root trans- 
formed. Next, a standard linear model was !tted, and 
a t-test was performed to identify positions where both 
RNA molecules have signi!cantly different reactivity scores. 
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The eBayes method shrinks position-wise variances for 
the computation of t-statistics which effectively increases 
the degrees of freedom, and consequently, the power to 
identify signi!cant differences. Finally, mean reactivity per 
RNA was plotted. P < 0.001 was considered statistically 
signi!cant. 

IFN- β/ mKate2 mouse 

A genetically modi!ed mouse line was created in the Genome 
Engineering Unit at the International Institute of Molecular 
and Cell Biology ( https:// geu.iimcb.gov.pl/ ). 

The mKate2 "uorescent marker nucleotides sequence, op- 
timized for the mouse genome was inserted at the beginning 
of the IFN- β coding sequence [GenBank: NM_010510.2] us- 
ing the CRISPR / Cas9 -based methodology as previously de- 
scribed ( 45 ) ( Supplementary Figure S5 ). Brie"y, C57BL6J / Rj 
zygotes were microinjected with Cas9 mRNA (25 ng / µl), 
sgRNA (GGU AGC AGCCGAC ACC AGCC; 12.5 ng / µl), and 
repair template dsDNA with 60 bp homology arms. To 
ensure proper transcription termination, two SV40 early 
mRNA polyadenylation signal sequences were added after the 
mKate2 sequence. An additional G > C mutation in the 5 ′ 

UTR was introduced to destroy the PAM sequence. Zygotes 
were surgically transferred to surrogate females and pups 
were screened by the PCR method using primers "anking the 
inserted sequence (forward primer: TGGGAAATTCCTCT- 
GA GGCA G; reverse primer: A GGCA GTGTAA CTCTTCTG- 
CATC) and the presence of the correct insert ( Supplementary 
Figure S5 ) was con!rmed through Sanger sequencing. 
Founder mice were backcrossed with wild-type mice to get 
N1 generation animals. For routine genotyping, DNA from 

ear tips was extracted using the HotShot method ( 46 ), and 
a 3-primer method was used for PCR (forward primer: 
TGGGAAATTCCTCTGA GGCA G; reverse primer #1: AG- 
GCA GTGTAA CTCTTCTGCATC; reverse primer #2: TTAC- 
CGGTGGCCGA GCTTA C). 

Mice were bred and maintained in the animal facilities of 
the IIMCB under standard conditions with the approval of the 
Polish Ministry of the Environment (decision #29 / 2023). The 
housing conditions in ventilated cages (Tecniplast #EM500) 
!lled with wood chip bedding, enriched with nesting mate- 
rial, plastic houses, and cardboard tubes were in adherence 
with the Regulation of the Minister of Agriculture and Rural 
Development of 29 April 2022. 

Mice were provided ad libitum with water and rodent 
feed (Altromin #1324TPF). The environmental conditions in- 
cluded a relative humidity of 45–65% and a room temper- 
ature of 20–24 ◦C. The ventilation system ensured 75 air 
changes per hour for each cage. The lighting schedule followed 
a 12-h light / 12-h dark cycle (lights on from 6:00 to 18:00). 

Regular health monitoring was conducted at the IDEXX 

laboratory, and all animal procedures adhered to the 
guidelines of the EU Directive #2010 / 63 / EU for animal 
experiments. 

RNA encapsulation into lipid nanoparticles 

Lipid mix composition (50:10:38.5:1.5 molar ratio of DLin- 
MC3-DMA:DSPC:Cholesterol:PEG2000-DMG) was com- 
posed as previously described ( 47 ). RNA was encapsulated 
with a vortex mixing method (3:1 vol:vol ratio of RNA 

to lipid) and the N / P ratio (cationic nitrogen groups from 

the ionizable lipid over anionic phosphate groups from the 

mRNA) was ∼3. Buffer was exchanged for 1 × DPBS 
and LNPs were concentrated by centrifugation on Ami- 
con 50 kDa !lter unit (Merck #UFC805024). Size distri- 
bution and polydispersity index were determined using dy- 
namic light scattering on Zetasizer Ultra Red (Malvern) 
in PBS buffer at 25 ◦C in backscatter mode. Encapsu- 
lation ef!ciency and concentration of mRNA entrapped 
in LNPs were determined using the Quant-iT Ribogreen 
RNA assay (Invitrogen #R11490) by comparing "uores- 
cence intensities in the presence or absence of 0.1% (w / v) 
Triton X-100. 

IV injection of RNA-LNP complexes in 

IFN- β/ mKate2 reporter mice and preparing cell 
suspensions 

The study protocol (#WAW2 / 124 / 2023) was approved by 
the 2 nd Local Ethics Committee for Animal Experimentation 
in Warsaw. Randomly selected IFN- β/ mKate2 heterozygous 
male animals over 6 weeks of age were intravenously injected 
with 100 µg / kg of RNA encapsulated into LNP-RNA com- 
plexes and resuspended in sterile 0.85% NaCl up to 60 µl. In 
24 h, animals were euthanized with CO 2 and exsanguinated. 
The spleen and liver were extracted, minced with scissors, 
and pressed through a 70 µm strainer (Corning #431751) 
in the presence of ice-cold HBSS (Gibco #14025092). Cells 
were centrifuged at 200 × g for 3 min at 4 ◦C and the pel- 
let was washed. Red blood cell depletion was made with lysis 
buffer (BioLegend #420301) according to manufacturer’s rec- 
ommendations. 

Flow cytometry 

Flow cytometry was performed on a Beckman Coulter 
CytoFLEX "ow cytometer. Data acquisition and analysis were 
done with Beckman Coulter CytExpert 2.3 software. Dead 
cells were excluded from the analysis using live / dead Fixable 
Violet Dead Cell Stain Kit (Life Technologies #L34955) ac- 
cording to the manufacturer’s protocol. Life / dead stain was 
excited using a 405 nm laser and the signal was detected us- 
ing a 450 / 45 detector. mKate2 was excited using a 561 nm 

laser and the signal was detected using a 610 / 20 detector. 
The compensation matrix for relevant channels was calcu- 
lated by the software. For the 450 / 45 detector, the compen- 
sated value was 14.57 and for the 610 / 20 detector the com- 
pensated value was 1.4. One million events were collected per 
sample. 

Image acquisition and analysis with Opera Phenix 

BMDM plated in 96-well plates (Greiner Bio-One #655090) 
at a density of 10 4 cells per well were subjected to lipofection 
with RNAs. Then nine non-overlapping images per well with 
a resolution of 1080 × 1080 were captured on an hourly base 
using a 10 × objective and 2 × binning in non-confocal mode 
on the PerkinElmer Opera Phenix High-Content Screening 
System. Image acquisition and quantitative analysis were per- 
formed using the built-in software, Harmony 4.9. The cham- 
ber temperature was maintained at 37 ◦C, with CO 2 levels set 
at 5%. 

Before analysis, "at-!eld correction was applied and, sub- 
sequently, cells were segmented based on the mKate2 signal. 
The subpopulation of cells with 150–800 µm 

2 of area occu- 
pied that started to exhibit mKate2+ (’+’-positive) signal with 
a mean intensity of ≥ 400 was counted. 
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HEK293 RIG-I CRISPR / Cas9 knockout and A549 

MAVS CRISPR / Cas9 knockout 

HEK293 cells were co-transfected with 200 ng of GeneArt 
CRISPR Nuclease mRNA (Invitrogen #A29378) in addition 
to sgRNA prepared by mixing "uorescently labelled Alt- 
R CRISPR - Cas9 tracrRNA, ATT O 488, (IDT #10010170) 
with Alt-R CRISPR- Cas9 crRNA targeting sequence in 
intron 1 of DDX58 gene encoding RIG-I protein (IDT 

#Hs.Cas9.DDX58.1.AA – GGA UUA UA UCCGGAA GA CCC) 
at 4 nM !nal concentration. After 24 h, "uorescence-positive 
cells were sorted using BD FACSAria II cell sorter to a 96-well 
plate at a seeding concentration of one cell per well, and the 
cells were grown in penicillin / streptomycin (Gibco #15140–
122) containing DMEM until single colonies were established. 
Next, cells were split into two 96-well plates, one of which 
was used for a dot blot analysis. For the dot blot analysis, cells 
were washed once in cold PBS before adding 20 µl of Roeder 
D Buffer per well and sonication for 10 min (30 s ON / 30 
s OFF). Six microliters of protein from each well were spot- 
ted directly onto a nitrocellulose membrane followed by west- 
ern blot. Selected clones were seeded from the second 96-well 
plate into 6-well plates and grown. The RIG-I levels were val- 
idated by standard western blot. Recombinant human IFN- β
(R&D Systems #8499-IF-010) treatment was used to induce 
RIG-I expression and to correctly select clones with no RIG-I 
detectable. A549 MAVS knockout cell line was kindly pro- 
vided by Prof. Tomasz Lipniacki. The cell line was generated 
using CRISPR- Cas9 as described in ( 48 ). 

RNA pulldown mass spectrometry (RP-MS) analysis 

RP-MS assay was based on a previously described RNA pull- 
down SILAC Mass Spectrometry method ( 49 ). 500 pmol of 
in vitro transcribed and PAGE puri!ed RNA was treated with 
100 mM Sodium Acetate and 5 mM sodium (meta)periodate 
in 200 µl of water and rotated for 1 h at room temperature 
in the dark. The RNA was precipitated by adding 600 µl of 
100% ethanol and 15 µl of 3 M Sodium Acetate and incu- 
bating on dry ice for 30 min, followed by centrifugation at 16 
000 × g, +4 ◦C for 20 min. The RNA pellet was washed with 
70% ethanol, followed by 5 min centrifugation at 16 000 × g 
and resuspended in 500 µl of 100 mM Sodium Acetate 
pH 5.2. 

For one reaction 250 µl of adipic acid dihydrazide-agarose 
beads (Sigma-Aldrich #A0802) were washed 3 × with 100 
mM Sodium Acetate followed by centrifugation at 2000 × g, 
+4 ◦C for 2 min, then mixed with 500 µl of the periodate oxi- 
dized RNA and incubated overnight at + 4 ◦C in the dark with 
rotation. The RNA-beads were washed by mixing with 700 
µl of 4 M KCl and rocking for 30 min at room temperature 
and centrifuged at 2000 × g for 5 min, then washed 2 × with 
2 M KCl, 2 × with Buffer G (20 mM Tris-HCl pH 7.5, 137 
mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 1.5 
mM MgCl 2 , 1 mM DTT and 200 µM PMSF) and 1 × with 
Roeder D followed by 2 min centrifugation at 2000 × g. Con- 
trol beads with no RNA attached were also prepared. 

One mg of total protein extract was added to RNA-beads. 
The mixture was supplemented with 1.5 M MgCl 2 , 25 mM 

creatine phosphate, 100 mM ATP, and 2.5 µl of RiboPro- 
tect Hu RNase Inhibitor (Blirt #RT35). The mixture vol- 
ume was adjusted to 650 µl with nuclease-free water. The 
RNA-beads-cell lysates mixtures were incubated at 37 ◦C for 
30 min with shaking. After three washes with Buffer G, the 

beads were mixed with 60 µl of 5 × Sample Buffer. Pro- 
teins captured by RNA were denatured at 95 ◦C for 10 min 
with shaking. Around 30 µl of the supernatant was loaded 
onto SDS-PAGE or NuPAGE gel and western blot or mass 
spectrometry analysis was performed to detect the proteins 
respectively. 

For mass spectrometry analysis proteins were separated on 
gel (NuPAGE Novex 4–12% Bis-Tris gel, Life Technologies), 
in NuPAGE buffer (MOPS) for 10 min and visualized using 
InstantBlue stain (Abcam). The stained gel band was excised 
and de-stained with 50 mM ammonium bicarbonate (Sigma 
Aldrich) and 100% (v / v) acetonitrile (Sigma Aldrich) and pro- 
teins were digested with trypsin, as previously described ( 50 ). 
In brief, proteins were reduced in 10 mM dithiothreitol (Sigma 
Aldrich) for 30 min at 37 ◦C and alkylated in 55 mM iodoac- 
etamide (Sigma Aldrich) for 20 min at ambient temperature 
in the dark. They were then digested overnight at 37 ◦C with 
13 ng / µl trypsin (Pierce). Following digestion, samples were 
diluted with an equal volume of 0.1% TFA. 

The equivalent of 50 ng of the digest was loaded on the 
Evotip™ using the standard producer protocol. We utilized 
EVOSEP coupled to a TimsTOF ULTRA (Bruker) mass spec- 
trometer equipped with a Captive Spray II source (Bruker). 
The separation was carried out on a Performance Column 
OE measuring 8 cm × 150 µm ID, with a particle size of 
1.5 µm, maintained at 40 ◦C. We employed the standard 
60SPD EVOSEP method, applying a 21-min gradient for a to- 
tal sample-to-sample time of 24 min using Solvent A: 0.1% 

formic acid (FA) and Solvent B: acetonitrile (ACN) / 0.1% FA 

(Thermo Fisher Scienti!c™ Optima LCMS grade). 
The dia-PASEF acquisition scheme was optimized for a cy- 

cle time estimate of 1.38 s. The window scheme was designed 
to cover most of the charge 2 precursor ions in the range m / z 
391 − 1142 and 1 / K0 0.68 − 1.36, using 22 × 31 Th win- 
dows, with accumulation and ramp times of 100 ms. The mass 
spectrometer was operated in the ‘high sensitivity detection’ 
(‘low sample amount’) mode. 

The DIA-NN software platform ( 51 ) version 1.9.1. was 
used to process the raw !les from label-free DIA and the 
search was conducted against the Homo sapiens reference 
proteome UP000005640 (Uniprot, released in 2019). Precur- 
sor ion generation was based on the chosen protein database 
(automatically generated spectral library) with deep-learning 
based spectra, retention time and IMs prediction. Digestion 
mode was set to speci!c with trypsin allowing maximum of 
one missed cleavage. Carbamidomethylation of cysteine was 
set as !xed modi!cation. Oxidation of methionine, and acety- 
lation of the N-terminus were set as variable modi!cations. 
MS1 and MS2 mass accuracies were set to 15 ppm. The pa- 
rameters for peptide length range, precursor charge range, pre- 
cursor m / z range and fragment ion m / z range as well as other 
software parameters were used with their default values. The 
precursor FDR was set to 1%. 

Protein intensities were quanti!ed from peptide intensi- 
ties with directLFQ Python package ( 52 ). Statistical analy- 
sis was performed with R [R Core Team (2021). R: A lan- 
guage and environment for statistical computing. R Founda- 
tion for Statistical Computing, Vienna, Austria. https://www. 
R-project.org/]. Protti R package ( 53 ) was used for quality 
control, data !ltration, imputation of missing values and sta- 
tistical signi!cance calculation using a moderated t-test based 
on the limma R / Bioconductor package ( 44 ). For functional 
validation, P -values were adjusted for multiple testing with the 

D
o

w
n

lo
a

d
e

d
 fro

m
 h

ttp
s
://a

c
a

d
e

m
ic

.o
u

p
.c

o
m

/n
a

r/a
rtic

le
/5

3
/3

/g
k
a

e
1

2
5

2
/7

9
2

9
3

7
5

 b
y
 M

ie
d

z
y
n

a
ro

d
o

w
y
 In

s
ty

tu
t B

io
lo

g
ii M

o
le

k
u

la
rn

e
j i K

o
m

o
rk

o
w

e
j u

s
e

r o
n

 0
9

 J
u

ly
 2

0
2

5

 37 

 



Nucleic Acids Research , 2025, Vol. 53, No. 3 7 

Benjamini-Hochberg correction. Data visualization was per- 
formed using the ggplot2 R package ( 54 ). 

IVT stability and 5 
′ -end phosphorylation state 

analyses 

HEK293 cells were transfected with short viral RNA and in- 
cubated for 24 h. After incubation total RNA was extracted 
with Trizol, DNA was removed using DNase I treatment and 
RNA was puri!ed with GeneJET RNA Cleanup and Concen- 
tration Micro Kit (Thermo #K0841). Then, 1 mg of puri!ed 
total RNA sample was treated in three different conditions –
without enzyme, with XRN-1 (NEB #M0338S) alone, or with 
XRN-1 and RppH (NEB #M0356S) together. Reactions were 
performed at 37 ◦C for 60 min in dedicated buffer for XRN-1 
enzyme provided by the producer. Then, treated samples were 
processed with RNA clean-up again and prepared for quan- 
ti!cation analysis by cDNA synthesis using microScript mi- 
croRNA cDNA Synthesis Kit (Norgen Biotek #54 410). Quan- 
tities of short viral RNA upon treatment were measured with 
one-step qRT-PCR assay with β-actin mRNA as a reference 
RNA. 

Statistical analysis 

All data are reported as mean ± standard deviation. Statistical 
analyses were performed using GraphPad Prism 10.2.1. 

Results 

Structures of viral and pol III 5 
′ -pppA and 5 

′ -pppG 

RNAs 

To evaluate the signi!cance of the 5 ′ terminal nucleotide iden- 
tity derived from IVT, we initially employed two RNAs: IAV- 
derived short viral RNA and Pol III-derived Y5 RNA. The 
short viral RNA is a derivative of 3p-hpRNA (InvivoGen), 
a commonly used RIG-I ligand representing the !rst 87 nt 
of the positive strand of segment 8 th of the IAV PR8 strain 
genome. By truncating 11 nucleotides from the 3 ′ end, we cre- 
ated a 76 nt RNA that contains a blunt end panhandle struc- 
ture, which should be an optimal RIG-I agonist and which we 
named short viral RNA (Figure 1 A) ( 1 ,55 ). To see how the 
change of the 5 ′ terminal nucleotide affects Pol III transcripts, 
we have chosen Y5 RNA (Figure 1 B), as it has been shown 
before to be endogenous trigger of the RIG-I / IFN pathway 
( 56 ,57 ). To investigate the role of the terminal nucleotide, we 
replaced the initial 5 ′ -pppA with 5 ′ -pppG in both short viral 
and Y5 RNAs, while maintaining the base pairing between the 
5 ′ and 3 ′ -ends by creating Watson-Crick base pairs (A:U and 
G:C) for the initial 5 ′ -pppA or 5 ′ -pppG (Figure 1 A and B). All 
RNAs, produced by IVT, were puri!ed by denaturing prepara- 
tive polyacrylamide / urea gel electrophoresis (PAGE) followed 
by cutting a speci!c band and then !ltered to remove the re- 
maining gel residues. 

The RIG-I / IFN signaling pathway is highly dependent on 
RNA structure and any alterations in RNA ligand base pair- 
ing could have an inhibitory effect on the strength of the 
RIG-I / IFN response ( 58 ,59 ). To !nd out if the substitu- 
tion of nucleosides at the RNA ends could affect the struc- 
ture of 5 ′ -pppA versus 5 ′ -pppG RNAs, in vitro RNA Se- 
lective 2 ′ -Hydroxyl Acylation analyzed by Primer Extension 
(SHAPE) analyses for both, short viral and Y5 RNAs, were 
performed. Secondary structure predictions using the max- 
imum free energy (MFE) algorithm combined with SHAPE 

results revealed that all tested, cognate RNA pairs exhibited 
similar secondary structures (Figure 1 A and B). This was sup- 
ported by comparable SHAPE reactivity values for individ- 
ual nucleotide positions between the 5 ′ -pppA and 5 ′ -pppG 

RNAs (Figure 1 C and D). The Y5 RNA with 5 ′ -pppA showed 
marginally more relaxed SHAPE reactivity in the lower por- 
tion of the stem when compared with the 5 ′ -pppG RNA (Fig- 
ure 1 C and D). Short viral RNA pairs were con!rmed to form 

blunt end panhandle structures, which contain 8-bp double- 
stranded fragments and one mismatch between the 4 th and 
73 rd nucleotides (Figure 1 A) ( 60 ). The Y5 RNA pair was 
found to form long, double-stranded fragments (containing 
one hairpin loop, single-base bulge, and asymmetric internal 
loop) with a 9-nt long 3 ′ overhang corresponding to polyuri- 
dine tail (Figure 1 B), largely like what has been previously 
described ( 61 ). 

IVT 5 
′ -pppA RNAs hyperstimulate the RIG-I / IFN 

pathway in human cells 

To elucidate the role of the 5 ′ terminal nucleotide present in 
IVT-derived RNAs on the strength of RIG-I / IFN pathway 
activation, we transfected IVT short viral RNAs harboring 
5 ′ -pppA or 5 ′ -pppG as a 5 ′ terminal nucleotide into human 
embryonic kidney HEK293 and lung adenocarcinoma A549 
cells. We used a wide range of RNA concentrations between 
0.1 ng / ml and 1000 ng / ml. Using HEK-Blue IFN- α/ β col- 
orimetric assay, we assessed the expression of IFN- α/ β that 
was stimulated by tested RNAs. Notably, we observed sub- 
stantially more ef!cient activation of the RIG-I / IFN pathway 
by short viral RNA initiating with 5 ′ -pppA compared to the 
one starting with 5 ′ -pppG in both HEK293 and A549 cells 
(Figure 2 A and B). The production of IFN-I increased sev- 
eral thousandfold when low concentrations of RNAs were 
used. Only at the highest RNA concentration (1000 ng / ml), 
no signi!cant difference was observed between the 5 ′ -pppA 

and 5 ′ -pppG variants. Con!rmatory !ndings were observed in 
the case of IRF3 protein phosphorylation, which was assessed 
with western blot analysis ( Supplementary Figure S1 A). 

We compared the capability of IVT RNA to induce a type 
I IFN response by estimating the apparent dissociation con- 
stant (K d ) for each RNA variant. There was a 92-fold dif- 
ference in apparent K d values when comparing 5 ′ -pppA with 
5 ′ -pppG short viral RNAs in A549 cells, and a 17-fold dif- 
ference in HEK293 cells ( Supplementary Figure S1 B and C). 
Cells exhibited signi!cant IFN production and difference for 
5 ′ -pppA and 5 ′ -pppG short viral RNAs as early as at 4 h 
into the treatment ( Supplementary Figure S1 D to G) reach- 
ing saturation after 24 h. Both types of RNAs (short vi- 
ral RNA and Y5 RNA) initiating with 5 ′ -pppA tested at 
a concentration of 100 ng / ml also proved much more po- 
tent in phosphorylating IRF3 and inducing RIG-I expression 
as con!rmed by western blot analysis (Figure 2 C and D, 
Supplementary Figure S1 E and G), as well as elevating type 
I IFN, measured with HEK-Blue assay in HEK293 and A549 
cells (Figure 2 A, B, E and F, Supplementary Figure S1 D and 
F). Moreover, the original 3p-hpRNA, which does not have 
a blunt end, also showed similar IRF3 phosphorylation pat- 
tern in both HEK293 and A549 cells when 5 ′ -pppA and 5 ′ - 
pppG variants were compared ( Supplementary Figure S1 H 

and I). 
Control experiments demonstrated that RIG-I was crucial 

for the activation of the pathway by these and other tested 
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Figure 1. SHAPE analysis suggests no major str uct ure rearrangements for short viral RNA and Y5 5 ′ -pppA or 5 ′ -pppG RNAs. ( A , B ) IVT RNAs starting 

either from 5 ′ -pppA or 5 ′ -pppG were subjected to SHAPE analysis. Secondary str uct ures representing viral RNA and Y5 were predicted using the MFE 

algorithm with SHAPE constraints speci!ed. ( 75 ) ( C , D ) Sequencing co v erage e x ceeded the minimal threshold (10 0 0 0 ×) in all replicates of NAI-treated 

samples (solid lines) and DMSO-treated samples (dotted lines). The mutation rate was higher in NAI-treated samples (solid lines). Corresponding spikes 

in mutation, found in NAI and DMSO samples, might indicate a single-nucleotide polymorphism in the sample compared to the reference genome. All 

individual replicates (C: n = 3 for short viral RNA; D: n = 2 for Y5 RNA) are shown both in co v erage and mutation line plots. The following part of the plot 

sho ws o v erla y ed a v erage reactivity le v els betw een the set of RNAs. Higher SHAPE reactivity scores across the RNA of interest correlate with a higher 

likelihood of being unpaired. Negative reactivity values are excluded from the plot. The following part of the plot shows the difference between positive 

reactivity scores. Positions where reactivities are signi!cantly different ( P < 0.001) for A variant versus G variant comparison are marked with an asterisk 

(*). 

RNAs (including 3p-hpRNA, EPO mRNA, and Seg 8 th PR8 
RNA), as no ef!cient IRF3 phosphorylation was detected in 
RIG-I KO HEK293, A549 and THP-1 cells ( Supplementary 
Figure S2 A to C). Additionally, there were marginal levels 
of IRF3 phosphorylation and type I IFN production when 
dephosphorylated short viral and Y5 RNAs were used (Fig- 
ure 2 C–F). Transfection of RIG-I KO cells with poly I:C 

led to robust IRF3 phosphorylation, con!rming the integrity 

of other innate immune sensing pathways ( Supplementary 
Figure S2 A–C). Furthermore, transfection of MAVS KO A549 
and THP-1 cells with the tested RNAs resulted in no or 
marginal IRF3 phosphorylation ( Supplementary Figure S2 D 

and E). In contrast, MDA-5 KO A549 and THP-1 cells ex- 
hibited increased IRF3 phosphorylation in response to all 
tested RNAs ( Supplementary Figure S2 D and E). Differ- 
ences in the immunogenicity of 5 ′ -pppA and 5 ′ -pppG short 
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Figure 2. IVT 5 ′ -pppA RNAs stimulate the RIG-I / IFN pathw a y in human cells more ef!ciently than 5 ′ -pppG RNAs. ( A ) To compare the RIG-I / IFN 

responses triggered by RNAs that begin with 5 ′ -pppA and 5 ′ -pppG, IVT RNA, representing a fragment of the IAV genome, was transfected into HEK293 

cells at various concentrations. The concentrations of type I IFN in the supernatants were assessed using the HEK-Blue IFN assay after 24 h. A selected 

concentration of RNA (100 ng / ml) was used to assess RIG-I levels and IRF3 phosphorylation with western blot upon treatment. ( C ) Dephosphorylated 

viral RNA (100 ng / ml) and Pol III transcript Y5 RNA were subjected to the HEK-Blue IFN assay. ( B , D , F ) Similar experiments were conducted in A549 

cells, with type I IFN concentrations assessed in the supernatants and RIG-I le v els and IRF3 phosphorylation in protein lysates in 8 h after treatment. 

The dotted line represents a lower quanti!cation limit. The positive control (C(+)) involved transfection with 100 ng / ml 3p-hpRNA, while the negative 

control (C( −)) was mock-transfected with lipofectamine alone. ( A , B , E , F ) Upon log-transformation data were compared using tw o-w a y ANO V A with 

Šídák’s multiple comparisons test. Experiments were conducted using either !ve ( A ), four ( E , F ) or three ( B ) biological replicates. 
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viral and Y5 IVT RNAs were observed in Calu-1 and THP- 
1 cell lines ( Supplementary Figure S2 F and G). Notably, pre- 
treatment with 5 ′ -pppA short viral RNA, unlike the 5 ′ -pppG 

variant or dephosphorylated RNAs, signi!cantly reduced IAV 

replication in vitro ( Supplementary Figure S3 ). These !ndings 
suggest that IVT 5 ′ -pppA RNAs activate the innate immune 
response via the RIG-I signaling pathway. 

Next, to broaden our observation, we generated a struc- 
turally diverse collection of IVT 5 ′ -pppA and 5 ′ -pppG RNAs, 
predicted to form blunt ends or 3 ′ overhangs (the se- 
quences and descriptions can be found in Supplementary 
Table S1 ). Irrespective of the predicted RNA structure, 
all tested 5 ′ -pppA RNAs (excluding serine tRNA) exhib- 
ited much stronger RIG-I / IFN pathway stimulation ob- 
served as a higher IRF3 protein phosphorylation in HEK293 
and A549 cells ( Supplementary Figure S4 A and B) and 
increased type I IFN production ( Supplementary Figure 
S4 C). These results show that IVT-derived RNAs initiat- 
ing with 5 ′ -pppA are much more immunogenic in human 
cells than cognate sequences starting with 5 ′ -pppG and em- 
phasize the signi!cance of RNA structure, concentration 
and the duration of RIG-I / IFN pathway stimulation in this 
phenomenon. 

IVT-produced 5 
′ -pppA RNAs hyperstimulate the 

RIG-I / IFN pathway in murine cells 

To elucidate the impact of the 5 ′ terminal nucleotide type 
on the activation strength of the RIG-I / IFN pathway in 
murine cells, we repeated transfections with IVT RNAs in 
cell cultures of murine origin: murine embryonic !broblasts 
cell line (MEF), primary cultures of bone marrow-derived 
macrophages (BMDMs) and skin-derived !broblasts. Simi- 
larly, to human cells, western blot analysis revealed higher 
levels of phosphorylated IRF3 and increased RIG-I expres- 
sion for RNAs starting with 5 ′ -pppA compared to RNAs ini- 
tiating with 5 ′ -pppG (Figure 3 A and B). Furthermore, IVT 

RNAs beginning with 5 ′ -pppA triggered the type I IFN pro- 
duction to a signi!cantly greater extent than those start- 
ing with 5 ′ -pppG in all the tested cell cultures (Figure 3 C 

and D). Upon dephosphorylation of the RNAs, we ob- 
served signi!cantly reduced RIG-I / IFN pathway activation 
or type I IFN production (Figure 3 A–D). Although some 
variation in sensitivity was observed across different cell 
cultures, noteworthy, the highest levels of type I IFN pro- 
duction were observed in immune BMDM cells (Figure 3 C 

and D). 
This observation prompted us to create a reporter knock- 

in mouse line in which the IFN- β gene was replaced with 
the mKate2 open reading frame ( Supplementary Figure S5 ). 
By replacing the IFN- β gene with the reporter we aimed to 
limit the IFN feedback loop and toxicity, focusing mainly 
on the initial RIG-I / IFN pathway activation. We repeated 
the transfection experiments using reporter BMDM cells 
from homozygous mice, enabling us to monitor in real time 
IFN- β expression represented by mKate2 marker produc- 
tion (Figure 3 E). Kinetic data from mKate2+ cells illustrate 
that the onset of IFN- β response starts as early as at 5 h 
post transfection with the response peaking at 20 h (Fig- 
ure 3 F). This response was much more potent for RNAs 
initiating with 5 ′ -pppA and fully triphosphate-dependent. In 
summary, the elevated induction of the RIG-I / IFN pathway 

by 5 ′ -pppA RNAs can be detected in human and mouse 
systems. 

IVT 5 
′ -pppA RNAs hyperstimulate the RIG-I / IFN 

pathway in vivo 

To test if the phenomenon of 5 ′ -pppA RNAs hyperstimu- 
lation of the RIG-I / IFN pathway is observed at the organ- 
ism level, we have injected the IVT RNAs encapsulated into 
lipid nanoparticles (RNA-LNP) in IFN- β/ mKate2 reporter 
mice (Figure 4 A). RNA-LNP complexes were injected intra- 
venously (IV) into reporter mice within 48 h after production 
(Figure 4 A). Twenty-four hours after administration, IFN- 
β/ mKate2+ cells were observed both in the liver and spleen 
(Figure 4 B to D). The number of gated cells with high level 
of mKate2+ signal in mice injected with 5 ′ -pppA was 8 and 
35 times higher compared to 5 ′ -pppG RNA, as measured by 
"ow cytometry in liver and spleen, respectively (Figure 4 C and 
D). This shows that 5 ′ -pppA RNA-mediated hyperstimulation 
of the RIG-I / IFN pathway can be also detected in the whole 
animal. 

IVT 5 
′ -pppA RNAs contain a greater amount of 

dsRNAs compared to 5 
′ -pppG RNAs 

To understand the mechanism behind the hyperstimulation of 
RIG-I / IFN pathway by IVT 5 ′ -pppA RNA, we conducted a 
comprehensive assessment of the levels of dsRNA generated 
by IVT ( 19 ,25 ). For measurements of dsRNA impurities, we 
performed immunodetection using the anti-dsRNA J2 mono- 
clonal antibody, which speci!cally recognizes dsRNA helices 
longer than 40 base pairs. We compared the IVT 5 ′ -pppA and 
5 ′ -pppG RNA variants, including both short viral RNA and 
Y5 RNA. Dot blot analysis of RNA sample dilution series re- 
vealed approximately a 10-fold higher amounts of dsRNA in 
the 5 ′ -pppA variants compared to the 5 ′ -pppG variants both 
for short viral and Y5 RNAs (Figure 5 A and B). As a positive 
control, we prepared dsRNA formed by mixing short viral 
RNA with its IVT fully complementary antisense strand in a 
1:1 ratio. Our results suggest that the main source of enhanced 
immunogenicity of IVT-derived 5 ′ -pppA RNAs is increased 
level of dsRNA production. 

RNAseq performed while analysing SHAPE experiments 
revealed low proportion of reads mapping to the full length of 
the antisense strand ( < 0.1% for short viral RNA and < 0.4% 

for Y5 RNA) ( Supplementary Figure S6 A). Since our RNAs 
were puri!ed using denaturing PAGE / Urea, we assumed that 
the differences in sequence coverage were due to sequenc- 
ing bias. The ratios between sense and antisense strands 
were batch-dependent but generally higher for the 5 ′ -pppA 

variants. Although trace amounts of residual contaminants, 
such as dsDNA from the original plasmid or PCR ampli- 
con, were identi!ed in the !nal RNA preparation, none 
of these contaminants triggered a type I IFN response, as 
determined using the HEK-Blue IFN assay in A549 cells 
( Supplementary Figure S6 B). 

Crucially, the denaturing PAGE / Urea analysis detected sin- 
gle, well-de!ned bands for both short viral and Y5 RNAs (Fig- 
ure 5 C). This, together with the results from RNAseq, led us 
to a hypothesis that dsRNAs arise from the primary prod- 
uct of IVT, coupled with its perfectly complementary antisense 
strand of equivalent length, produced through promoterless, 
RNA-dependent transcription. To validate this hypothesis, we 
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Figure 3. IVT 5 ′ -pppA RNAs stimulate the RIG-I / IFN pathw a y in murine cells more ef!ciently than 5 ′ -pppG RNAs. To compare the RIG-I / IFN responses 

triggered by RNAs that begin with 5 ′ -pppA and 5 ′ -pppG, IVT RNA, representing a fragment of the IAV genome, and Pol III transcript Y5 RNA were 

transfected into murine cells at a concentration of 100 ng / ml. ( A , B ) RIG-I le v els and IRF3 phosphorylation in protein lysates were assessed using 

western blot. The positive control (C(+)) involved transfection with 100 ng / ml 3p-hpRNA, while the negative control (C( −)) was mock-transfected with 

lipofectamine alone. Upon log-transformation data were compared using tw o-w a y ANO V A with Šídák’s multiple comparisons test. ( C , D ) The 

concentration of type I IFN in the supernatants was measured using HEK-Blue IFN assay at 24 h after treatment ( n = 4). The dotted line represents a 

lo w er quanti!cation limit. ( E ) R epresentativ e images of murine mKate+ BMDMs at 24 h upon RNA transfection. Scale bar is 100 µm. ( F ) Counts of 

mKate2+ cells at 0–48 h upon RNA transfection. Vertical lines represent standard deviation for n = 4. Longitudinal data upon shifted log-transformation 

(log 10 (x + 1)) were compared using repeated measures two-way ANO V A (rANO V A) with Geisser-Greenhouse correction and Šídák’s multiple 

comparisons test. 
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Figure 4. IVT 5 ′ -pppA RNAs stimulate the RIG-I / IFN pathw a y in mice more ef!ciently than 5 ′ -pppG RNAs. ( A ) Experimental setup: RNA was 

encapsulated into LNP and RNA-LNP comple x es w ere IV injected (100 µg of encapsulated RNA per k g of body w eight) in mice. Flo w cytometry analy sis 

of hepatocytes from reporter mice was conducted 24 h after RNA-LNP inoculation. ( B ) Fluorescent cells in liver. The injection of the 5 ′ -pppA short viral 

RNA allo w ed the observ ation of "uorescent cells in liv er bef ore processing the organs into cell suspension. Scale bar is 50 µm. ( C , D ) R epresentativ e 

images for "ow cytometry analysis of hepatocytes and splenocytes. ( C ) Liver: P = 0.0 0 05 using one-way ANO V A with Šídák’s multiple comparisons test; 

5 ′ pppA: M ± SD = 0.81 ± 0.17%, n = 3; 5 ′ pppG: 0.11 ± 0.06%, n = 2; PBS control: 0.19 ± 0.12%; n = 5. ( D ) Spleen: P = 0.028 using one-w a y ANO V A 

with Šídák’s multiple comparisons test; 5 ′ pppA: M ± SD = 0.40 ± 0.29%, n = 3; 5 ′ pppG: 0.01 ± 0.01%, n = 2; PBS control: 0.01 ± 0.01%; n = 5. 
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Figure 5. IVT-produced 5 ′ -pppA RNAs contain more dsRNA compared with 5 ′ -pppG RNAs. ( A ) Dot blot analysis of IVT short viral and Y5 RNAs was 

performed with anti-dsRNA J2 antibody, ( B ) then densitometric analysis ( n = 4 for short viral RNA, n = 3 for Y5 RNA) was conducted to assess the level 

of dsRNA byproducts in IVT-derived RNAs. ( C ) PAGE / Urea analysis was done on short viral RNA and Y5 RNA. ( D , C ) PAGE in native conditions was 

conducted on IVT control dsRNAs (produced by annealing of sense and antisense RNA strands) and ssRNAs. ( E ) Immuno-northern blot using PAGE 

native gel followed by transfer to the membrane and detection with anti-dsRNA J2 antibody was used to detect dsRNA. ( F ) PAGE in native conditions of 

IVT short viral RNAs and semisynthetic short viral RNAs produced by splint ligation revealed the presence of dsRNA in IVT 5 ′ -pppA RNAs but not in 

semisynthetic counterparts. ( G ) To assess the immunogenic potential of splint-ligated RNAs, an IVT-produced antisense RNA, with or without 

triphosphate moieties, was added to the sense splint-ligated RNA. The concentration of type I IFN in the supernatants was measured using HEK-Blue 

IFN assay at 24 h after treatment ( n = 3). The positive control (C(+)) involved transfection with 100 ng / ml 3p-hpRNA, while the negative control (C( −)) 

was mock-transfected with lipofectamine alone. ( B , G ) Data were compared using tw o-w a y ANO V A with Šídák’s multiple comparisons test. 
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compared the migration patterns of IVT short viral and Y5 
RNAs with a short viral and Y5 dsRNA control on native 
PAGE (Figure 5 D) and subsequently through native PAGE 

followed by immuno-northern blot with anti-dsRNA J2 an- 
tibody detection (Figure 5 E). Both experiments revealed an 
increased presence of fully dsRNA species in the IVT sub- 
strates beginning with 5 ′ -pppA. We also tested the stability of 
short viral RNAs after transfection in cells by qRT-PCR. The 
analysis did not reveal signi!cant differences in the abundance 
of 5 ′ -pppA and 5 ′ -pppG RNAs ( Supplementary Figure S7 A). 
Then, to assess the phosphorylation status of their 5 ′ end, 
after puri!cation of total RNA from cells transfected either 
with 5 ′ -pppA or 5 ′ -pppG short viral RNAs, we treated it with 
XRN1 or RppH combined with XRN1. The XRN1 enzyme 
degrades dephosphorylated RNAs, while RppH dephosphory- 
lates them. The RNAs were resistant to XRN1 treatment, indi- 
cating they still retained 5 ′ -ppp moiety ( Supplementary Figure 
S7 A). However, due to higher RppH’s af!nity for 5 ′ -pppA 

RNAs ( 62 ), only 5 ′ -pppA RNAs were ef!ciently cleaved after 
cotreatment with RppH and XRN1. Finally, we veri!ed the ac- 
tivity and speci!city of the used enzymes on IVT RNAs, which 
were not transfected into cells ( Supplementary Figure S7 B). 

To explore whether the immunogenicity was predomi- 
nantly derived from dsRNAs, we created short viral RNA by 
combining the initial 55 nt obtained through IVT with the re- 
maining 21 nt chemically synthesized using splint ligation. Na- 
tive PAGE analysis demonstrated that both IVT and semisyn- 
thetic RNAs were indistinguishable, except for the band at- 
tributed to fully dsRNA in the 5 ′ -pppA RNA (Figure 5 F). 
The HEK-Blue IFN assay revealed that the semisynthetic lig- 
ated RNA showed no immunogenicity at the concentrations 
tested (Figure 5 G). However, the introduction of minimal 
quantities of a fully complementary antisense RNA strand (1–
5%) triphosphorylated or dephosphorylated, mirroring lev- 
els found in IVT RNAs, was suf!cient to activate the RIG- 
I / IFN pathway (Figure 5 G). Similar results were obtained for 
IVT and semisynthetic Y5 RNAs ( Supplementary Figure S8 A 

and B). 
To further validate the increased presence of dsRNAs 

in IVT RNAs with 5 ′ -pppA, we performed an RNA 

pull-down Mass Spectrometry (RP-MS) assay. We iden- 
ti!ed a signi!cant number of dsRNA-binding proteins, 
such as ADAR, PKR (EIF2AK2), and DICER1, exclu- 
sively in the short viral 5 ′ -pppA RP-MS ( Supplementary 
Figure S9 A). Validation with western blot analysis con- 
!rmed increased binding of RIG-I, PKR and DHX9 to 
5 ′ -pppA RNA ( Supplementary Figure S9 B). These !ndings 
collectively demonstrate that IVT RNA starting with 5 ′ - 
pppA produces signi!cantly higher levels of immunogenic 
dsRNA. 

Enhanced dsRNA production initiated by 5 
′ -pppA is 

largely independent of RNA sequence and structure 

To explore why IVT reactions with 5 ′ -pppA result in in- 
creased dsRNA production compared to 5 ′ -pppG, we ana- 
lyzed a series of Y5 RNA mutants ( Supplementary Figure S10 , 
Supplementary Table S1 ). We hypothesized that the sense 
RNA’s secondary structure and thermodynamic properties 
might in"uence dsRNA formation. Mutants were synthe- 
sized with either 5 ′ -pppA or 5 ′ -pppG and ended in U-rich 
tails or no tails, with stem sequences modi!ed to include 
a six-nucleotide AU or GC clamp (positions from N2:N74 

to N7:N69) ( Supplementary Figure S10 ). Dot blot analy- 
sis with anti-dsRNA J2 antibody con!rmed higher dsRNA 

levels in RNAs initiated with 5 ′ -pppA than those with 
5 ′ -pppG (Figure 5 A and B). PAGE / Urea gels showed sin- 
gle RNA bands, consistent with fully sense / antisense source 
of dsRNA (Figure 6 C). Notably, U-rich tail mutants pro- 
duced more dsRNA than those without (Figure 6 A, B, D 

and E). However, native PAGE and immuno-northern blot 
(Figure 6 D and E) veri!ed increased fully dsRNA species in 
almost all 5 ′ -pppA mutants. Further assays for RIG-I / IFN 

pathway activation demonstrated higher IFN production trig- 
gered by 5 ′ -pppA RNAs compared to 5 ′ -pppG counterparts 
(Figure 6 F). Notably, Y5 GC clamp RNA lacking a U-rich 
tail failed to stimulate IFN-I (Figure 6 F), implying possible 
cellular factors limit the immunogenicity of speci!c 5 ′ -ppp 
RNAs. These !ndings indicate that the sense RNA’s ther- 
modynamic properties and structure in"uence global dsRNA 

contamination levels in IVT . However , consistent increased 
dsRNA presence in 5 ′ -pppA RNAs suggests an additional 
mechanism promoting dsRNA formation speci!c to 5 ′ -pppA. 
Additional evidence supporting this molecular mechanism 

came from IVT reactions of short viral and Y5 RNAs per- 
formed in the reaction of the same volumes, where we 
found more dsRNA contamination in 5 ′ -pppA RNAs, de- 
spite the total RNA yield being higher for 5 ′ -pppG RNAs 
( Supplementary Figure S11 A-C). 

Enhanced dsRNA production in long IVT RNAs 

Given the widespread use of IVT reaction for generating 
mRNA for vaccines and future replacement therapies, we 
aimed to explore whether the terminal nucleotide could 
in"uence the production of dsRNAs in longer substrates 
( Supplementary Table S1 ). To evaluate this, we synthe- 
sized RNAs encoding EPO "anked with UTRs derived from 

the mRNA sequence of the Moderna S AR S-CoV2 vaccine 
(mRNA-1273) and Segment 8 th from the PR8 strain of IAV 

(Seg. 8 th IAV PR8). Elevated levels of dsRNA were observed 
with anti-dsRNA J2 dot blot for 5 ′ -pppA EPO and Seg. 8 th 

IAV PR8 RNAs puri!ed via PAGE / Urea (Figure 7 A and B), 
although only for EPO mRNA the differences were statisti- 
cally signi!cant. Interestingly, the type of T7 promoter did not 
in"uence this difference. Higher dsRNA presence was noted 
in both EPO and Seg. 8 th IAV PR8 substrates that were only 
treated with DNase I and puri!ed on a column (Figure 7 A 

and B). This suggests that there might be additional, differ- 
ent length dsRNA by-products generated during IVT. Func- 
tional testing in HEK293 and A549 cells demonstrated that 
both PAGE-puri!ed EPO and Seg. 8 th IAV PR8 RNAs trig- 
gered a much higher RIG-I / IFN response when starting with 
5 ′ -pppA (Figure 7 C-H, and Supplementary Figure S12 A-D). 
Moreover, the nature of the T7 promoter in EPO, Seg. 8 th IAV 

PR8 RNAs and short viral RNA did not have a major in"u- 
ence on the immunogenicity of tested RNAs (Figure 7 and 
Supplementary Figures S12 - S13 ). However, some dephospho- 
rylated 5 ′ -pppA RNAs retained immunogenicity, either due to 
incomplete dephosphorylation or activation of alternative in- 
nate immune signaling pathways. 

Finally, we compared dsRNA levels between RNAs 
extracted from the Moderna and BioNTech S AR S-CoV- 
2 vaccines. Notably, dsRNAs were clearly detectable 
in the BioNTech RNA vaccine (Figure 8 ), which uti- 
lized co-transcriptional addition of an AG-trinucleotide 
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Figure 6. Increased dsRNA production in 5 ′ -pppA is independent of RNA str uct ure and sequence. ( A ) Dot blot analysis of IVT produced variants of Y5 

RNA starting from 5 ′ -pppA or 5 ′ -pppG was performed with anti-dsRNA J2 antibody, and ( B ) amount of dsRNA contamination was determined with 

densitometric analysis ( n = 3). ( C ) PAGE / Urea analysis of Y5 RNA variants showed single band for each RNA. ( D ) PAGE in native conditions, however, 

exhibited the presence of additional dsRNA bands. ( E ) Immuno-northern blot using PAGE native gel followed by transfer to the membrane and detection 

with anti-dsRNA J2 antibody was used to detect the presence of dsRNA formed by annealing with the 78 nt long complementary antisense strand. ( F ) 

HEK293 cells were transfected with Y5 RNA variants and the concentration of type I IFN in the supernatants was measured using HEK-Blue IFN assay 

at 24 h n = 3). The positive control (C(+)) involved transfection with 100 ng / ml 3p-hpRNA, while the negative control (C( −)) was mock-transfected with 

lipofectamine alone. ( B , F ) Data were compared using tw o-w a y ANO V A with Šídák’s multiple comparisons test. 
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Figure 7. Long IVT-derived 5 ′ -pppA RNAs contain more dsRNA byproducts compared with 5 ′ -pppG RNAs. ( A ) Dot blot analysis of IVT EPO and Seg. 8 th 

of IAV PR8 RNAs starting from 5 ′ -pppA or 5 ′ -pppG and produced either with Class III (T A T A) or Class II (T A TT) T7 promoter. ( B ) Densitometric analysis 

( n = 3 for EPO RNA, n = 4 for Seg. 8 th of IAV PR8 RNA) was conducted to assess the level of dsRNA byproducts in IVT-derived RNAs. ( C–F ) RIG-I / IFN 

pathw a y responses against EPO and Seg. 8 th of IAV PR8 RNAs starting from 5 ′ -pppA or 5 ′ -pppG were assessed with western blot analysis ( C , D ) and 

HEK-Blue IFN assay ( E , F ) 24 h after transfection into HEK293 cells ( n = 4). ( E , F ) Data were compared using two-way ANO V A with Šídák’s multiple 

comparisons test. The presence of dsRNA in EPO RNAs ( C , E , G ) RNAs ( D , F , H ). dsRNA controls are fully double stranded RNA derived from sense and 

antisense IVT. The positive control (C(+)) involved transfection with 100 ng / ml 3p-hpRNA, while the negative control (C( −)) was mock-transfected with 

lipofectamine alone. 
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Figure 8. Quanti!cation of dsRNA in mRNAs derived from Moderna and BioNTech SARS-CoV-2 vaccines using the J2 antibody st aining . Phi6 dsRNA 

was used as a positive control standard for J2 antibody detection. The experiment was conducted in triplicate, with a representative image shown. Old 

variant represents monovalent vaccine, new variant represents bivalent BA.4–5 vaccine. 

CleanCap ( 34 ). Conversely, the Moderna RNA vaccine, 
produced by enzymatically incorporating Cap1 on the 5 ′ - 
pppG-containing IVT RNAs ( 33 ), did not exhibit detectable 
dsRNAs (Figure 8 ). However, it is important to acknowledge 
that the disparity in observed dsRNA abundances may be 
in"uenced by the utilization of different production and 
puri!cation protocols by Moderna and BioNTech. 

Together, our results reaf!rm that IVT generates a consider- 
able amount of dsRNA, and even stringent PAGE puri!cation 
can lead to increased levels of dsRNA in substrates starting 
with 5 ′ -pppA. 

Discussion 

In our study, we demonstrate the hyperactivation of the RIG- 
I / IFN type I pathway following transfection with IVT-derived 
5 ′ -pppA RNAs in human and mouse cells across a broad range 
of concentrations. While previous research noted increased 
RIG-I stimulation by short 5 ′ -pppA dsRNA, this aspect re- 
mained unexplored ( 9 ). Our !ndings uncover that the primary 
driver of this phenomenon is the elevated presence of dsRNA 

in IVT 5 ′ -pppA RNAs compared to their 5 ′ -pppG counter- 
parts. One study found no difference in the induction of IFN- 
β when using either fully double-stranded or stem-loop syn- 
thetic RNAs containing either 5 ′ -pppA or 5 ′ -pppG ( 63 ). How- 
ever, these RNAs were transfected into cells at a high dose of 
1 µg. Thus, it aligns with our !ndings as fully synthetic RNAs 
would lack dsRNA by-products, and we observed no distinc- 
tion in immunogenicity between 5 ′ -pppA or 5 ′ -pppG at the 
highest concentrations. 

For decades, T7 polymerase has been employed to produce 
substrates for investigating a broad spectrum of RNA biology 
( 18 ). In recent years, it has enabled production of novel classes 
of S AR S-CoV-2 mRNA vaccines, resulting in saving millions 
of lives ( 64 ). It is worth mentioning that the BioNTech vaccine 

was administered at 30 µg per dose, while the Moderna vac- 
cine was given at 100 µg per dose ( 65 ). Our results indicate 
a greater presence of dsRNA contaminants in the BioNTech 
vaccine RNA. This could potentially explain the rationale be- 
hind using a lower RNA concentration per dose to mitigate 
unintended innate immune responses. Thus, as we progress 
towards integrating IVT-based medications into other areas 
of medicine ( 66 ), a comprehensive understanding of this sys- 
tem and its outputs becomes essential. 

Prior research has detected speci!c dsRNA by-products re- 
sulting from the IVT synthesis process that trigger cellular 
immune responses, which has been demonstrated as a pri- 
mary activator of the immune pathway ( 19 ). These dsRNA 

by-products are proposed to primarily arise through two dis- 
tinct mechanisms. Firstly, the RNA transcript synthesized by 
T7 acts as a template for the RNA-dependent RNA runoff 
polymerase activity ( 67 ). If the 3 ′ -end of the transcript pos- 
sesses adequate complementarity, it may fold back, leading to 
the extension of the runoff transcript. This extended RNA can 
be easily differentiated from the main transcript under dena- 
turing gel electrophoresis. The alternative mechanism involves 
the formation of dsRNA via promoter-independent transcrip- 
tion from the primary RNA product ( 19 ). In shorter RNAs, 
the size of the antisense molecule closely matches that of the 
main product, yielding highly immunogenic blunt-end dsRNA 

with 5 ′ -ppp, which remains indistinguishable through dena- 
turing gel electrophoresis. In longer RNAs, the polymerase 
can generate shorter dsRNA by-products through promoter- 
independent transcription. While extensive HPLC-based pu- 
ri!cation has demonstrated ef!cacy in separating dsRNA by- 
products from the main IVT RNA products ( 28 ), this ap- 
proach is not conducive to scaling up due to its high cost. 
Other strategies to mitigate dsRNA production during IVT in- 
clude reducing magnesium levels ( 19 ) or employing cellulose- 
based chromatography ( 29 ). These approaches do not achieve 
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full elimination of dsRNA. In this study, we illustrate how the 
selection of the 5 ′ nucleoside during IVT signi!cantly in"u- 
ences immunogenicity levels by affecting dsRNA generation. 
Speci!cally, RNA with a 5 ′ -pppA motif yields elevated quanti- 
ties of dsRNA and provides abundant perfect RIG-I agonists. 
We have also shown that both the stability of the sense tran- 
script and the presence of a 3 ′ overhang affect dsRNA forma- 
tion, which aligns with previous !ndings indicating that unin- 
tended transcription primarily occurs when the correct prod- 
uct cannot form stable secondary structures at the 3 ′ -end ( 24 ). 
However, in most cases, we consistently observed higher lev- 
els of dsRNA contamination in cognate RNAs beginning with 
5 ′ -pppA compared to those starting with 5 ′ -pppG. Although 
the precise molecular mechanism remains unknown, we hy- 
pothesize that this could be due to inef!cient engagement of 
T7 polymerase with templates designed to produce 5 ′ -pppA 

RNA compared to 5 ′ -pppG transcripts. This could allow the 
T7 to reengage with the 3 ′ end of the sense RNA and initiate 
promoterless, RNA-dependent transcription. 

Furthermore, we have developed a novel, highly sensitive 
assay to investigate the immunogenicity of RNAs both ex vivo 
and in vivo . Our mouse model, in which the IFN- β gene was 
substituted with the mKate2 reporter, proved effective in de- 
tecting immunogenic RNAs in BMDMs as well as in the cells 
derived from liver and spleen. While a previous study had uti- 
lized a mouse expressing luciferase fused with IFN- β ( 68 ), our 
model allows for the analysis of primary effects of PAMPs, as 
the most potent type 1 IFN is not produced ( 69 ), thus avoid- 
ing triggering downstream JAK / ST A T pathway. At the same 
time, alpha IFNs, despite exhibiting 20–30 times lower af!nity 
to IFN type 1 receptors than IFN- β ( 69 ), are still expressed, 
enabling the mice’s normal development and physiological 
function. 

IVT reaction is a standard method for producing RNA- 
based vaccines and therapeutics. These RNAs are typically 
capped and polyadenylated to ensure proper functionality. 
However, incomplete capping may result in RNAs with a 
triphosphate group at the 5 ′ end, which can trigger an in- 
nate immune response ( 70 ). Our results demonstrate that 
IVT RNAs with 5 ′ -pppA, in contrast to 5 ′ -pppG, induce a 
more robust type I IFN response in in vitro , ex vivo and 
in vivo settings (Figures 2 –7 ). The primary limitations of 
the study are the use of only unmodi!ed RNAs, the re- 
liance on a single T7 RNA polymerase, and the testing 
of a selection of transcripts. Further research is necessary 
to determine whether this phenomenon applies to capped, 
polyadenylated, and N1-methylpseudouridine-incorporated 
mRNAs, and, if so, how it impacts capping, translation, 
and the effectiveness of the adaptive immune response. 
Lastly, the differences we identi!ed between 5 ′ -pppA and 
5 ′ -pppG RNAs should be considered when designing RIG- 
I agonists, which can be used to trigger broad antiviral 
responses ( Supplementary Figure S3 ) ( 71 ,72 ) or promote 
IFN-I-dependent apoptosis, potentially serving as anti-cancer 
agents ( 73 ). 

In summary, our study reveals a signi!cant disparity in 
immunogenicity between 5 ′ -pppA-containing IVT RNAs and 
their 5 ′ -pppG counterparts. We have observed that IVT RNAs 
with 5 ′ -pppA exhibit heightened immunogenicity, character- 
ized by increased levels of dsRNAs and activation of the RIG- 
I signaling pathway. These !ndings have important implica- 
tions for both research and medical applications, shedding 
light on the mechanisms underlying IVT RNA immunogenic- 

ity and offering potential avenues for optimizing therapeutic 
interventions. 
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Supplementary figure S1. IVT RNAs starting with 5′-pppA are more immunogenic than 

those starting with 5′-pppG. (A) Analysis of IRF3 phosphorylation and RIG-I expression 

assessed by western blot analysis in HEK293 cells after transfection with different 

concentrations of short viral 5′-pppA vs. 5′-pppG RNAs ranging from 30 ng/ml to 1000 ng/ml. 
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The cells were incubated for 24 h, then cell lysis was performed. (B, C) The apparent 
dissociation constant (Kd) was estimated for each RNA variant (n = 5). For virus-derived short 
RNA introduced into A549 cells, Kd was estimated to equal 0.094 ng/ml (3.85 pM) for 5′-pppA 
RNA (95% confidence limits, 0.089–0.099 ng/ml; R2

adj = 0.9973). For 5′-pppG RNA Kd was 
estimated to be 8.677 ng/ml (355.8 pM) (95% confidence limits, 8.377–8.975 ng/ml; R2

adj = 
0.9987). In the case of HEK293 cells, the estimated Kd values were 17.0 ng/ml for 5′-pppA 
(95% confidence limits, 9.6–41.8 ng/ml; R2

adj = 0.9175) and 282.8 ng/ml for 5′-pppG RNA 
variants (95% confidence limits, 280.9–284.8 ng/ml; R2

adj = 0.9999). (D, F) Kinetics of type I 
IFN production in HEK293 and A549 cells treated with RNA representing fragment of the IAV 
genome at a concentration of 100 ng/ml (n = 4). The dotted line represents lower quantification 
limit. The positive control (C(+)) involved transfection with 100 ng/ml 3p-hpRNA, while the 
negative control (C(−)) was mock-transfected with lipofectamine alone. Upon log-
transformation data were compared using two-way ANOVA with Šídák’s multiple 
comparisons test. (E, G) Kinetics of IRF3 phosphorylation and RIG-I expression assessed by 
Western blot analysis in HEK293 and A549 cells treated with 5′-pppA vs. 5′-pppG short viral 
RNA at a concentration of 100 ng/ml. (H, I) Kinetics of IRF3 phosphorylation and RIG-I 
expression assessed by Western blot analysis in HEK293 and A549 cells treated with 5′-pppA 
vs. 5′-pppG 3p-hpRNA at a concentration of 100 ng/ml. 
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Supplementary Figure S2. RNA used in the study mostly act through RIG-I signalling 

pathway. (A-E) RIG-I/IFN pathway responses against RNAs starting from 5′-pppA and 5′-
pppG in RIG-I KO cells (A-C) and in MDA-5 or MAVS KO cells (D, E). (F, G) Comparison 
of IFN responses against RNAs starting from 5′-pppA and 5′-pppG in cell cultures of human 
origin (THP-1 and Calu1). RNAs representing a fragment of the IAV genome (short viral RNA) 
and Pol III Y5 transcript were transfected into cells at a concentration of 100 ng/ml (n = 4). 
The positive control (C(+)) involved transfection with 100 ng/ml 3p-hpRNA, while the 
negative control (C(−)) was mock-transfected with lipofectamine alone. (A-E) The IRF3 
phosphorylation pattern/RIG-I expression and (F, G) the concentrations of type I IFN in the 
supernatants were assessed using Western blot analysis and HEK-Blue assay, respectively, 
after 24 hours of incubation. (F, G) Upon log-transformation data were compared using two-
way ANOVA with Šídák’s multiple comparisons test.  

  

 57 

 



 

 

Supplementary Figure S3. 5′-pppA RNA is capable of lowering virus replication in vitro 

compared to 5′-pppG variant and dephosphorylated RNAs. Short viral RNA with either 

5′-pppA and 5′-pppG or their dephosphorylated versions were transfected 24 h prior infection 

with IAV A/PR/8/34_NS1(R38A/K41A) at an MOI of 0.0001. Whiskers represent the standard 

deviation (SD) from four biological replicates. A significant reduction in virus replication was 

observed for 5′-pppA RNA with P < 0.0001 in two-way ANOVA followed by Dunnett’s 

multiple comparison test to mock-infected cells (C(−)). 
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Supplementary Figure S4. Various IVT RNAs starting with 5′-pppA are more 

immunogenic than those starting with 5′-pppG. (A, B) RIG-I/IFN responses against 

different RNAs (sequences in Supplementary Table S1) starting from 5′-pppA and 5′-pppG 

were assessed with Western blot analysis 24 hours after transfection in HEK293 cells (A) and 

8 hours in A549 cells (B). (C) The concentrations of type I IFN in the supernatants 8 hours 

after transfection in A549 cells were assessed with HEK-Blue assay (n = 4). All RNAs were 

transfected into cells at a concentration of 100 ng/ml. The positive control (C(+)) involved 

transfection with 100 ng/ml 3p-hpRNA, while the negative control (C(−)) was mock-

transfected with lipofectamine alone. 
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Supplementary Figure S5. Schematics of generating mice line harboring a fluorescent 

marker mKate2 in the IFN-β gene. (A) The nucleotide sequence of optimized mKate2 

marker (highlighted in yellow), mutated protospacer-adjacent motif (highlighted in green), 

SV40 early mRNA polyadenylation signal (highlighted in red), and flanking regions of the 

murine genome (highlighted in bold). (B) The genomic context corresponds to Mus musculus 

strain C57BL/6J (the GRCm39 reference genome, chromosome #4, positions 

NC_000070.7:c88441083-88440949). 
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Supplementary Figure S6. Full-length antisense strand of IVT RNAs is detected by NGS. 

Results of stranded quantification of RNA. (A) Coverage depth for NGS data was separately 

calculated for reads mapped either to positive or negative, shown as individual dashed lines. 

Geometric mean values are represented by solid lines. The ratio of negative to positive strand 

reads was estimated for each replicate (n = 3 for short viral RNA; n = 2 for Y5 RNA). 

(B) Reagents used for transfection were tested in A549 cells with the HEK-Blue assay for IFN-

I induction. Primers, original plasmids, and PCR amplicons were tested at a concentration of 

100 ng/ml (n = 4). The positive control (C(+)) involved transfection with 100 ng/ml 3p-

hpRNA, while the negative control (C(−)) was mock-transfected with lipofectamine alone. 

Lipofectamine 2000 was used at transfections at 1× concentration (2 µl/ml), no IFN-I induction 

was observed at higher (10×) concentrations. 
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Supplementary Figure S7. 5′-pppA and 5′-pppG short viral RNAs exhibit similar 

stability and remain triphosphorylated after transfection into HEK293 cells as shown by 

ex vivo (A) and in vitro (B) analysis of RNA 5ʹ-end phosphorylation state. (A) HEK293 
cells were transfected with tested RNAs, then total RNA isolation followed by XRN1 or RppH 
combined with XRN1 treatment was performed. RT-qPCR was then used to assess the level of 
short viral RNA. Mean values of three biological replicates are shown. Data were compared 
using two-way ANOVA with Šídák’s multiple comparisons test. (B) IVT derived short viral 
RNAs were treated with XRN1 or RppH and XRN1 and then PAGE/Urea was performed. 
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Supplementary Figure S8. Splint-ligated semisynthetic Y5 RNAs exhibit immunogenic 

potential only after annealing with 78 nt long complementary antisense RNA strand. (A) 

PAGE in native conditions of IVT Y5 RNAs and semisynthetic Y5 RNAs produced by splint 

ligation revealed dsRNA presence in IVT 5′-pppA, but not in semisynthetic counterparts. (B) 

To assess the immunogenic potential of splint-ligated RNAs, an IVT-produced antisense RNA, 

with or without triphosphate moieties, was added to the sense splint-ligated RNA. The positive 

control (C(+)) involved transfection with 100 ng/ml 3p-hpRNA, while the negative control 

(C(−)) was mock-transfected with lipofectamine alone.  The concentration of type I IFN in 

the supernatants was measured using HEK-Blue IFN assay at 24 hours after transfection (n = 

4). 
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Supplementary Figure S9. dsRNA binding proteins were found to be enriched with 5′-

pppA IVT RNA. (A) To assess interactome differences of 5′-pppA and 5′-pppG IVT short 

viral RNAs, RNA pull-down assay analysed with LC-MS/MS was performed. The volcano 

plot (A) illustrates protein enrichment based on the 5′ terminal nucleotide. Proteins enriched 

with 5′-pppA are highlighted in green, while those enriched with 5′-pppG are shown in orange. 

Double-stranded RNA-binding proteins are indicated on the plot. (B) RNA pull-down assay 

followed by Western blot analysis was conducted to validate the binding of PKR (EIF2AK2) 

– double-stranded RNA-binding protein identified through mass spectrometry (MS) analysis. 
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Supplementary Figure S10. Schemetic representation of Y5 RNA structural and sequence 

mutants. Secondary structures of Y5 RNA mutants were predicted using the MFE algorithm 
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in RNAstructure 6.4 software. Mutants starting with either 5′-pppA or 5′-pppG: (A) Y5 wild 

type RNA without a U-rich tail; (B) Y5 RNA with introduction of a six-nucleotide AU clamp 

(highlighted in green) with a U-rich tail; (C) Y5 RNA with a six-nucleotide AU clamp 

(highlighted in green) without a U-rich tail; (D) Y5 RNA with introduction of a six-nucleotide 

GC clamp (highlighted in blue) with U-rich tail; and (E) Y5 RNA with a six-nucleotide GC 

clamp (highlighted in blue) and without a U-rich tail.  

  

 66 

 



 

 

Supplementary Figure S11. In vitro transcription of 5′-pppA RNA results in lower 

production yield and higher dsRNA contamination. (A) Dot-blot analysis of IVT short viral 
and Y5 RNA starting from 5′-pppA or 5′-pppG was performed with anti-dsRNA J2 antibody. 
Equal volumes of purified RNA were applied to the membrane directly after IVT production, 
without normalization for RNA concentration. (B) Densitometric analysis was performed to 
assess the level of dsRNA contamination in purified RNAs after IVT (n = 3). (C) Yield of short 
viral and Y5 RNA production initiated with 5′-pppA or 5′-pppG, based on A260 RNA 
concentration measurements (n = 3). Data were compared using two-way ANOVA with 
Šídák’s multiple comparisons test. 
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Supplementary Figure S12. Long IVT 5′-pppA RNAs are more immunogenic then 5′-

pppG RNAs after transfection into A549 cells. RIG-I/IFN pathway responses against EPO 
and Seg. 8th of IAV PR8 RNAs starting from 5′-pppA or 5′-pppG were assessed with Western 
blot analysis (A, B) and HEK Blue IFN assay (C, D) 8 h after transfection into A549 cells (n = 
4). The positive control (C(+)) involved transfection with 100 ng/ml 3p-hpRNA, while the 
negative control (C(−)) was mock-transfected with lipofectamine alone. (C, D) Data were 
compared using two-way ANOVA with Šídák’s multiple comparisons test. 
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Supplementary Figure S13. Increased production of dsRNA in 5′-pppA IVT RNA is 

independent of T7 promoter type. (A) Native PAGE analysis of IVT control dsRNAs 
(produced by annealing of sense and antisense RNA strands) and IVT short viral RNAs starting 
from either 5′-pppA or 5′-pppG, generated using either Class III (TATA) or Class II (TATT) 
T7 promoters. (B) The immunogenicity of IVT RNAs was evaluated by measuring type I IFN 
levels in supernatants from HEK293 cells 24 hours post-transfection using the HEK Blue IFN 
assay (n = 5). The positive control (C(+)) involved transfection with 100 ng/ml 3p-hpRNA, 
while the negative control (C(−)) was mock-transfected with lipofectamine alone. Data were 
compared using two-way ANOVA with Šídák’s multiple comparisons test. 
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Supplementary Table S1. RNA transcripts assessed in the current study. 

Transcript RNA variant Sequence, 5′-3′ 

short viral 
5′-pppA 

AGCAAAAGCAGGGUGACAAAGACAUAAUGGAUCCAAACACUGUGUCAAGCUUUCAGGUAGAUUGCU

UUCUUUGGCU 

5′-pppG 
GGCAAAAGCAGGGUGACAAAGACAUAAUGGAUCCAAACACUGUGUCAAGCUUUCAGGUAGAUUGCU

UUCUUUGGCC 

short viral 

antisense 

antisense to 5′-pppA 
AGCCAAAGAAAGCAAUCUACCUGAAAGCUUGACACAGUGUUUGGAUCCAUUAUGUCUUUGUCACCC

UGCUUUUGCU 

antisense to 5′-pppG 
GGCCAAAGAAAGCAAUCUACCUGAAAGCUUGACACAGUGUUUGGAUCCAUUAUGUCUUUGUCACCC

UGCUUUUGCC 

Y5 WT 
5′-pppA 

AGUUGGUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGACUAGCUUGCUGUUUU 

5′-pppG 
GGUUGGUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGACUAGCCUGCUGUUUU 

78 nt Y5 

antisense 

antisense to 5′-pppA 
GCAAGCUAGUCAAGCGCGGUUGUGGGGGGAGACAAUGUUAAAUCAACUUAACAAUAACCCACAACA

CUCGGACCAACU 

antisense to 5′-pppG 
GCAGGCUAGUCAAGCGCGGUUGUGGGGGGAGACAAUGUUAAAUCAACUUAACAAUAACCCACAACA

CUCGGACCAACC  

Y5 AU clamp 
5′-pppA 

AAUUAAUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGAUUAAUUUGCUGUUUU 

5′-pppG 
GAUUAAUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGAUUAAUCUGCUGUUUU 

Y5 GC clamp 
5′-pppA 

AGCGGGGCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGCCCCGCUUGCUGUUUU 

5′-pppG 
GGCGGGGCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGCCCCGCCUGCUGUUUU 

Y5 WT (-) tail 
5′-pppA 

AGUUGGUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGACUAGCU 

5′-pppG 
GGUUGGUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGACUAGCC 

Y5 WT (-) tail 

antisense 
antisense to 5′-pppA 

AGCUAGUCAAGCGCGGUUGUGGGGGGAGACAAUGUUAAAUCAACUUAACAAUAACCCACAACACUC

GGACCAACU 

Y5 AU clamp (-) 

tail 

5′-pppA 
AAUUAAUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGAUUAAUU 

5′-pppG 
GAUUAAUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGAUUAAUC 

Y5 GC clamp (-) 

tail 

5′-pppA 
AGCGGGGCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGCCCCGCU 

5′-pppG 
GGCGGGGCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCU

UGCCCCGCC 

72NT 
5′-pppA 

AGUAGAAACAAGGGUGUUUUUUAGUAGACACAGUGUUUGGAUCCAUUAUGUUUUUGUCACCCUGCU

UUUGCU 

5′-pppG 
GGUAGAAACAAGGGUGUUUUUUAGUAGACACAGUGUUUGGAUCCAUUAUGUUUUUGUCACCCUGCU

UUUGCC 

100NT 
5′-pppA 

AGUAGAAACAAGGGUGUUUUUUAGUACUAAAUAAGCUGAAACGAGAAAGUGCUUGACACAGUGUUU

GGAUCCAUUAUGUUUUUGUCACCCUGCUUUUGCU 

5′-pppG 
GGUAGAAACAAGGGUGUUUUUUAGUACUAAAUAAGCUGAAACGAGAAAGUGCUUGACACAGUGUUU

GGAUCCAUUAUGUUUUUGUCACCCUGCUUUUGCC 

Y3 
5′-pppA 

GGCUGGUCCGAGUGCAGUGGUGUUUACAACUAAUUGAUCACAACCAGUUACAGAUUUCUUUGUUCC

UUCUCCACUCCCACUGCUUCACUUGACUAGCCUUUU 

5′-pppG 
GGCUGGUCCGAGUGCAGUGGUGUUUACAACUAAUUGAUCACAACCAGUUACAGAUUUCUUUGUUCC

UUCUCCACUCCCACUGCUUCACUUGACUAGCCUUUU 

Y4 
5′-pppA 

GGCUGGUCCGAUGGUAGUGGGUUAUCAGAACUUAUUAACAUUAGUGUCACUAAAGUUGGUAUACAA

CCCCCCACUGCUAAAUUUGACUGGCUUUUU 

5′-pppG 
GGCUGGUCCGAUGGUAGUGGGUUAUCAGAACUUAUUAACAUUAGUGUCACUAAAGUUGGUAUACAA

CCCCCCACUGCUAAAUUUGACUGGCUUUUU 

tRNA 
5′-pppA 

AGAGAGGCCUGGCCGAGUGGUUAAGGCGAUGGACUGCUAAUCCAUUGUGCUCUGCACGCGUGGGUU

CGAAUCCCAUCCUCGUUG 

5′-pppG 
GGAGAGGCCUGGCCGAGUGGUUAAGGCGAUGGACUGCUAAUCCAUUGUGCUCUGCACGCGUGGGUU

CGAAUCCCAUCCUCGUCG 

Seg. 8th of 

 IAV 
5′-pppA 

AGUAGAAACAAGGGUGUUUUUUAGUACUAAAUAAGCUGAAACGAGAAAGUUCUUAUCUCUUGCUCC

ACUUCAAGCAAUAGAUGUAAGGCUUGCAUAAAUGUUAUUUGCUCAAAACUAUUCUCUGUUAUCUUC

AGUUUGUGUCUCACUUCUUCAAUCAACCAUCUUAUUUCUUCAAACUUCUGACCUAAUUGUUCCCGC

CAUUUCUCGUUUCUGUUUUGGAGUGAGUGGAGGUCUCCCAUUCUCAUUACUGCUUCUCCAAGCGAA

UCUCUGUAGAGUUUCAGAGACUCGAACUGUGUUAUCAUUCCAUUCAAGUCCUCCGAUGAGGACUCC

AACUGCAUUUUUGACAUCCUCAGCAGUAUGUCCUGGAAGAGAAGGCAAUGGUGAAAUUUCGCCAAC

AAUUGCUCCCUCUUCGGUGAAAGCCCUUAGCAAUAUUAGAGUCUCCAGCCGGUCAAAAAUCACACU

GAAGUUCGCUUUCAGUAUGAUGUUCUUAUCCAUGAUCGCCUGGUCCAUUCUGAUACAAAGAGGGCC

UGCCACUUUCUGCUUGGGUAUGAGCAUGGACCAGUCCCUUGACAUUUCCUCAAGAGUCAUGUCAGU

UAGGUAACGCGACGCAGGUACAGAGGCCAUGGUCAUUUUAAGUGCCUCAUCGGAUUCUUCUUUCAG

AAUCCGCUCCACUAUCUGCUUUCCAGCACGUGUGGCUGUCUUGAUGUCCAGACCGAGAGUACUGCC
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CCUUCCUCUUAGGGAUUUCUGAUCUCGGCGAAGCCGAUCAAGGAAUGGGGCAUCACCUAGUUCUUG

GUCUGCAACUCGUUUGCGGACAUGCCAAAGAAAGCAAUCUACCUGAAAGCUUGACACAGUGUUUGG

AUCCAUUAUGUUUUUGUCACCCUGCUUUUGCU 

5′-pppG 

GGUAGAAACAAGGGUGUUUUUUAGUACUAAAUAAGCUGAAACGAGAAAGUUCUUAUCUCUUGCUCC

ACUUCAAGCAAUAGAUGUAAGGCUUGCAUAAAUGUUAUUUGCUCAAAACUAUUCUCUGUUAUCUUC

AGUUUGUGUCUCACUUCUUCAAUCAACCAUCUUAUUUCUUCAAACUUCUGACCUAAUUGUUCCCGC

CAUUUCUCGUUUCUGUUUUGGAGUGAGUGGAGGUCUCCCAUUCUCAUUACUGCUUCUCCAAGCGAA

UCUCUGUAGAGUUUCAGAGACUCGAACUGUGUUAUCAUUCCAUUCAAGUCCUCCGAUGAGGACUCC

AACUGCAUUUUUGACAUCCUCAGCAGUAUGUCCUGGAAGAGAAGGCAAUGGUGAAAUUUCGCCAAC

AAUUGCUCCCUCUUCGGUGAAAGCCCUUAGCAAUAUUAGAGUCUCCAGCCGGUCAAAAAUCACACU

GAAGUUCGCUUUCAGUAUGAUGUUCUUAUCCAUGAUCGCCUGGUCCAUUCUGAUACAAAGAGGGCC

UGCCACUUUCUGCUUGGGUAUGAGCAUGGACCAGUCCCUUGACAUUUCCUCAAGAGUCAUGUCAGU

UAGGUAACGCGACGCAGGUACAGAGGCCAUGGUCAUUUUAAGUGCCUCAUCGGAUUCUUCUUUCAG

AAUCCGCUCCACUAUCUGCUUUCCAGCACGUGUGGCUGUCUUGAUGUCCAGACCGAGAGUACUGCC

CCUUCCUCUUAGGGAUUUCUGAUCUCGGCGAAGCCGAUCAAGGAAUGGGGCAUCACCUAGUUCUUG

GUCUGCAACUCGUUUGCGGACAUGCCAAAGAAAGCAAUCUACCUGAAAGCUUGACACAGUGUUUGG

AUCCAUUAUGUUUUUGUCACCCUGCUUUUGCC 

EPO 

5′-pppA 

AGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACCCCGGCGCCGCCACCAUGGGGGUC

CAUGAGUGCCCAGCUUGGCUCUGGCUGCUUCUGUCUCUGUUGUCCCUGCCAUUGGGCCUGCCUGUA

CUGGGCGCACCACCUAGACUCAUAUGCGACAGCCGCGUCUUGGAACGAUAUCUCCUUGAGGCCAAG

GAAGCAGAAAACAUCACCACCGGCUGCGCUGAGCAUUGUAGUCUGAAUGAAAACAUAACCGUUCCG

GACACAAAGGUUAAUUUCUAUGCGUGGAAACGAAUGGAAGUAGGCCAGCAAGCUGUUGAGGUCUGG

CAAGGGUUGGCACUUCUCUCAGAAGCUGUACUUCGCGGCCAGGCGCUCUUGGUCAACUCCAGUCAG

CCAUGGGAGCCCCUCCAGCUCCAUGUUGAUAAGGCGGUAUCUGGUCUUCGAUCCCUGACGACUCUG

CUUCGAGCGCUGGGGGCACAAAAGGAAGCCAUAUCUCCCCCUGAUGCGGCCUCUGCCGCGCCCCUC

AGGACAAUCACAGCAGAUACUUUCAGAAAAUUGUUCAGGGUCUACUCCAAUUUCUUGCGGGGUAAG

CUGAAGCUCUACACAGGCGAGGCAUGUCGAACGGGAGAUAGGUGAUAGG 

5′-pppG 

GGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACCCCGGCGCCGCCACCAUGGGGGUC

CAUGAGUGCCCAGCUUGGCUCUGGCUGCUUCUGUCUCUGUUGUCCCUGCCAUUGGGCCUGCCUGUA

CUGGGCGCACCACCUAGACUCAUAUGCGACAGCCGCGUCUUGGAACGAUAUCUCCUUGAGGCCAAG

GAAGCAGAAAACAUCACCACCGGCUGCGCUGAGCAUUGUAGUCUGAAUGAAAACAUAACCGUUCCG

GACACAAAGGUUAAUUUCUAUGCGUGGAAACGAAUGGAAGUAGGCCAGCAAGCUGUUGAGGUCUGG

CAAGGGUUGGCACUUCUCUCAGAAGCUGUACUUCGCGGCCAGGCGCUCUUGGUCAACUCCAGUCAG

CCAUGGGAGCCCCUCCAGCUCCAUGUUGAUAAGGCGGUAUCUGGUCUUCGAUCCCUGACGACUCUG

CUUCGAGCGCUGGGGGCACAAAAGGAAGCCAUAUCUCCCCCUGAUGCGGCCUCUGCCGCGCCCCUC

AGGACAAUCACAGCAGAUACUUUCAGAAAAUUGUUCAGGGUCUACUCCAAUUUCUUGCGGGGUAAG

CUGAAGCUCUACACAGGCGAGGCAUGUCGAACGGGAGAUAGGUGAUAGG 
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Supplementary Table S2. Primers for IVT of RNAs. Yellow highlights T7 promoter, bold 

shows modified pair of the nucleotides. 

Transcript 
RNA 

variant 
Forward primer, 5′-3′ Reverse primer, 5′-3′ 

short viral 
5′-pppA TAATACGACTCACTATTAGCAAAAGCAGGGTGACAA AGCCAAAGAAAGCAATCTACCTG 

5′-pppG TAATACGACTCACTATAGGCAAAAGCAGGGTGACAA GGCCAAAGAAAGCAATCTACCTG 

short viral 

antisense 

antisense to 

5′-pppA 
AAGCTAATACGACTCACTATTAGCCAAAGAAAGCAATCTACC AGCAAAAGCAGGGTGACAAAGAC 

antisense to  

5′-pppG 
AAGCTAATACGACTCACTATAGGCCAAAGAAAGCAATCTACC GGCAAAAGCAGGGTGACAAAGAC 

Y5 WT 
5′-pppA AAGCTAATACGACTCACTATTAGTTGGTCCGAGTGTTGTGGGTTAT AAAACAGCAAGCTAGTCAAGCGCGGTTG 

5′-pppG AAGCTAATACGACTCACTATAGGTTGGTCCGAGTGTTGTGGGTTATTG AAAACAGCAGGCTAGTCAAGCGCGG 

78 nt Y5 

antisense 

antisense to 

5′-pppA 
AAGCTAATACGACTCACTATTGCAAGCTAGTCAAGCGCGG AGTTGGTCCGAGTGTTGTGG 

antisense to 

5′-pppG 
AAGCTAATACGACTCACTATAGCAGGCTAGTCAAGCGCGG GGTTGGTCCGAGTGTTGTGG 

Y5 AU clamp 
5′-pppA AAGCTAATACGACTCACTATTAATTAATCCGAGTGTTGTGGGTTATTGTT AAAACAGCAAATTAATCAAGCGCGGTTGTGGG 

5′-pppG AAGCTAATACGACTCACTATAGATTAATCCGAGTGTTGTGGGTTATTGTT AAAACAGCAGATTAATCAAGCGCGGTTG 

Y5 GC clamp 
5′-pppA AAGCTAATACGACTCACTATTAGCGGGGCCGAGTGTTGTGGGTTATTGTT AAAACAGCAAGCGGGGCAAGCGCGGTTGTGGGGGGA 

5′-pppG AAGCTAATACGACTCACTATAGGCGGGGCCGAGTGTTGTGGGTTATTGTT AAAACAGCAGGCGGGGCAAGCGCGGTTGTGGGGGGA 

Y5 WT (-) tail 
5′-pppA AAGCTAATACGACTCACTATTAGTTGGTCCGAGTGTTGTGGGTTAT AGCTAGTCAAGCGCGGTTGT 

5′-pppG AAGCTAATACGACTCACTATAGGTTGGTCCGAGTGTTGTGGGTTAT GGCTAGTCAAGCGCGGTTGTG 

Y5 WT (-) tail 

antisense 

antisense to  

5′-pppA 
AAGCTAATACGACTCACTATTAGCTAGTCAAGCGCGGTTGTG AGTTGGTCCGAGTGTTGTGG 

Y5 AU clamp 

(-) tail 

5′-pppA AAGCTAATACGACTCACTATTAATTAATCCGAGTGTTGTGGGTTATTGTT AATTAATCAAGCGCGGTTGTGGGG 

5′-pppG AAGCTAATACGACTCACTATAGATTAATCCGAGTGTTGTGGGTTATTGTT GATTAATCAAGCGCGGTTGTGGGG 

Y5 GC clamp 

(-) tail 

5′-pppA AAGCTAATACGACTCACTATTAGCGGGGCCGAGTGTTGTGGGTTATTGTT AGCGGGGCAAGCGCGGTTGTGGGGGGA 

5′-pppG AAGCTAATACGACTCACTATAGGCGGGGCCGAGTGTTGTGGGTTATTGTT GGCGGGGCAAGCGCGGTTGTGGGGGGA 

72NT 
5′-pppA GCGTAATACGACTCACTATTAGTAGAAACAAGGGTGTTTTTTAGT AGCAAAAGCAGGGTGACAAAAACATAATG 

5′-pppG GCGTAATACGACTCACTATAGGTAGAAACAAGGGTGTTTTTTAGT GGCAAAAGCAGGGTGACAAAAACATAATG 

100NT 
5′-pppA GCGTAATACGACTCACTATTAGTAGAAACAAGGGTGTTTTTTAGT AGCAAAAGCAGGGTGACAAAAACATAATG 

5′-pppG GCGTAATACGACTCACTATAGGTAGAAACAAGGGTGTTTTTTAGT GGCAAAAGCAGGGTGACAAAAACATAATG 

Y3 
5′-pppA AAGCTAATACGACTCACTATTAGCTGGTCCGAGTGCAGTGGTGTT AAAAAGCTAGTCAAGTGAAGCAG 

5′-pppG AAGCTAATACGACTCACTATAGGCTGGTCCGAGTGCAGTGGTGTT AAAAGGCTAGTCAAGTGAAGCAG 

Y4 
5′-pppA AAGCTAATACGACTCACTATTAGCTGGTCCGATGGTAGTGGGTTAT 

AAAAAGCCAGTCAAATTTAGCAG 

5′-pppG AAGCTAATACGACTCACTATAGGCTGGTCCGATGGTAGTGGGTTAT 

tRNA 
5′-pppA AAGCTAATACGACTCACTATTAGAGAGGCCTGGCCGAGTG CAACGAGGATGGGATTCGAACCCAC 

5′-pppG AAGCTAATACGACTCACTATAGGAGAGGCCTGGCCGAGTG CGACGAGGATGGGATTCGAACCCAC 

Seg. 8th IAV 

5′-pppA 

III class promoter TATA 

GCGTAATACGACTCACTATAAGTAGAAACAAGGGTGTTTTTTAGT 

II class promoter TATT 

GCGTAATACGACTCACTATTAGTAGAAACAAGGGTGTTTTTTAGT 

AGCAAAAGCAGGGTGACAAAAACATAATG 

5′-pppG 

III class promoter TATA 

GCGTAATACGACTCACTATAGGTAGAAACAAGGGTGTTTTTTAGT 

II class promoter TATT 

GCGTAATACGACTCACTATAGGTAGAAACAAGGGTGTTTTTTAGT 

GGCAAAAGCAGGGTGACAAAAACATAATG 

EPO 

5′-pppA 

III class promoter TATA 

TAATACGACTCACTATAAGGAAATAAGAGAGAAAAGAAGAG 

II class promoter TATT 

TAATACGACTCACTATTAGGAAATAAGAGAGAAAAGAAGAG 

TGCCGCCCACTCAGAC 

5′-pppG 

III class promoter TATA 

TAATACGACTCACTATAGGGAAATAAGAGAGAAAAGAAGAG 

II class promoter TATT 

TAATACGACTCACTATTGGGAAATAAGAGAGAAAAGAAGAG 

TGCCGCCCACTCAGAC 
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Supplementary Table S3. Cell lines. 

Cell line Source Identifier 

Human HEK293 ATCC CRL-1573 

Human HEK293 RIG-I KO CRISPR/Cas9 created  N/A 

Human A549 InvivoGen a549d-nfis 

Human A549 Dual RIG-I KO InvivoGen a549d-korigi 

Human A549 Dual MDA-5 KO InvivoGen a549d-komda5 

Human A549 MAVS KO Kindly provided by Prof. Tomasz Lipniacki N/A 

Human THP-1 ATCC TIB-202 

Human THP-1 Dual RIG-I KO InvivoGen thpd-korigi 

Human THP-1 Dual MDA-5 KO InvivoGen thpd-komda5 

Human THP-1 Dual MAVS KO InvivoGen thpd-komavs 

Human HEK-Blue IFN-α/β InvivoGen hkb-ifnab 

Murine MEF ATCC CRL-2991 

Murine bone marrow derived 

macrophages 
N/A N/A 

Primary murine fibroblasts N/A N/A 

Murine B16-Blue IFN-α/β InvivoGen bb-ifnt1 

 

Supplementary Table S4. Primary antibodies. 

Antigen Vendor Code Dilution ratio 

RIG-I CellSignaling 3743 1/1000 

pIRF3 CellSignaling 4947 1/1000 

IRF3 Proteintech 11312-1-AP 1/1000 

MDA-5 CellSignaling 5321 1/1000 

MAVS CellSignaling 3993 1/1000 

α-tubulin Proteintech 11224-1-AP 1/4000 

dsRNA Jena Bioscience 10010200 (J2) 1/1000 
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Abstract 

The interferon (IFN) response is crucial for antiviral activity, but its overstimulation can lead 

to a wide range of autoimmune disorders. The cytoplasmic pattern recognition receptor RIG-I 

detects viral double-stranded RNAs (dsRNAs) and endogenous polymerase III transcripts 

carrying a 5′-triphosphate (5′-ppp) or 5′-diphosphate (5′-pp) moiety, triggering 

phosphorylation of IRF3 and IFN immune response. While many viral RNAs initiate with 5′-

ppp-adenosine (5′-pppA) and most endogenous Pol III transcripts in higher eukaryotes start 

with 5′-ppp-guanosine (5′-pppG), no apparent reason for this bias has been identified so far. 

Here we demonstrate that dsRNAs initiating with 5′-pppA trigger stronger RIG-I/IFN response 

than those starting with 5′-pppG. We show that several GTP-binding proteins interact 

preferentially with 5′-pppG RNAs. Finally, supplementation with guanosine, but not 

adenosine, which rapidly increases intracellular concentrations of GTP and ATP, respectively, 

eliminates the difference in immunogenicity between 5′-pppG and 5′-pppA RNAs. Our 

findings suggest that 5′-pppG RNAs may enable certain RNA viruses and Pol III transcripts to 

limit detection by innate immune receptors. These results offer new insights into the sequence-

dependent activation of the RIG-I/IFN pathway and have important implications for both 

antiviral immunity and the role of Pol III-derived RNAs in autoimmune diseases. 
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Introduction 

In higher eukaryotes, the innate immune system acts as a rapid and essential defence 

mechanism against viral infections. This response is initiated when cellular sensors, known as 

Pattern Recognition Receptors (PRRs), detect molecular signatures commonly associated with 

pathogens, referred to as Pathogen-Associated Molecular Patterns (PAMPs). 1 One such 

molecular signature is the 5′-triphosphate (5′-ppp) group, which marks uncapped RNAs 

typically produced by viruses, but also present in some transcripts generated by RNA 

polymerase III. 2,3 Among the PRRs, Retinoic Acid-Inducible Gene I (RIG-I) plays a central 

role in detecting viral RNA that carries 5′-ppp motifs. Binding of such RNA induces a structural 

rearrangement in RIG-I and promotes its K63-linked ubiquitination by the E3 ligase Riplet. 4,5 

This modification initiates a signaling cascade via the mitochondrial antiviral signaling protein 

(MAVS), leading to the activation of transcription factors IRF3, IRF7, and NF-κB. 6 Once 

activated, these factors migrate into the nucleus and drive the production of type I interferons, 

which initiate a broad antiviral program by upregulating interferon-stimulated genes (ISGs). 7 

While essential for antiviral defence, uncontrolled activation of this pathway can result in 

chronic inflammation or autoimmunity. 8 

RIG-I protein displays highly selective ligand recognition, responding to both structural and 

chemical features of RNA. Its activation is triggered by short double-stranded RNAs (dsRNAs) 

with blunt ends, as well as by distinct molecular signatures such as 5′-triphosphate (5′-ppp) or 

5′-diphosphate (5′-pp) groups. 9-12 Crucially, RIG-I can distinguish these ligands from host 

RNAs by recognizing the absence of 2′-O-methylation, a modification typically found in the 

capped ends of eukaryotic mRNAs. 13 Even minimal synthetic RNA constructs, including 10-

base-pair duplexes or stem-loop structures, are sufficient to robustly activate RIG-I. 14,15 During 

Influenza A virus infection, short viral RNA fragments approximately 80 nucleotides in length 
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have been identified as highly potent RIG-I agonists, underscoring the critical role of RNA 

structure and composition in the activation of immune response. 16 

It has been noted that a substantial number of RNA viruses’ genomes begin with 5′-ppp 

adenosine (5′-pppA) 17 and Pol III transcripts of higher eukaryotes and the genomes of some 

highly pathogenic RNA viruses initiate with 5′-ppp guanosine (5′-pppG). 18-22 To revisit this 

notion, we collated 5′-terminal nucleotides of representative RNA viruses, which are known to 

have 5′-ppp (Figure 1A and 1B). This collection revealed that some RNA viruses (such as 

influenza A virus - IAV) start predominantly from 5′-pppA, whereas other pathogenic viruses 

(including Ebola, Lassa, and HCV) can start from 5′-pppG or other nucleosides. Notably, 

attempts of mutations of the first nucleotide in viral genomes have already been noted in the 

literature. Intriguingly, IAV reverts to its wild-type configuration upon mutation or deletion of 

the first nucleotide, 23 while modifying the 5′ terminal nucleotide to another purine nucleotide 

in hepatitis C virus (HCV) is not feasible. 21,24 Moreover, HCV genotypes starting with 5′-pppA 

are largely capped with flavin adenine dinucleotide (FAD), which might prevent them from 

inducing RIG-I, while genotypes starting with 5′-pppG remain uncapped. 21 

On the other hand, Pol III transcripts are known to be synthesized with 5′-ppp (Figure 1A). 

Interestingly, most Pol III transcripts in higher eukaryotes, including non-coding tRNA, 

Y RNA, vault RNA, and 5S RNA, initiate from 5′-pppG. Although those transcripts are 

suboptimal RIG-I agonists with their 3′ end uridine-rich tails, they have been shown to be 

endogenous triggers of the RIG-I/IFN pathway. 25,26 Notably, among four human Y RNAs, 

only Y5 RNA starts from 5′-pppA, while the three others start from 5′-pppG. It has been 

reported that Y5 RNA shows mainly nuclear localization, 27 and our qRT-PCR (quantitative 

reverse transcription and polymerase chain reaction assay)-based quantification shows that 

Y5 RNA levels are the lowest compared to other Y RNAs in HEK293 cells (Supplementary 
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Figure S1). The reasons for these sequence preferences in both viral RNA genomes and Pol III 

transcripts remain unknown. 

Our goal was to investigate the impact of the first nucleotide on RIG-I pathway activation. 

Since viral RNA genomes cannot be readily mutated at the 5′ end, the most suitable alternative 

was to use synthetic RNAs, which can be easily manipulated. Currently, the most widely used 

method for RNA production in both research and the RNA-based drug industry is T7 

polymerase-based in vitro transcription (IVT). While this technique offers several advantages, 

such as relatively low cost and high production efficiency, it is also associated with the 

generation of various side products. 28 These include transcripts resulting from random priming 

of abortive products, read-through transcription of run-off transcripts, and promoter-

independent transcription from either the sense strand of RNA or the antisense strand of the 

DNA template. 29-33 Although numerous purification strategies have been proposed to eliminate 

IVT-derived contaminants (reviewed in 34), even RNAs purified by urea-PAGE will still 

contain highly immunogenic impurities formed by perfectly complementary RNA duplexes 

and the main RNA product. Notably, we have shown that IVT-based production of 5′-pppA 

generates much more immunogenic dsRNA than 5′-pppG. 35 Altogether, this makes the IVT-

based preparation of single-stranded RNAs unsuitable for testing differences in 

immunogenicity between 5′-pppA and 5′-pppG transcripts. 

To address this issue, we developed a strategy that utilizes only perfect dsRNA duplexes, 

produced using two different methodologies depending on the transcript length. For RNA 

molecules shorter than 40 nucleotides, we employed chemical solid-phase synthesis in two 

batches, in which the first strand, called “sense,” was synthetized with a 5′-ppp moiety and the 

second (“antisense”) lacked any phosphate modification (5′-OH). For transcripts longer than 

40 nucleotides, we used IVT reactions to prepare both sense and antisense strands separately 

with each strand containing a 5′-ppp moiety. Our approach of using perfectly complementary 
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dsRNA duplexes has two major advantages: first, the dsRNA products are highly potent RIG-

I agonists, and second, preparation of IVT-derived dsRNA by mixing sense and antisense 

strands in 1:1 ratio eliminates the confounding effects caused by a tiny fraction of dsRNA 

impurities overrepresented in the 5′-pppA RNAs. 35 

Here we provide the evidence that dsRNAs commencing with 5′-pppA elicit a considerably 

more robust RIG-I/IFN response in comparison to those originating with 5′-pppG. Notably, 

both dsRNAs exhibit comparable binding affinity and similar RIG-I activation in isolated 

systems, suggesting that differences in stimulation of the RIG-I/IFN pathway are unlikely to 

result from variations in their direct interaction with the receptor. Using RNA pull-down 

combined with mass spectrometry, we demonstrate that several GTPases and GTP-binding 

proteins exhibit a specific binding affinity for 5′-pppG RNAs. Finally, supplementation with 

guanosine which promptly elevates intracellular GTP levels through the nucleoside salvage 

pathway, but not with adenosine which increases ATP levels, abolishes the difference between 

5′-pppG and 5′-pppA RNAs immunogenicity. We hypothesize that the highly abundant 

GTPases and GTP-binding proteins cause steric hindrance, thereby reducing RIG-I-mediated 

activation of the IFN response induced by 5′-pppG RNAs. Our findings suggest that 5′-pppG 

RNAs may enable certain RNA viruses and Pol III transcripts to evade detection by cellular 

immune sensors, uncovering a novel mechanism controlling sequence-dependent RIG-I/IFN 

pathway activation. 

Results 

5′-pppA dsRNAs stimulate the RIG-I/IFN pathway stronger than 5′-pppG dsRNAs in 

human and murine cells 

To evaluate the biological significance of the observed 5′ terminal nucleoside identity in RIG-

I agonists, we hypothesized that retention of the 5′-pppG RNAs may be an adaptation that 
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allows some RNA viruses and Pol III transcripts to evade detection by the RIG-I/IFN pathway. 

As stated in the introduction, direct mutagenesis of viruses or the use of IVT reactions to 

generate cognate single-stranded Pol III transcripts with similar levels of immunogenic dsRNA 

was not achievable. Instead, we employed two IAV-derived dsRNAs, which sense strand 

represents the beginning of the positive strand of segment 8th of the IAV PR8 strain – 76 bp 

IVT-produced dsRNA (Figure 2A) and its shorter analogue 24 bp dsRNA produced by 

chemical synthesis (Figure 2B). To investigate the role of the terminal nucleoside, we replaced 

the initial 5′-pppA with 5′-pppG in both IVT produced and synthetic dsRNAs, while 

maintaining the base pairing between the 5′-end of the first strand and 3′-end of the second 

strand by creating Watson-Crick base pairs (A:U and G:C) for the initial 5′-pppA or 5′-pppG 

(Figures 2A and 2B). The quality of dsRNA production was assessed through a two-step 

evaluation process. First, the integrity of the individual RNA strands was analyzed using 

denaturing urea-polyacrylamide gel electrophoresis (urea-PAGE) (Supplementary Figures 

S2A and S2C). Subsequently, successful duplex formation was verified via native 

polyacrylamide gel electrophoresis (native PAGE) (Supplementary Figures S2B and S2D). 

Then, HEK293 human embryonic kidney cells were transfected with either IVT 76 bp and 

synthetic 24 bp dsRNAs bearing 5′-pppA or 5′-pppG as a 5′ terminal nucleotide. The IVT 76 bp 

dsRNAs were tested at concentrations ranging from 0.1 ng/ml to 100 ng/ml, while the synthetic 

24 bp dsRNAs were tested between 1 ng/ml and 1000 ng/ml. After 24 hours post transfection, 

IRF3 phosphorylation and RIG-I protein levels were assessed by western blot analysis. In cells 

treated with IVT 76 bp dsRNAs, higher levels of phosphorylated IRF3 (pIRF3) and RIG-I 

protein were observed in 5′-pppA dsRNA-transfected cells compared to 5′-pppG dsRNA-

transfected cells, particularly at concentrations between 0.1 and 10 ng/mL (Figure 2C). The 

difference in pIRF3 and RIG-I was observed in all tested time points from 4 up to 24 hours 

post transfection (Supplementary Figure S3A). Moreover, the effects of varying strength of 
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RIG-I signaling activation were also observed at the mRNA level of IFN1b and ISG15 

(Interferon-Stimulated Gene 15) measured by qRT-PCR (Supplementary Figure S3B). A 

similar trend in RIG-I and pIRF3 expression was observed in cells transfected with synthetic 

24 bp dsRNAs, although the effect was shifted to higher concentrations. Enhanced pIRF3 and 

RIG-I levels for 5′-pppA over 5′-pppG 24bp dsRNA were detected for 10 and 100 ng/ml 

concentrations, whereas no signs of RIG-I stimulation were observed at 1 ng/ml (Figure 2D). 

IVT-derived dsRNAs appeared to be more stimulatory for the RIG-I pathway, which may be 

attributed to a higher length but also the presence of 5′-ppp moieties on both ends of the RNA 

duplex in contrast to synthetic dsRNAs, which carry a 5′-triphosphate only on one strand. At 

higher dsRNA concentrations (10 ng/ml for IVT dsRNA and 100 ng/ml for synthetic dsRNA), 

a saturation effect was observed, with no observed difference in pIRF3 and RIG-I levels 

between 5′-pppA and 5′-pppG (Figures 2C and 2D). 

Using IFN-α/β reporter HEK293 cells and colorimetric HEK-Blue IFN type I assay, we 

assessed the activity of IFN-α/β induced by the tested RNAs. Notably, IVT dsRNAs bearing a 

5′-pppA induced significantly stronger IFN responses compared to those with 5′-pppG 

(Figure 2E). However, this difference reached statistical significance only at the lowest 

concentration tested (0.1 ng/ml). In case of synthetic dsRNAs, a trend of enhanced IFN 

production by the 5′-pppA variant was observed at 1 ng/ml, but no difference was observed in 

higher concentrations of dsRNA between the 5′-pppA and 5′-pppG variants (Figure 2F). 

Importantly, HEK293 cells transfected with either IVT 76 bp or synthetic 24 bp dsRNA lacking 

the 5′-triphosphate moieties showed no stimulation of IFN-α/β production (Figures 2E and 2F). 

Removal of 5′-triphosphate groups from the antisense strands of 76 bp dsRNA resulted in 

reduced phosphorylation of IRF3 and decreased expression of RIG-I for both 5′-pppA and 5′-

pppG dsRNA variants (Supplementary Figure S3C). Notably, the differential response between 

the 5′-pppA and 5′-pppG forms remained evident. Complete dephosphorylation of both RNA 
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strands in dsRNAs led to full suppression of the RIG-I/IFN signaling pathway (Supplementary 

Figure S3C). 

To minimize potential false positive results due to IVT contaminants, through a semisynthetic 

approach we generated 76 bp dsRNAs. Specifically, a 55 nt RNA produced by IVT was ligated 

to a chemically synthesized 21 nt RNA using splint ligation to create a triphosphorylated sense 

strand, as previously described. 35 When evaluated in the HEK-Blue IFN type I assay, both 

76 nt semisynthetic ligated 5′-pppA and 5′-pppG sense strand RNAs exhibited no detectable 

immunostimulatory activity at the tested concentrations (Supplementary Figure S3D). 

However, the addition of trace amounts (0.05–1%) of a fully complementary, IVT-produced, 

dephosphorylated 76 nt antisense RNA strand to form complete dsRNA was sufficient to 

activate the RIG-I/IFN pathway. Importantly, the distinct responses between 5′-pppA and 5′-

pppG RNAs were still observable (Supplementary Figure S3D). 

We next conducted transfection experiments using reporter bone marrow-derived macrophages 

(BMDMs) isolated from homozygous mKate2 reporter mice, which enable real-time 

visualization of IFN-β expression via mKate2 fluorescence. 35 A more robust IFN-β promoter 

activation was observed for RNAs initiating with 5′-pppA in cells transfected with either IVT-

derived 76 bp dsRNA or fully synthetic 24 bp dsRNA (Figures 2G and 2H). In the case of 

76 bp IVT dsRNA, a statistically significant difference in fluorescence between the 5′-pppA 

and 5′-pppG variants emerged at 8 hours post-transfection. For the synthetic 24 bp dsRNAs, 

this distinction became significant at 13 hours post-transfection. Throughout the time course, 

5′-pppA RNAs were up to three times and fourteen times more immunogenic than the 

corresponding 5′-pppG constructs, for 76 bp and 24 bp dsRNAs respectively (Supplementary 

Figures S3E and S3F). Notably, no activation of the RIG-I/IFN signaling pathway was detected 

in BMDMs transfected with dsRNAs lacking 5′-triphosphate moieties, confirming the 

requirement of this structural feature for immune activation. 
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The observed effects were not limited to our two representative RNAs. Similar patterns were 

seen with IVT-derived dsRNAs, whose sense-strand sequences were taken from pre-let-7a and 

Y5 RNA (Supplementary Figures S4 and S5). Notably, the immunogenicity of Y5 RNA-

derived dsRNA was strongly dependent on its concentration. At 0.1 ng/ml, the 5′-pppA Y5 

dsRNA was up to forty times more immunogenic than the corresponding 5′-pppG construct, 

whereas at 10 ng/ml it was only about twice as immunogenic (Supplementary Figures S5F and 

S5G). Additionally, Y5-derived dsRNAs with 6xGC clamps at both ends exhibited 

substantially lower immunogenic potential than their wild type counterparts. Furthermore, a 

short synthetic, partially double-stranded RIG-I agonist with a blunt end (details available in 

the patent WO/2025/088117A1) also demonstrated that 5′-pppA RNA is up to twenty times 

more potent RIG-I stimulant than 5′-pppG RNA (Supplementary Figure S6). These results 

show that the increased immunogenicity of 5′-pppA-containing RNAs, compared with 5′-

pppG, can be observed across a range of RIG-I agonists. 

Taken together, these findings reveal a consistent pattern whereby dsRNAs bearing 5′-pppA 

ends are more immunogenic in both human and murine cells than equivalent sequences bearing 

a 5′-pppG terminus, highlighting the importance of RNA concentration in this context. 

Although this difference is observed in the human continuous cell line, a murine assay using 

primary cells (BMDMs with an mKate2 reporter that allows real-time monitoring of IFN-β 

promoter activity) reveals a more robust difference in immunogenicity based on the identity of 

the 5′ terminal nucleotide. Furthermore, this effect is associated with the RIG-I/IFN signaling 

pathway, as stimulation is entirely reliant on the presence of 5′-triphosphate moieties. 
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5′-pppA and 5′-pppG RNAs show different binding affinity but similar activation in 

biochemical assays with recombinant RIG-I 

To further investigate whether the observed significant difference in RIG-I/IFN pathway 

activation by 5′-pppA and 5′-pppG RNAs could be due to impaired binding of RIG-I to these 

RNAs, electrophoretic mobility shift analysis (EMSA) was performed. This assay was used to 

measure the binding affinities of 5′-pppA and 5′-pppG double-stranded RNAs to purified, 

recombinant RIG-I protein (Figures 3A and 3B and Supplementary Figure S7). Due to 

the method requirement of a fluorophore presence in the RNA molecule, 3′ end modification 

of the sense strand for IVT-produced dsRNA and 5′ end modification of the antisense strand 

with fluorescein amidite (6-FAM) for synthetic 24 bp dsRNA was introduced. Binding affinity 

measurements revealed that RIG-I binds to 5′-pppA IVT 76 bp dsRNA with significantly 

higher affinity (Kd = 1.47 nM) compared to 5′-pppG dsRNA (Kd = 2.32 nM) (Figure 3E and 

Supplementary Table S1). Notably, dephosphorylation of the 5′-pppA dsRNA resulted in an 

~8-fold reduction in RIG-I binding affinity (Kd = 10.84 nM), whereas the corresponding 5′-

OH-G dsRNA exhibited only a modest, non-significant decrease in binding affinity (Kd = 

2.94 nM) relative to its triphosphorylated counterpart. A similar trend was observed for direct 

interaction between recombinant RIG-I and synthetic 24 bp dsRNA (Figure 3B). The binding 

affinity for 5′-pppA (Kd = 0.40 nM) was significantly higher compared to 5′-pppG (Kd = 

0.94 nM). Consistent with previous observations, the interaction of RIG-I with 5′-OH-A 

dsRNA was approximately 8-fold weaker (Kd = 4.50 nM) than with its triphosphorylated form 

and decrease in binding affinity to 5′-OH-G was reduced by only ~2-fold (Kd = 1.81 nM) 

relative to 5′-pppG, but in this case the difference was significant (Figure 3E and 

Supplementary Table S1). 

To gain a deeper understanding of the interaction between RIG-I and dsRNA in relation to the 

5′ terminal nucleotide under isolated conditions, we performed a RIG-I activation 
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measurement. Based on previous studies that demonstrate a correlation between RIG-I 

activation by 5′-ppp RNA and its ability to hydrolyse ATP to ADP, an ATPase assay was 

applied to assess the activity of recombinant RIG-I upon dsRNA binding. A parameter used to 

compare RIG-I activity upon binding to different RNAs was the half maximal effective 

concentration (EC50) of the tested RNAs (Figures 3C and 3D). The result obtained for IVT 

76 bp dsRNA by this methodology showed that triphosphorylated dsRNAs were most 

triggering RIG-I activity and differences between 5′-pppA (EC50 = 0.074 nM) and 5′-pppG 

(EC50 = 0.081 nM) were minimal and non-significant. Triphosphate-depleted dsRNAs were 

less effective ATPase activators, and in line with EMSA results, 5′-OH-A (EC50 = 0.308 nM) 

was much less RIG-I stimulatory than 5′-OH-G (EC50 = 0.192 nM). Similarly, synthetic 5′-ppp 

dsRNAs robustly activated RIG-I, with negligible differences between 5′-pppA (EC50 = 

0.041 nM) and 5′-pppG (EC50 = 0.039 nM), and RNAs lacking triphosphate moiety – 5′-OH-

A (EC50 = 0.092 nM) and 5′-OH-G (EC50 = 0.058 nM) – showed substantially reduced potency 

(Figure 3E and Supplementary Table S1). 

Comparing those results with experiments performed on human and mouse cells, we speculate 

that immunogenic potential of dsRNA might be only partially explained by the difference in 

direct binding affinity of RIG-I protein to 5′-pppA and 5′-pppG dsRNA. However, the 

immunogenic potential of dsRNA does not strictly correlate with ability to activate RIG-I, as 

we observed no differences in ATPase assays. This suggests that the observed mechanism of 

differential immunogenic potential of 5′-pppA vs. 5′-pppG RNAs cannot be fully recapitulated 

in isolated conditions with recombinant RIG-I protein. Therefore, the difference in RIG-I 

pathway activation by 5′-pppA and 5′-pppG RNAs might be due to sequence-specific cellular 

factors that are not present in biochemical assays. 
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5′-pppA and 5′-pppG RNAs bind different sets of RBPs 

To elucidate the cellular mechanism behind the difference in the immunogenicity of 5′-pppA 

vs. 5′-pppG RNAs, we employed RNA pull-down coupled with label-free quantitative mass 

spectrometry (RP-MS), 36 identifying proteins in cell extracts that exhibited differential binding 

affinities to the tested dsRNAs (Figure 4A). While most proteins displayed similar binding 

between the two RNAs, a subset of proteins emerged as outliers (Figure 4B). The 5′-pppA IVT 

76 bp dsRNA pull-down enriched for a substantial group of proteins involved in nucleic acid 

metabolism, RNA stability, or degradation. Notably, the 5′-pppG IVT 76 bp dsRNA pulled-

down proteins associated with translation and RNA transport. A considerable proportion of 

proteins enriched in the 5′-pppG IVT 76 bp dsRNA pull-down possesses GTP binding, small 

GTPase binding, or GTPase activity and are involved in translation process (Figure 4C). 

Conversely, few binders of 5′-pppA IVT 76 bp dsRNA were classified as single stranded RNA 

binding proteins, which is somewhat unexpected given that a dsRNA molecule was used as the 

bait in the pull-down assay (Figure 4D). 

To further validate these findings, we employed RNA pull-down western blot analysis using 

HEK293 cell lysates and either IVT 76 bp or synthetic 24 bp dsRNAs (Figure 4E and 4F). 

These results confirmed the increased binding of NUDT16, RAN, and RANBP1 proteins to 

the 5′-pppG IVT 76 bp dsRNA and its shorter analogue - synthetic 5′-pppG 24 bp dsRNA. 

Simultaneously, double-stranded RNA binding proteins PKR and DHX9 were captured by 5′-

pppA and 5′-pppG RNAs in a similar way, confirming equal RNA quality and loading 

(Figures 4E and 4F). Surprisingly, no apparent difference in RIG-I binding between 5′-pppA 

and 5′-pppG RNAs was observed. This may indicate that RNA pull-down is not sensitive 

enough to detect subtle differences in protein affinity, or that the factors influencing differential 

RIG-I stimulation by 5′-pppA and 5′-pppG differ between in cellulo and ex vivo conditions. 

Finally, to check the dependence of binding of the identified proteins to the tested RNAs on 
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the presence of the triphosphate moiety at the 5′ end of RNAs, we also tested dephosphorylated 

RNAs. Intriguingly, we observed that removing the 5′-ppp group from dsRNAs does not affect 

binding of RIG-I protein but results in complete inhibition of binding of 5′-pppG enriched 

proteins to dephosphorylated RNAs initiating with G (Figures 4E and 4F). Next, to investigate 

the influence of GTP binding proteins on the RIG-I-RNA interaction, we introduced non-

hydrolyzable GTP analogs to protein extracts during the RNA pull-down procedure. This 

approach aimed to occupy the GTP-binding pockets, thereby impeding the interaction of 

the GTP-binding proteins with 5′-pppG RNAs. Indeed, supplementation with GTP analogs led 

to a complete blockade of NUDT16, RAN, and RANBP1 binding to RNAs (Figures 4E 

and 4F). In contrast, the binding of reference proteins DHX9 and PKR to dsRNAs remained 

unaffected. Taken together, these findings identify for the first time proteins that bind 

differentially to dsRNA containing 5′-pppG and 5′-pppA and show that GTP-binding proteins 

use a shared pocket to bind both GTP and 5′-pppG RNAs. 

Nucleoside salvage pathway-driven GTP increase equalises immunogenicity of 5′-pppG 

and 5′-pppA dsRNAs 

To assess whether GTP-binding proteins have any effect on the activation of the RIG-I/IFN 

pathway in cellulo, we aimed to saturate them with elevated levels of GTP. To achieve this, we 

increased intracellular GTP levels by stimulating the nucleoside salvage pathway (Figure 5A) 

through supplementation of the growth medium with guanosine. 37,38 As a control we used 

supplementation with adenosine, which results in elevation of ATP levels. HEK293 cells were 

cultured for 48 hours in medium supplemented with guanosine, adenosine or DMSO serving 

as a vehicle control. Following this preconditioning, cells were transfected with 76 bp dsRNA 

bearing either 5′-pppA or 5′-pppG termini to assess the impact of altered purine nucleotide 

pools on dsRNA sensing and signaling. Following guanosine supplementation, transfection 

with both 5′-pppA and 5′-pppG 76 bp dsRNAs resulted in elevated IFN production compared 
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to DMSO or adenosine-treated controls (Figure 5B-D). Importantly, the difference in IFN 

response, evaluated by measuring IRF3 phosphorylation and RIG-I levels, between 5′-pppA 

and 5′-pppG dsRNAs was substantially reduced in guanosine-enriched conditions (Figure 5B-

D). These findings suggest that in cellulo elevated GTP levels enhance the RIG-I/IFN response 

and saturate GTP-binding proteins that normally bind 5′-pppG dsRNA and block RIG-I 

recognition through steric interference.  

In summary, our study demonstrates that dsRNAs commencing with 5′-pppA trigger a more 

robust RIG-I/IFN response in comparison to their corresponding counterparts initiating with 

5′-pppG. The observed phenomenon holds across various tested RNAs, cell lines as well as in 

mice and human cells. Our working hypothesis proposes that GTPases and GTP-binding 

proteins impede the activation of RIG-I by 5′-pppG RNAs within the cellular environment, 

thereby diminishing their immunogenicity (Figure 6). 

Discussion 

Viruses possess a range of conserved features, including uncapped 5′-ppp termini, 

unmethylated CpG-rich motifs, or dsRNAs. Although these features are typically absent or 

occluded in eukaryotic host RNAs, they function as targets for host innate immune system 

proteins, including RIG-I. 39,40 Under pathological conditions, host RNAs can trigger the RIG-

I pathway. 41,42 To avoid erroneous activation of this pathway, host RNAs have evolved distinct 

molecular features and some characteristics that prevent recognition by the innate immune 

system. These include the presence of cap structures and nucleotide modifications on RNA 

polymerase II-derived mRNAs 42, specific cleavage patterns and chemical modifications on 

RNA polymerase I-transcribed rRNAs 43, and the clearance of 5′-ppp termini on RNA 

polymerase III transcripts, achieved through the activity of phosphatases such as triphosphatase 

dual-specificity phosphatase 11 (DUSP11). 44 Additionally, subcellular compartmentalization, 
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as seen in the restricted localization of mitochondrial dsRNA, further limits unwanted immune 

detection. 44 Collectively, these adaptations ensure that host RNAs remain largely undetected 

by the innate immune system under physiological conditions. 

Here we propose a new conceptual model underlying sequence-specific RNA recognition by 

RIG-I and the ensuing adequate activation of the type I interferon response (Figure 6). In this 

model, endogenous RNAs, representing most Pol III transcripts in higher eukaryotes, and 

certain highly pathogenic viruses initiate with 5′-pppG. This would make them relatively weak 

RIG-I agonists due to interference by GTP-binding proteins and GTPases. Notably, GTPases 

typically exhibit affinities for GTP in the nanomolar range, whereas known ATPases show 

affinities in the high micromolar range.45,46 More recent study indicates that GTP-binding 

affinities are approximately 3,000-fold higher than those of ATPases.47 This difference may 

explain why RNAs with 5′-pppG termini are more affected than those with 5′-pppA ends. This 

and additional mechanisms, such as dephosphorylation by DUSP11, 44 could contribute to 

evading detection by the RIG-I signaling pathway. Conversely, RNAs commencing with 5′-

pppA, a characteristic of more prevalent viruses like IAV or HCV, exhibit greater potential for 

RIG-I/IFN pathway activation, which drives them to evolve mechanisms to silence or evade 

immune response. In the case of IAV, its NS1 protein has multiple functions that interfere with 

the host immune system 48, while in HCV, subtypes carrying 5′-pppA but not 5′-pppG are 

capped by FAD.21 Although some reports suggest that FAD might not be hindering RIG-I 

activity.49 Additionally, IAV is known to use a 5′-cap-snatching strategy to hide its transcripts 

from innate sensors and secure efficient cap-dependant translation. 50 The results presented 

here demonstrate that IVT-produced or chemically synthesised dsRNAs initiating with 5′-pppA 

are more immunogenic than those starting with 5′-pppG. Similar differences for short dsRNAs 

have been observed before but remained unexplored.10 Substantiating these findings is 

the observation that the Pol III transcript Y5 RNA, bearing 5′-pppA, is expressed at markedly 
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lower levels compared to other Y RNAs initiating with 5′-pppG (Supplementary Figure S1) 

and is retained in the nucleus.27 Taken together, we speculate that the preservation of more 

immunogenic 5′-pppA termini in viruses may be influenced by constraints imposed by 

promoter and polymerase functions. Conversely, elevated IFN signaling could help maintain a 

balance in viral replication, allowing propagation without killing the host. 

The biggest difference in the induction of the I interferon upon transfection with 5′-pppA or 5′-

pppG RNAs occurred at very low concentrations. This could represent the early stages of virus 

infection which are crucial to mount an effective cellular response. 51 Similarly, low levels of 

immunogenic viral RNAs derived from West Nile virus and generated during the viral 

replication cycle have been shown to activate the RIG-I response.52 At the highest RNA 

concentrations tested (100 ng/ml for IVT 76 bp dsRNA and 1 µg/ml for synthetic 24 bp 

dsRNA), no significant difference was observed between the 5′-pppA and 5′-pppG variants. 

This implies an involvement of endogenous factors that may become saturated at very high 

concentrations of transfected RNAs. Intriguingly, Ren et al. reported no difference in IFN-β 

induction between dsRNAs starting with 5′-pppA or 5′-pppG. 53 The apparent discrepancy with 

our study may be attributed to different concentrations tested and the distinct dsRNA substrates 

examined. Ren et al. conducted their experiments using fully complementary dsRNAs with 

two exposed ends at a concentration of 2 µg/ml. Given that their RNAs had a length of 24 nt 

with 10 bp, the corresponding molar concentration was approximately 259 nM. In contrast, our 

IVT-produced 76 bp dsRNA, with a length of 76 nt, exhibited optimal results at a concentration 

of 20 pM (equivalent to 1 ng/ml) and, similarly to the high concentrations tested by Ren et al., 

showed no discernible difference in IFN induction at concentrations of 2 nM (equivalent to 

100 ng/ml) and higher. Moreover, the minimal length documented thus far for the RIG-I 

agonist was 23 bp 17 and 10 bp. 54 We postulate that, beyond base pairing considerations, 

the overall length of the ligand is pivotal for RIG-I recognition. Supporting a preference for 
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longer RNAs, Velthuis et al. demonstrated that mini viral RNAs ranging from 56 to 125 

nucleotides, derived from the IAV, triggered the highest IFN-β promoter activity. 16 

To investigate the mechanisms underlying the differential activation of the RIG-I/IFN type I 

signaling pathway by 5′-pppA vs. 5′-pppG dsRNAs, we employed a combination of 

biochemical and cellular methods. One of the primary advantages of biochemical assays is their 

ability to be conducted under defined, isolated conditions, enabling precise characterization of 

molecular interactions through the quantification of direct binding parameters. 55,56 Using a 

biochemical approach, we observed that RIG-I exhibits a marginally higher binding affinity 

for 5′-pppA dsRNA than for 5′-pppG dsRNA. Previous work has shown a correlation between 

RNA binding affinity to RIG-I and the capacity of RNA agonists to induce the RIG-I/IFN 

signaling pathway. 57 These findings support the idea that the identity of the 5′ nucleotide can 

influence the immunogenic potential of dsRNA ligands. In contrast, RIG-I activity, assessed 

by ATP consumption, showed no significant difference upon binding to 5′-pppA or 5′-pppG 

dsRNA (Figure 3). However, other studies have demonstrated that the ATPase activity of RIG-

I does not fully reflect its functional activation. This is because RIG-I activation primarily 

depends on ATP binding, which drives essential conformational changes, rather than on ATP 

hydrolysis itself. 55,56 Thus, biochemical assays did not fully explain the observed difference 

between 5′-pppA and 5′-pppG dsRNA immunogenicity. 

Since biochemical methods did not provide a definitive explanation for the mechanism 

underlying the differential activation of the RIG-I/IFN pathway by 5′-pppA and 5′-pppG 

dsRNAs, we investigated whether additional cellular factors might contribute to the observed 

phenomenon. Here, we employed an RNA pull-down assay combined with mass spectrometry, 

enabling the identification of proteins that specifically bind to the RNA of interest. We 

demonstrated that even a single nucleotide difference in the dsRNA sequence can alter the 

protein-binding profile, leading to the enrichment of distinct protein groups. Interestingly, 
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when using 5′-pppA dsRNA as bait, we observed the enrichment of proteins typically 

associated with ssRNA, despite the dsRNA being immobilized on the resin. This finding 

suggests that A-U base pairs, being less thermodynamically stable, may allow partial or full 

unwinding of the duplex in the presence of helicases or other RNA-binding proteins in the 

lysate. Consequently, these transiently exposed ssRNA regions may become accessible to 

ssRNA-binding proteins. In comparison, Gene Ontology analysis of the 5′-pppG dsRNA pull-

down revealed nine proteins classified as GTPases or GTP-binding proteins. Among them, a 

particularly novel finding is the identification of NUDT16, a known decapping enzyme that 

catalyzes the cleavage of the 5′ cap structure in snoRNAs and mRNAs. 58 Here, NUDT16 was 

found to bind to uncapped dsRNA, a previously unreported interaction. Furthermore, our 

results show that its binding to short dsRNA is strictly dependent on the presence of the 5′-

pppG moiety and can be disrupted by blocking the GTP-binding pocket of NUDT16 with a 

non-hydrolyzable GTP analog. Although our experiment does not establish whether NUDT16 

binds directly to dsRNA or as part of a larger protein complex, its interaction with uncapped 

RNA represents a novel discovery. Importantly, while NUDT16 has not been directly 

implicated in the activation or inhibition of the RIG-I/IFN innate immune signaling pathway, 

emerging evidence suggests that it contributes to innate immunity by regulating the turnover 

of inflammatory mRNAs and maintaining genomic integrity in immune cells. Its expression is 

upregulated under inflammatory conditions, such as sepsis, indicating a potential modulatory 

role in controlling the intensity of the innate immune response. 59,60 

Of particular significance is the observed upregulation of the RIG-I/IFN signaling pathway in 

response to 5′-pppG dsRNA upon stimulation of the GTP salvage pathway. Combined with the 

finding that GTPase interaction with dsRNA is disrupted when its GTP-binding pocket is 

occupied, these results demonstrate that elevated GTP levels might relieve the inhibitory 

interaction between GTPases and 5′-pppG dsRNA. Notably, many viral infections lead to host 
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mRNA degradation, resulting in increased levels of nucleotide precursors via the salvage 

pathway, which viruses exploit to support their replication. 61 According to our findings, this 

increase of nucleotide levels, including GTP, may also benefit the host by enhancing activation 

of the RIG-I/IFN pathway. Endogenous RNA polymerase III transcripts bearing 5′-pppG ends, 

such as Y-RNAs, may act as stoichiometric immunostimulatory ligands under these conditions, 

thereby contributing to the innate immune response during viral infection. In addition to RNA 

derived from RNA viruses, DNA viruses can also be a source of RNAs recognized by RIG-I. 

Consequently, many viruses may harbor factors that inhibit RIG-I activity. 17 Notably, RNAs 

from these DNA viruses (e.g., Epstein-Barr virus (EBV)) also produce RNAs with 5′-pppA 

termini, which could be highly immunogenic. 62 It is also worth noting that EBV infection is 

linked to autoimmune diseases such as systemic lupus erythematosus, 63 multiple sclerosis, 64 

and rheumatoid arthritis. 65 It is suggested that EBV may contribute to the onset or exacerbation 

of autoimmune disorders. Despite these insights, the precise role of such RNAs in autoimmune 

diseases remains unclear, warranting further investigation of the complex interplay between 

the virus and the host’s immune system. 

Summary 

In summary, our results suggest that accurate recognition of uncapped dsRNA by RIG-I in the 

cells may rely on the presence of a specific terminal 5′-ppp nucleotide and the surrounding 

cellular protein environment, with RNAs containing 5′-pppA being more immunogenic than 

those with 5′-pppG. This novel aspect of sequence-specific signaling in the RIG-I/IFN pathway 

will be important for advancing knowledge and designing strategies to target pathogenic 

viruses and host RNAs involved in autoimmunity. 

Limitations of the study 
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While we demonstrated that dsRNAs containing 5′-pppA are more immunogenic than dsRNAs 

with 5′-pppG, we could not have shown it for pol III transcripts transcribed in vitro or for RNA 

viruses. This is largely due to the IVT bias towards producing more immunogenic dsRNA side 

products when initiation occurs with 5′-pppA, as well as evolutionary and mechanistic 

pressures acting on viral promoter sequences. To address this limitation, future studies should 

focus on endogenously modified pol III transcripts or more extensive viral mutagenesis. 

However, any viral RNA modifications that enhance robustness through innate immune 

avoidance should be considered with caution. 

Materials and Methods 

IVT reaction 

RNA transcripts (Supplementary Table S2) were prepared using the IVT reaction. IVT 76 bp 

dsRNA was derived by truncating 76 nucleotides from the 8th segment of the IAV genome 

(GenBank: NC_002020.1). 

The transcription template was first amplified using the High-Fidelity Phusion DNA 

Polymerase (Thermo #F530L) and primers (Supplementary Table S3) appending T7 Class III 

(TAATACGACTCACTATA) or ϕ2.5 Class II (TAATACGACTCACTATT) promoter 

sequence to produce 5′-pppA RNA or 5′-pppG RNAs, respectively. 66 Subsequent IVT reaction 

producing 5′-triphosphorylated RNAs was performed with NxGen T7 RNA Polymerase 

(Biosearch Technologies #30223-1). 

Then RNA was precipitated with 3 M sodium acetate pH 5.1 and 100% EtOH, washed with 

100% EtOH, and resuspended in UP water. The RNA in 2× loading buffer (7 M urea, 

bromophenol blue, and xylene cyanol) was then run on a denaturing polyacrylamide gel (10% 

polyacrylamide, 7.5 M urea in 1× TBE) for 2 h. Bands were stained with Stains-all (Sigma-

Aldrich #E9379) and excised with individual scalpel blades. Then RNA was extracted (0.3 M 
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sodium acetate pH 5.2; 0.5 mM EDTA; 0.1% SDS) and precipitated again. Washed with 100% 

EtOH and resuspended in UP water. RNA concentrations were assessed with NanoDrop. RNA 

was aliquoted and stored at −80°C. PAGE/urea gel electrophoresis was repeated to confirm that 

no extra bands were observed in the final RNA preparation. Dephosphorylated RNA was 

produced with FastAP enzyme (Thermo #EF0654) and cleaned using column purification 

(Invitek Invisorb Spin Virus RNA Mini Kit). 

Double-stranded RNAs were prepared by mixing a 1:1 molar ratio of sense and antisense 

strands in 1× RNA refolding buffer (100 mM Tris-HCl pH 7.5, 100 mM NaCl, and 5 mM 

MgCl2). To obtain proper duplex formation, dsRNA mixture was heated up to +80°C for 10 

min and then cooled down at room temperature for 30 min. 

The 3p-hpRNA at a concentration of 100 ng/ml (InvivoGen #tlrl-hprna) or no RNA were used 

as a positive and negative controls, respectively. 

Chemical RNA synthesis 

Standard solid-phase oligonucleotide synthesis was performed on an Äkta Oligopilot 10 Plus 

from GE Healthcare in a 4 µmol scale using 2ʹOTBDMS protected phosphoramidites and the 

5ʹtrityl-off modus. Commercially available phosphoramidites, CPG materials and reagents 

were used, purchased from Sigma Aldrich, Avantor, TCI, and Glen Research. 

The triphosphorylation reaction was performed subsequently after solid-phase synthesis with 

an automated machine adapted version of Goldeck et al. on an Äkta Oligopilot 10 Plus from 

GE Healthcare. 67 For deprotection, the CPG-bound oligonucleotide was incubated with 1.2 ml 

40% methylamine for 45 min at +45°C. The material was diluted in 9 ml DMSO and then 900 

µl glycolic acid was added. The 2ʹ deprotection was carried out using 1 M NH4F in DMSO for 

8 h at room temperature. The reaction was quenched with 1 ml of 100 mM triethylammonium 

bicarbonate (TEAB) and passed through a Dowex Et3NH+ column for ion-exchange prior to 
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HPLC purification. RP-HPLC purification was performed on a 15RPC Tricorn 10/300 with a 

linear gradient of 0-80% B in 30 CV at a flow rate of 2 ml/min. Buffer A was 100 mM TEAB 

and buffer B was 100 mM TEAB in 80% methanol (MeOH). For removal of the 5ʹdecyl-NH-

tag, the product fractions were collected, evaporated and desalted by repeated co-evaporation 

with MeOH. The residue was redissolved in 400 μl deprotection buffer (100 mM acetic acid, 

TEMED, pH 3.8) and heated to +60°C for 70 min. After cooling the reaction mixtures on ice, 

24 μl of 5 M NaCl and 1.2 ml ethanol were added to precipitate the oligonucleotide. The pure 

product was pelleted by centrifugation, washed with ethanol, dried under vacuum, and 

dissolved in pure water. 

Purity and identity were confirmed by LC-MS analysis which was performed using an 

ACQUITY-UPLC system (Waters) coupled to an Xevo TQ-S Quadrupole (Waters) equipped 

with an electrospray source operating in negative ionization mode. All samples were 

chromatographed on an ACQUITY UPLC BEH C18 column (2.1 × 50 mm; 1.8 μm particle 

size) at +60°C column temperature. Separation of the analytes was achieved using a gradient 

of 16.6 mM triethylamine (TEA), 100 mM hexafluoroisopropanol (HFIP) and 10% methanol 

as eluent A and 16.6 mM TEA, 100 mM HFIP and 95% MeOH as eluent B with a flow rate of 

0.3 ml/min. Samples were prepared in 200 mM TEAA and 20 mM EDTA. Segmented gradient 

for LC-MS analysis is presented in the Supplementary Table S4. 

Native polyacrylamide gel electrophoresis 

For native polyacrylamide gel electrophoresis, a 10× native gel loading buffer (1 mM Tris-HCl 

pH 7.5, 5% glycerol, 0.001% bromophenol blue) was added to the samples and mixed. 

The mixtures were overlaid on a nondenaturing 12% polyacrylamide gel (prerun step was 

performed at 8 W for 45 min at +4°C). After electrophoresis at 8 W for 120 min at +4°C, 
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the gels were stained with SYBR Gold nucleic acid gel stain (Invitrogen #S11494). Imaging 

was performed with a Chemidoc MP (Bio-Rad Laboratories).  

Cell cultures 

Murine bone marrow cells were obtained from C57BL6J/Rj mice as previously described with 

modification. 68 Bone marrow cells were cultured with 20% of L929 conditioned medium for 

7 days to generate BMDMs.69 Human HEK293, HEK-Blue IFN-α/β (InvivoGen #hkb-ifnab) 

cells, and murine BMDM cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM; Gibco #32430) supplemented with 10% fetal bovine serum (Gibco #10270-106). 

HEK-Blue IFN- α/β cells were cultured with 100 μg/ml Zeocine (InvivoGen #ant-zn-1) and 

30 μg/ml Blasticidine (InvivoGen #ant-bl-05). Primary cell cultures (BMDMs) were kept in 

presence of 1× Penicillin-Streptomycin (Gibco #15140122) and 0.1 mg/ml Gentamicin (Gibco 

#15710064). Cells were cultured at +37°C in a 5% CO2 humidified incubator. 

Transfection of RNAs in cell cultures 

Cells were seeded in a 12-well plate at a concentration of 0.3-0.7×106 cells per well and 

incubated for 24-48 hours. RNA was mixed with Lipofectamine: first, RNA was prediluted in 

125 μl of OptiMEM (Gibco #11058), second, 2 μl of Lipofectamine 2000 (InvitroGen #11668) 

prediluted in 125 μl of OptiMEM was added, third, mix was incubated at RT for 30 min, fourth, 

750 μl of cell culture medium was added.  The obtained mix of RNA with Lipofectamine in 

medium was added to cells and incubated for 24 hours. Supernatants and cell lysates in 

modified Roeder D Buffer70 (20% (w/v) glycerol, 100 mM KCl, 0.2 mM EDTA; 100 mM Tris-

HCl pH 8.0; 0.2 mM PMSF and 0.5 mM DTT) were collected and processed either for type I 

IFN assay or western blot. 
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HEK-Blue IFN type I assay 

Supernatants from HEK293 cells were processed with the HEK-Blue IFN type I assay in 

quadruplicates. 20 μl of supernatants (undiluted or prediluted 1:7) were added to 50,000 HEK-

Blue IFN-α/β cells per well in a 96-well plate. A standard curve was generated in parallel by 

serial dilutions of recombinant IFN-β standard in DMEM (R&D Systems #8499-IF-010). After 

overnight incubation (24 h), 20 μl of supernatant was mixed with 180 μl of the working 

solution of the QUANTI-Blue reagent (InvivoGen #rep-qbs) and incubated at +37°C for 0.1-

3 h. Absorbance was measured at 654 nm using a Tecan Sunrise absorbance microplate reader. 

Blank values were subtracted from all wells and the four-parameter logistic (4PL) standard 

curves were fitted to provide semiquantitative analyses of the IFN concentrations produced in 

the RNA-transfected cells. 71,72 

Western blot analysis 

Cell monolayers were washed once with ice-cold 1× DPBS (Gibco #14190) and resuspended 

in 50 μl of a Roeder D buffer. After vortexing, cells were sonicated with Diagenode’s Bioruptor 

Pico sonication device (10 cycles of 30 s ON/30 s OFF at +4 C) and centrifuged (10000×g, 

5 min, +4°C). Supernatants were moved to pre-chilled low protein binding tubes and, after 

quantifying protein concentration with NanoDrop, stored at −80°C. Twenty to hundred μg of 

protein extract was resolved using a 10% gel. Proteins were transferred to nitrocellulose 

membranes (Amersham #10600007) using a wet transfer apparatus. Membranes were blocked 

with 1% Western Blocking Reagent (WBR; Roche #11921681001) for 1 hour at room 

temperature. Membranes stained for pIRF3 were blocked with 5% BSA in TBST buffer. 

The blocked membranes were incubated with primary antibodies diluted in 0.5% WBR in 

TBST overnight at +4°C (Supplementary Table S5), washed three times with TBST, incubated 

with secondary antibodies diluted in 0.5% WBR in TBST for 1 hour at room temperature 

(Polyclonal Goat Anti-Rabbit Immunoglobulins/HRP, Agilent Dako #P0448, 1/2000), washed 
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three times with TBST. For the chemiluminescence reaction, peroxide ECL reagents (Bio-

Rad #170-5061) were applied to each membrane and then, the membranes were visualized and 

results quantified using an iBright 1500 Imaging System (Thermo). 

RNA extraction and qRT-PCR 

RNA was extracted with Trizol (Invitrogen #15596018), and one-step qRT-PCR reactions were 

conducted on the Roche LightCycler 96 System. SYBRgreen-based GoTaq 1-Step qRT-PCR 

System (Promega #A6020) and LightCycler 96 software were used for RNA quantification. 

The reaction mixture (20 μl) consisted of 10 μl of 2× MasterMix, 0.4 μl of Reverse 

Transcription Mix, 0.2 μl of each primer diluted to 20 µM concentration, 7.2 μl of nuclease-

free water and 2 μl (100 ng) of RNA template. A reverse transcription step of 15 min at +37°C 

and an enzyme activation step of 10 min at +95°C were followed by 40 amplification cycles 

(15 s at +95°C and 60 s at +60°C). The primers used are listed in Supplementary Table S6. 

Fluorescence RNA preparation 

Fluorescent IVT dsRNA was constituted of sense strand RNA labelled on the 3′-end with 

fluorescein and unmodified antisense strand, both IVT derived. RNA 3′-end labelling was 

conducted as described earlier by Qiu et al.73 Briefly, 0.25 nmol of RNA was oxidized with 2.5 

nmol of sodium periodate in RNA labelling buffer (0.25 M sodium acetate, pH 5.6), incubating 

in the dark for 90 min at room temperature. Then, 5 nmol of sodium sulphate was added, 

followed by 15 min incubation at room temperature. For labelling, 7.5 nmol of fluorescein-5-

thiosemicarbazide was added into the mixture and incubated for 3 hours at +37°C. RNA was 

precipitated by adding 1/10 volume of 8 M LiCl and 2.5 volume of 100% ethanol and 

incubating on dry ice for 30 min (alternatively, overnight incubation in −20°C), followed by 

centrifugation at 16000×g at +4°C for 20 min. The RNA pellet was washed twice with 75% 

ethanol, resuspended in nuclease-free water and stored in −80°C. 
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Synthetic 24 bp dsRNA was constituted of sense strand unlabelled RNA and antisense strand 

RNA with 5′-end 6-FAM (6-carboxyfluorescein) modification prepared by IDT. 

Electrophoretic mobility shift assay (EMSA) 

RNA-protein binding reaction was carried out in a 1× binding buffer containing 50 mM Tris-

HCl pH 7.5, 2.5 mM MgCl2, 50 mM NaCl, 0.01% Tween-20 and 5 mM DTT. Serial dilutions 

of recombinant RIG-I protein were mixed with 0.5 nM fluorescently labelled dsRNA and 

20 μM tRNA (Thermo #20159) as a non-specific competitor. Reactions were equilibrated for 

30 minutes at room temperature, then mixed with 10× native gel loading buffer (1 mM Tris-

HCl pH 7.5, 5% glycerol, 0.001% bromophenol blue) and loaded onto a 5% non-denaturing 

polyacrylamide gel. A pre-run was performed at 8 W for 45 minutes at +4°C. Free dsRNA and 

RNA-protein complexes were separated by electrophoresis at 8 W for 90 min at +4°C. Imaging 

was performed using a Typhoon laser scanner (Cytiva). The fraction of RNA bound to protein 

was calculated by densitometric analysis of the unbound fluorescent RNA band using the 

formula:  

Fraction bound = 1 − Iunbound / I0, 

where: Iunbound – the intensity of the unbound RNA band at a given RIG-I concentration; 

I0 – the intensity of the unbound RNA band in the absence of RIG-I. 

To estimate the apparent dissociation constant (Kd), a 4PL model was fitted to densitometric 

data. 

Fraction bound =Bottom + CRIG-I
HillSlope ´ (Top-Bottom) / (CRIG-I

HillSlope + Kd
HillSlope) 

To compare Kd values across datasets, we used the entropy maximization principle and 

evaluated model fit using the Akaike Information Criterion corrected for small sample sizes 
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(AICc). The probability that both datasets share a common Kd was calculated using the relative 

likelihood: Akaike’s Probability = 1 - 1 / (1 + eΔAICc / 2). 

RIG-I ATPase assay 

The activity of recombinant RIG-I protein upon dsRNA binding under isolated conditions was 

assessed by measuring its ability to hydrolyze ATP to ADP. Similarly to the EMSA procedure, 

the ATP hydrolysis reaction was carried out in a 1× enzymatic reaction buffer. Briefly, a 

reaction mixture containing 1.3 nM RIG-I protein and 100 μM ATP, with varying 

concentrations of dsRNA, was prepared and incubated at +37°C for 60 minutes. ATP-to-ADP 

conversion was detected using Transcreener ADP2 FP Assay Kit (BellBrook Labs), following 

the manufacturer’s protocol. Fluorescence polarisation (FP) measurements were performed 

using a Tecan Infinite M1000 microplate reader. 

To estimate the relative half-maximal effective concentration (EC50) of each RNA, a 4PL 

model was fitted to data representing the change in polarization across an RNA concentration 

gradient: 

DPolarisation =Bottom + CRNA 
HillSlope) ´ (Top-Bottom)/(CRNA

HillSlope + EC50
HillSlope) 

To compare EC50 values across datasets, Akaike’s methodology was applied as described for 

Kd estimation in the EMSA section. 

RNA pull-down 

RNA pull-down assay was carried out to detect proteins binding to RNA immobilized on 

agarose beads. 250 pmol of in vitro transcribed and PAGE-purified sense strand RNA was 

treated with 100 mM sodium acetate and 5 mM sodium (meta)periodate in 200 μl of water and 

rotated for 1 h at room temperature in the dark. The RNA was precipitated by adding 600 μl of 

100% ethanol and 15 μl of 3 M sodium acetate and incubating on dry ice for 30 min, followed 
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by centrifugation at 16000×g, +4°C for 20 min. The RNA pellet was washed with 70% ethanol, 

followed by 5 min centrifugation at 16000×g. Then 250 pmol of antisense strand RNA in 50 

μl 1× RNA refolding buffer (100 mM Tris-HCl pH 7.5, 100 mM NaCl, and 5 mM MgCl2) was 

used to resuspend the sense strand RNA pellet. RNA mixture was incubated for 30 min at room 

temperature and then 450 μl of 100 mM sodium acetate pH 5.2 was added. 

For one reaction, 250 μl of adipic acid dihydrazide-agarose beads (Sigma-Aldrich #A0802) 

were washed 3× with 100 mM sodium acetate, followed by centrifugation at 2,000×g, +4°C 

for 2 min, then mixed with 500 μl of the periodate-oxidized RNA and incubated overnight at 

+4°C in the dark with rotation. The RNA-beads were washed by mixing with 700 μl of 4 M 

KCl, rocked for 30 min at room temperature, centrifuged at 2,000×g for 5 min, washed 2× with 

2 M KCl, washed 2× with Buffer G (20 mM Tris-HCl pH 7.5, 137 mM NaCl, 1 mM EDTA, 

1% Triton X-100, 10% glycerol, 1.5 mM MgCl2, 1 mM DTT and 200 μM PMSF) and washed 

1× with Roeder D followed by 2 min centrifugation at 2,000×g at room temperature. Control 

beads with no RNA attached were also prepared. 1 mg of total protein extract was added to 

RNA-beads. The mixture was supplemented with 1.5 M MgCl2, 25 mM creatine phosphate, 

100 mM ATP, and 2.5 μl of RiboProtect Hu RNase Inhibitor (Blirt #RT35). Additionally, for 

GTP analog treated samples Non-hydrolyzable GTP Test Kit (Jena Bioscience #NK-102) 

containing 5 analogs – GTPαS, GpCpp, GppCp, GppNHp, GTPγS – was used. Each GTP 

analog was added at 0.1 mM; combining all five analogs therefore produced a total nucleotide 

concentration of 0.5 mM, which corresponds to the physiological GTP level in mammalian 

cells. 74 The mixture volume was adjusted to 650 μl with nuclease-free water. The RNA-beads-

cell lysates mixtures were incubated at +37°C for 30 min with shaking. After 3´ washes with 

Buffer G, the beads were mixed with 60 μl of 5× Sample Buffer. Proteins captured by RNA 

were denatured at +95°C for 10 min with shaking. 30 μl of the supernatant was loaded onto 
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SDS-PAGE or NuPAGE gel and western blot or mass spectrometry analysis was performed to 

detect the proteins, respectively. 

Mass spectrometry 

Proteins were separated on gel (NuPAGE Novex 4-12% Bis-Tris gel, Thermo) in NuPAGE 

buffer (MES) for 10 min and visualised using InstantBlue stain (Abcam). The stained gel band 

was excised and de-stained with 50 mM ammonium bicarbonate (Sigma Aldrich) followed by 

100% acetonitrile (Sigma Aldrich). Then proteins were digested with trypsin, as previously 

described. 75 In brief, proteins were reduced in 10 mM DTT (Sigma Aldrich) for 30 min at 

+37°C and alkylated in 55 mM iodoacetamide (Sigma Aldrich) for 20 min at ambient 

temperature in the dark. They were then digested overnight at +37°C with 13 ng/μl trypsin 

(Pierce). Following digestion, samples were diluted with an equal volume of 0.1% TFA and 

pH was set to ~2 with 10% TFA. 

The equivalent of 50 ng of the digest was loaded on the Evotip using the standard producer 

protocol. We utilized Evosep coupled to a TimsTOF ULTRA (Bruker) mass spectrometer 

equipped with a Captive Spray II source (Bruker). The separation was carried out on 

maintained at +40°C column (Evosep EV1115). We employed the standard 60SPD Evosep 

method, applying a 21-minute gradient for a total sample-to-sample time of 24 minutes using 

Solvent A (0.1% formic acid) and Solvent B (0.1% formic acid in acetonitrile); Thermo Optima 

LCMS grade). 

The dia-PASEF acquisition scheme was optimized for a cycle time estimate of 1.38 s. The 

window scheme was designed to cover most of the charge 2 precursor ions in the range m/z 

391−1142 and 1/K0 0.68−1.36, using 22 × 31 Th windows, with accumulation and ramp times 

of 0.1 s. The mass spectrometer was operated in the high-sensitivity mode (“low sample 

amount”). 
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The DIA-NN software platform 76 version 1.9.1 was used to process the raw files from label-

free DIA and the search was conducted against the Homo sapiens reference proteome [UniProt 

Proeome ID #UP000005640]. Precursor ion generation was based on the chosen protein 

database (automatically generated spectral library) with deep learning- predictions for spectra, 

retention times, and ion mobilities. Digestion mode was set to specific with trypsin allowing a 

maximum of one missed cleavage. Carbamidomethylation of cysteine was set as fixed 

modification. Oxidation of methionine, and acetylation of the N-terminus were set as variable 

modifications. MS1 and MS2 mass accuracies were set to 10 ppm. The parameters for peptide 

length range, precursor charge range, precursor m/z range and fragment ion m/z range as well 

as other software parameters were used with their default values. The precursor FDR was set 

to 1%. 

Protein intensities were quantified from peptide intensities with directLFQ Python package.77 

Statistical analysis was performed with R.78 Protti R package 79 was used for quality control, 

data filtration, imputation of missing values, and statistical significance calculation using 

a moderated t-test based on the limma R/Bioconductor package 80. For functional validation, 

p-values were adjusted for multiple testing with the Benjamini-Hochberg correction. Data 

visualisation was performed using the ggplot2 R package.81 GO enrichment analysis for 

Biological Processes and Molecular Functions was conducted on the set of enriched proteins 

using the clusterProfiler package in R.82 

Murine BMDMs-based mKate2/IFN-β activity assay, image acquisition and analysis with 

Opera Phenix 

Murine BMDMs-based mKate2/IFN-β activity assay was performed as described previously.35 

In short, bone marrow-derived macrophages were isolated from a genetically modified mouse 

expressing the fluorescent protein mKate2 in place of the IFN-β (the mKate2 encoding 
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sequence was inserted at the start of the IFN-β coding region with added SV40 polyadenylation 

signals and a mutation disrupting protospacer-adjacent motif-) and plated in 96‐well plates 

(Greiner Bio-One #655090) at a density of 105 cells per well. BMDMs were then transfected 

with different variants of dsRNAs and imaged hourly using the PerkinElmer Opera Phenix 

High-Content Screening System. Activation of the IFN-β promoter in these cells triggers 

mKate2 expression instead of IFN-β, allowing single-cell visualisation of IFN pathway 

induction. To enumerate cells, images were first flat-field–corrected, then segmented on 

the mKate2 channel with PerkinElmer Harmony software (“Method C” from the “Find Cells” 

building block). 

Production of the recombinant RIG-I protein 

Gene coding RIG-I/DDX58 cDNA [GeneID: 23586] was cloned in pET28-6xHis-SUMO 

vector (Thermo #K30001). Protein was expressed in E. coli BL21-RIL cells (Agilent #230245) 

cultivated in Lysogeny Broth medium overnight at +18°C after induction with 0.4 mM 

isopropyl β-D-1-thiogalactopyranoside at OD600 of 0.6-0.7. The harvested cells were pelleted 

by centrifugation at 4,000×g, +4°C for 20 minutes and resuspended in buffer A (50 mM 

HEPES pH 7.5, 500 mM NaCl, 10% glycerol (w/v), 5 mM β-mercaptoethanol, 20 mM 

imidazole and 40 mM L-arginine) supplemented with proteinase inhibitors, and sonicated. 

The lysate was then subjected to ultracentrifugation at 142, 000×g, +4°C for 40 min yielding 

a clear supernatant. The clarified lysate was applied to a 5 ml His-Trap HP column 

(Cytiva #17524802) pre-equilibrated with buffer A. The column was washed with buffer A, 

followed by a wash with the same buffer that included 60 mM imidazole. RIG-I protein was 

eluted with buffer A that contained 500 mM imidazole. To remove the 6xHis-SUMO tag, 

the fusion protein was digested with SUMO protease (Ulp1) and dialyzed overnight against 

buffer A at +4°C. The cleaved-off His-tagged SUMO protein was removed on a His-Trap HP 

column. For the final purification step, tag-free RIG-I from the flow-through was concentrated 
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and applied to a size exclusion column Hiload 16/600 Superdex 200 (Cytiva #28989335), pre-

equilibrated with buffer A without imidazole. The RIG-I protein fractions were pooled and 

concentrated using a 30 kDa Amicon Ultra filter (Millipore #UFC903008). Lastly, 

the concentration of RIG-I was measured with NanoDrop and the purified protein was stored 

at −80°C. 

Induction of nucleotide salvage pathway  

To elevate the GTP level in the cells, HEK293 12-well cell cultures were supplemented with 

100 µM guanosine (Sigma Aldrich #G6264). DMSO and 100 µM adenosine (Sigma 

Aldrich #A9251) treatments were utilized as control conditions. The cells were incubated for 

48 h in cell culture incubator and then transfected with IVT 76 bp dsRNAs at a final 

concentration of 0.1 ng/ml. After 24 h incubation the cells were lysed in Roeder D lysis buffer 

and used for western blot analysis.  

Statistical analysis 

All data are reported as mean ± standard deviation. Statistical analyses were performed using 

GraphPad Prism 10.5.0. 

Data Availability 

The mass spectrometry proteomics data have been deposited in the ProteomeXchange 

Consortium via the PRIDE 83 partner repository with the dataset identifier PXD065769. 

Supplementary data available online. 
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Figures 

 

Fig. 1. Terminal 5′-ppp nucleotide conservation in viruses and Pol III transcripts. 

(A) The conservation of the terminal 5′-ppp nucleotide in both Pol III transcripts and selected 

human viruses with uncapped RNA genomes. Nucleotide sequences representing the 5′ end of 

specific Pol III transcripts and selected RNA viruses. The sequence probability logos were 

generated using WebLogo 3. 84 The data sources include GenBank, tRNAscan-SE Genomic 

tRNA Database (http://gtrnadb.ucsc.edu/), and for Ebola sequences reported by Deflubé et al.  
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22 (B) Variability in the 5′ nucleotide of human viruses in virus families with uncapped RNA 

genomes. The reference sequences of viral genomes were downloaded from the NCBI Viral 

Genome Browser (https://www.ncbi.nlm.nih.gov/genome/viruses/). The numbers in 

parentheses indicate the number of genomes/segments represented per family. The frequencies 

of initial nucleotides are depicted using horizontal bars.
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Fig. 2. 5′-pppA dsRNA promotes more robust RIG-I/IFN signaling than 5′-pppG. 

(A, B) Schematic representation of dsRNA variants differing at the 5′ terminal nucleotide (5′-

pppA or 5′-pppG) produced via in vitro transcription and chemical synthesis, respectively. 

(C, D) Western blot analysis of IRF3 phosphorylation and RIG-I protein levels in HEK293 

cells treated with varying concentrations of 76 bp IVT (C) or 24 bp synthetic dsRNAs (D). 

(E, F) Type I interferon production in HEK293 cells was assessed with HEK-Blue IFN type I 
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assay after transfection with dsRNAs. Two-way ANOVA with Šídák’s multiple comparisons 

test was used for statistical analysis. (G, H) RIG-I/IFN activation in murine BMDMs upon 

transfection with tested dsRNAs, shown as mKate2+ cell counts over 0–24 h post-transfection. 

Grey area represents standard deviation for n=5. Data were analyzed using repeated measures 

two-way ANOVA on log-transformed values [log10(x + 1)], with Geisser-Greenhouse 

correction and Šídák’s multiple comparisons test.
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Fig. 3. Biochemical analysis of recombinant RIG-I binding affinity and ATPase activity 

in response to dsRNA. (A, B) Binding affinity of recombinant RIG-I to dsRNAs with different 

5′-terminal nucleotides (5′-pppA, 5′-pppG, 5′-OH-A, 5′-OH-G) was assessed using an 

electrophoretic mobility shift assay (EMSA). Plots represent the fraction of RNA bound to 

RIG-I at increasing protein concentrations. (C, D) ATP to ADP conversion was measured in 

the ATPase to assess recombinant RIG-I protein activation with dsRNAs. The 4PL model was 

fitted to EMSA and ATPase assay derived data to obtain dissociation constant (Kd) for binding 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 23, 2025. ; https://doi.org/10.1101/2023.12.22.573000doi: bioRxiv preprint 

 117 

 

https://doi.org/10.1101/2023.12.22.573000
http://creativecommons.org/licenses/by-nc/4.0/


41 

(A, B) and half maximal effective concentration of dsRNA (EC50) for ATPase activity (C, D). 

(E) Summary table of biochemical parameters, including Kd and EC50 values with 

corresponding 95% confidence intervals (CI), used to compare RIG-I binding affinity and 

activation across the different dsRNA variants.
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Fig. 4. RNA pull-down analysis reveals RBP binding selectively to 5′-pppA or 5′-pppG 

dsRNA. (A) Schematic representation of RNA pull-down assay. (B) RNA pull-down followed 
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by label-free LC-MS/MS was performed to investigate the interactome of IVT 76 bp dsRNA 

variants differing at the 5′ terminal nucleotide. Volcano plot represents differential analysis 

results of proteins enriched with dsRNA bearing 5′-pppA or 5′-pppG. Significance thresholds 

were set at |log2FC| > 1 and padj < 0.05. Proteins enriched with 5′-pppA are highlighted in green, 

while those enriched with 5′-pppG are shown in blue. (C, D) Gene Ontology (GO) analysis 

was conducted to identify the predominant biological processes and molecular functions 

associated with the differentially enriched proteins. (E, F) Binding of the top three candidate 

proteins – enriched on 5′-pppG IVT 76 bp dsRNA and associated with GTP-binding activity – 

was validated by RNA pull-down followed by Western blot analysis. Validation was performed 

using both IVT 76 bp (E) and synthetic 24 bp (F) dsRNA. PKR and DHX9 served as positive 

controls for dsRNA binding. Protein enrichment was further assessed under two conditions: 

depletion of the 5′-triphosphate moiety, and treatment with GTP nonhydrolyzable analogs, 

which acts as inhibitors of GTP-binding proteins. 
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Fig. 5. Increase of cellular GTP level through nucleoside salvage pathway minimizes 

differences in immune response to 5′-pppA and 5′-pppG dsRNAs. (A) Schematic 

presentation of the GTP salvage pathway. (B) Western blot analysis of IRF3 phosphorylation 

and RIG-I protein levels in HEK293 cells treated with guanosine, adenosine (control), or 

DMSO (vehicle) and then transfected with lipofectamine alone (C−), 5′-pppA or 5′-pppG IVT 

76 bp dsRNAs. (C, D) Densitometric analysis of IRF3 phosphorylation (C) and RIG-I protein 

level (D) in HEK293 cells treated with guanosine, adenosine (control), or DMSO (vehicle) and 

then transfected with lipofectamine alone (C−), 5′-pppA or 5′-pppG IVT 76 bp dsRNAs. The 

results presented are derived from five independent western blot analyses. Two-way ANOVA 

with Šídák’s multiple comparisons test was used for statistical analysis.
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Fig. 6. A model presenting a hypothesis of sequence-specific RNA sensing by RIG-I. Viral 

RNA, upon entry to the host cells, undergoes self-amplification. RIG-I may sense Pol III 

transcripts and viral RNAs starting with 5′-pppA. This recognition triggers a cascade of events, 

including IRF3 phosphorylation, ISG activation, and the subsequent production of type I IFN. 

RNAs containing a terminal nucleotide of 5′-pppG are identified by GTPases and GTP-binding 

proteins, which subsequently obstruct their recognition by the RIG-I/IFN pathway. 
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Supplementary Figure S1. The levels of Y RNAs in HEK293 cells. qRT-PCR for Y RNAs 

(primers listed in Supplementary Table S3) was done for HEK293 cells with three technical 

and three biological replicates. For normalization, we used the geometric mean of the 

expression levels for the three reference genes (IPO8, GAPDH, and 7SL).  
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Supplementary Figure S2. Quality control of IVT and chemically synthesised RNA 

products. (A, C) PAGE/Urea analysis of IVT 76 bp (A) and synthetic 24 bp (C) dsRNA 

variants. (B, D) Native PAGE analysis showing individual single strands used for annealing 

and the resulting duplexes for the IVT 76 bp (B) and synthetic 24 bp (D) dsRNAs. 
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Supplementary figure S3. 5′-pppA 76 bp dsRNA is more immunogenic than 5′-pppG 76 

bp dsRNA. (A) Analysis of IRF3 phosphorylation and RIG-I expression assessed by Western 
blot analysis in HEK293 cells after transfection with 1 ng/ml of 5′-pppA vs. 5′-pppG IVT 76 
bp dsRNAs in 4, 8 and 24 h post transfection. (B) Analysis of IFN1b and ISG15 relative mRNA 
levels in total RNA isolated from HEK293 cells after transfection with 1 ng/ml of 5′-pppA vs. 
5′-pppG IVT 76 bp dsRNAs. Two-way ANOVA with Šídák’s multiple comparisons test was 
used for statistical analysis (n=3). (C) IRF3 phosphorylation and RIG-I expression analysis in 
HEK293 cells after transfection with 1 ng/ml of 5′-pppA vs. 5′-pppG IVT 76 bp dsRNA 
variants (both strands triphosphorylated, only sense strand triphosphorylated, both strands 
dephosphorylated) 24 h post transfection. (D) Interferon activity measured using HEK Blue 
IFN type I assay in the supernatants collected from HEK293 cells 24 h after transfection with 
3p-hpRNA (C+), lipofectamine (C−) and semisynthetic ligated 5′-pppA vs. 5′-pppG 76 nt RNA 
hybridized with different concentrations of fully complementary antisense dephosphorylated 
strand. Two-way ANOVA with Šídák’s multiple comparisons test was used for statistical 
analysis (n=3). (A-D) The 3p-hpRNA at a concentration of 100 ng/ml (InvivoGen #tlrl-hprna) 
or lipofectamine were used as positive (C+) and negative (C−) controls, respectively. (E-

F) Fold-change ratios of mKate2+ cell counts (FC=5′-pppA/5′-pppG) cells treated with either 
76 bp IVT (E) or 24 bp synthetic dsRNAs (F). Grey band is a 95 % confidence interval obtained 
with the log-delta method. Time-points with either group mean was zero (ratio undefined) are 
marked by empty circles on the baseline (FC=1).  
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Supplementary Figure S4. 5′-pppA pre-let7a dsRNA is more immunogenic than 5′-pppG 

pre-let7a dsRNA. (A) Schematic representation of IVT-derived pre-let7a dsRNA variants 
differing at the 5′ terminal nucleotide (5′-pppA or 5′-pppG). (B) PAGE/Urea analysis of IVT-
derived, single strand components of pre-let7a dsRNA variants. (C) Native PAGE analysis 
showing individual single strands of pre-let7a used for annealing and the resulting duplexes for 
IVT-derived pre-let7a dsRNA variants. (D) Analysis of IRF3 phosphorylation and RIG-I 
expression assessed by Western blot analysis in HEK293 cells after transfection with 1 ng/ml 
of IVT-derived pre-let7a dsRNAs with different 5′-terminal nucleotides 24 h post transfection. 
(E) Type I interferon production in HEK293 cells was assessed upon transfection with IVT-
derived pre-let7a dsRNA variants with the HEK Blue IFN type I assay. Two-way ANOVA 
with Šídák’s multiple comparisons test was used for statistical analysis (n=4). (F) Analysis of 
IFN1b and ISG15 relative mRNA levels in total RNA isolated from HEK293 cells after 
transfection with 1 ng/ml of IVT-derived pre-let7a dsRNA variants. Two-way ANOVA with 
Šídák’s multiple comparisons test was used for statistical analysis (n=3). The 3p-hpRNA at 
a concentration of 100 ng/ml (InvivoGen #tlrl-hprna) or lipofectamine were used as positive 
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(C+) and negative (C−) controls, respectively. (G) RIG-I/IFN activation in murine BMDMs 
upon transfection with IVT-derived pre-let7a dsRNA variants, shown as mKate2+ cell counts 
over 0–24 h post-transfection. Grey area represents standard deviation for n=5. Data were 
analyzed using repeated measures two-way ANOVA on log-transformed values [log10(x + 1)], 
with Geisser-Greenhouse correction and Šídák’s multiple comparisons test. (H) Fold-change 
ratios of mKate2+ cell counts (FC=5′-pppA/5′-pppG) in murine BMDM cells treated with IVT-
derived pre-let7a dsRNA variants differing at the 5′ terminal nucleotide (5′-pppA or 5′-pppG). 
Grey transparent band is a 95 % confidence interval obtained with the log-delta method. Time-
points with either group mean was zero (ratio undefined) are marked by empty circles on the 
baseline (FC=1).  
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Supplementary Figure S5. 5′-pppA Y5 dsRNA variants are more immunogenic than  

5′-pppG Y5 dsRNA variants. (A) Schematic representation of Y5 dsRNA variants. 
(B) PAGE/Urea analysis of IVT-derived, single strand components of Y5 dsRNA variants. 
(C) Native PAGE analysis showing individual single strands of Y5 RNAs used for annealing 
and the resulting duplexes for IVT-derived Y5 dsRNA variants. (D) Analysis of IFN1b and 
ISG15 relative mRNA levels in total RNA isolated from HEK293 cells after transfection with 
1 ng/ml of IVT-derived Y5 dsRNA variants. Two-way ANOVA with Šídák’s multiple 
comparisons test was used for statistical analysis (n=3). (E) Analysis of IRF3 phosphorylation 
and RIG-I expression assessed by Western blot analysis in HEK293 cells after transfection 
with 10, 1 and 0.1 ng/ml of IVT-derived Y5 dsRNA variants 24 h post transfection.  
(D and E) The 3p-hpRNA at a concentration of 100 ng/ml (InvivoGen #tlrl-hprna) or 
lipofectamine were used as positive (C+) and negative (C−) controls, respectively. (F) RIG-
I/IFN activation in murine BMDMs upon transfection with 10, 1 and 0.1 ng/ml of IVT-derived 
Y5 dsRNA variants, shown as mKate2+ cell counts over 0–24 h post-transfection. Grey area 
represents standard deviation for n=5. (G-H) Fold-change ratios (FC=5′-pppA/5′-pppG) for 
IVT-derived Y5 dsRNA variants without tail (G) and without tail and with GC clamp (H). 
Grey band is a 95 % confidence interval obtained with the log-delta method. Time-points with 
either group mean was zero (ratio undefined) are marked by empty symbols on the baseline 
(FC=1).   
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Supplementary Figure S6. Synthetic 5′-pppA 11 bp RIG-I ligand is more immunogenic 

than synthetic 5′-pppG 11 bp RIG-I ligand. (A) Analysis of IRF3 phosphorylation and RIG-
I expression assessed by Western blot analysis in HEK293 cells after transfection with various 
concentrations of 5′-pppA vs. 5′-pppG short synthetic, partially double-stranded RIG-I agonist 
24 h post transfection. (B) RIG-I/IFN activation in murine BMDMs upon transfection with 
tested synthetic dsRNAs, shown as mKate2⁺ cell counts over 0–24 h post-transfection. Grey 
area represents standard deviation for n=5. Data were analyzed using repeated measures two-
way ANOVA on log-transformed values [log10(x+1)], with Geisser-Greenhouse correction and 
Šídák’s multiple comparisons test. (D) Fold-change ratios (FC=5′-pppA/5′-pppG) upon 
transfection of murine BMDM with synthetic dsRNAs. Grey band is a 95 % confidence interval 
obtained with the log-delta method. Time-points with either group mean was zero (ratio 
undefined) are marked by empty circles on the baseline (FC=1). (C) Analysis of IFN1b and 
ISG15 relative mRNA levels in total RNA isolated from HEK293 cells after transfection with 
1 ng/ml of IVT-derived Y5 dsRNA variants. Two-way ANOVA with Šídák’s multiple 
comparisons test was used for statistical analysis (n=3). (A and C) The 3p-hpRNA at 
a concentration of 100 ng/ml (InvivoGen #tlrl-hprna) or no RNA were used as positive (C+) 
and negative (C−) controls, respectively.  
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Supplementary Figure S7. Electrophoretic mobility shift assay (EMSA) of recombinant 

RIG-I protein binding to the IVT 76 bp (A) and synthetic 24 bp (B) dsRNAs with different 

5′-terminal nucleotides (5′-pppA, 5′-pppG, 5′-OH-A, 5′-OH-G).  
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Supplementary Table S1. The dissociation constant (Kd) from EMSA and the half-maximal 

effective concentration (EC50) for ATPase activity were compared across tested dsRNA 

variants. The entropy maximization principle was applied, and model fit was evaluated using 

the Akaike Information Criterion corrected for small sample sizes (AICc). Akaike probability 

threshold of 0.05 was used to determine statistical significance. 

 

  

 139 

 



   

 

12 

Supplementary Table S2. RNA transcripts assessed in the current study. 

Transcript RNA variant Sequence, 5′ – 3′ 

76 bp dsRNA 
5′-pppA AGCAAAAGCAGGGUGACAAAGACAUAAUGGAUCCAAACACUGUGUCAAGCUUUCAGGUAGAUUGCUUUCUUUGGC 

5′-pppG GGCAAAAGCAGGGUGACAAAGACAUAAUGGAUCCAAACACUGUGUCAAGCUUUCAGGUAGAUUGCUUUCUUUGGC 

76 bp dsRNA 

antisense 

antisense to 5′-pppA AGCCAAAGAAAGCAAUCUACCUGAAAGCUUGACACAGUGUUUGGAUCCAUUAUGUCUUUGUCACCCUGCUUUUGC 

antisense to 5′-pppG GGCCAAAGAAAGCAAUCUACCUGAAAGCUUGACACAGUGUUUGGAUCCAUUAUGUCUUUGUCACCCUGCUUUUGC 

24 bp dsRNA 
5′-pppA AGCAAAAGCAGGGUGACAAAGACA 

5′-pppG GGCAAAAGCAGGGUGACAAAGACA 

24 bp dsRNA 
antisense to 5′-pppA UGUCUUUGUCACCCUGCUUUUGCU 

antisense to 5′-pppG UGUCUUUGUCACCCUGCUUUUGCC 

pre-let7a 
5′-pppA AGUGAGGUAGUAGGUUGUAUAGUUUUAGGGUCACACCCACCACUGGGAGAUAACUAUACAAUCUACUGUCUUUC 

5′-pppG GGUGAGGUAGUAGGUUGUAUAGUUUUAGGGUCACACCCACCACUGGGAGAUAACUAUACAAUCUACUGUCUUUC 

pre-let7a 

antisense 

antisense to 5′-pppA GAAAGACAGUAGAUUGUAUAGUUAUCUCCCAGUGGUGGGUGUGACCCUAAAACUAUACAACCUACUACCUCACU 

antisense to 5′-pppG GAAAGACAGUAGAUUGUAUAGUUAUCUCCCAGUGGUGGGUGUGACCCUAAAACUAUACAACCUACUACCUCACC 

Y5 WT – tail 
5′-pppA AGUUGGUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCUUGACUAGCU 

5′-pppG GGUUGGUCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCUUGACUAGCC 

Y5 WT – tail 
antisense 

antisense to 5′-pppA AGCUAGUCAAGCGCGGUUGUGGGGGGAGACAAUGUUAAAUCAACUUAACAAUAACCCACAACACUCGGACCAACU 

antisense to 5′-pppG GGCUAGUCAAGCGCGGUUGUGGGGGGAGACAAUGUUAAAUCAACUUAACAAUAACCCACAACACUCGGACCAACC 

Y5 GC clamp – 

tail  

5′-pppA AGCGGGGCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCUUGCCCCGCU 

5′-pppG GGCGGGGCCGAGUGUUGUGGGUUAUUGUUAAGUUGAUUUAACAUUGUCUCCCCCCACAACCGCGCUUGCCCCGCC  

Y5 GC clamp – 

tail antisense 

antisense to 5′-pppA AGCGGGGCAAGCGCGGUUGUGGGGGGAGACAAUGUUAAAUCAACUUAACAAUAACCCACAACACUCGGCCCCGCU 

antisense to 5′-pppG GGCGGGGCAAGCGCGGUUGUGGGGGGAGACAAUGUUAAAUCAACUUAACAAUAACCCACAACACUCGGCCCCGCC 

synthetic 11 bp 

RIG-I ligand 
details provided in the patent WO/2025/088117A1 
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Supplementary Table S3. Primers for IVT of RNA. Yellow highlights T7 promoter, bold 

shows the modified pair of nucleotides. 

Transcript RNA variant Forward primer, 5′-3′ Reverse primer, 5′-3′ 

short viral 
5′-pppA TAATACGACTCACTATTAGCAAAAGCAGGGTGACAA AGCCAAAGAAAGCAATCTACCTG 

5′-pppG TAATACGACTCACTATAGGCAAAAGCAGGGTGACAA GGCCAAAGAAAGCAATCTACCTG 

short viral 

antisense 

antisense to  
5′-pppA 

AAGCTAATACGACTCACTATTAGCCAAAGAAAGCAATCTACC AGCAAAAGCAGGGTGACAAAGAC 

antisense to  
5′-pppG 

AAGCTAATACGACTCACTATAGGCCAAAGAAAGCAATCTACC GGCAAAAGCAGGGTGACAAAGAC 

pre-let7a 
5′-pppA TAATACGACTCACTATAAGTGAGGTAGTAGGTTGTATA GAAAGACAGTAGATTGTATA 

5′-pppG TAATACGACTCACTATAGGTGAGGTAGTAGGTTGTATA GAAAGACAGTAGATTGTATA 

pre-let7a 

antisense 

antisense to  
5′-pppA 

AAGCTAATACGACTCACTATAGAAAGACAGTAGATTGTATAGTTATC AGTGAGGTAGTAGGTTGTATAG 

antisense to  
5′-pppG 

AAGCTAATACGACTCACTATAGAAAGACAGTAGATTGTATAGTTATC GGTGAGGTAGTAGGTTGTATAG 

Y5 WT – 

tail 

5′-pppA AAGCTAATACGACTCACTATTAGTTGGTCCGAGTGTTGTGGGTTAT AGCTAGTCAAGCGCGGTTGT 

5′-pppG AAGCTAATACGACTCACTATAGGTTGGTCCGAGTGTTGTGGGTTAT GGCTAGTCAAGCGCGGTTGTG 

Y5 WT – 

tail 
antisense 

antisense to  
5′-pppA 

AAGCTAATACGACTCACTATTAGCTAGTCAAGCGCGGTTGTG AGTTGGTCCGAGTGTTGTGG 

antisense to  
5′-pppG 

AAGCTAATACGACTCACTATAGGCTAGTCAAGCGCGGTTGTG GGTTGGTCCGAGTGTTGTGG 

Y5 GC 

clamp – tail  

5′-pppA AAGCTAATACGACTCACTATTAGCGGGGCCGAGTGTTGTGGGTTATTGTT AGCGGGGCAAGCGCGGTTGTGGGGGGA 

5′-pppG AAGCTAATACGACTCACTATAGGCGGGGCCGAGTGTTGTGGGTTATTGTT GGCGGGGCAAGCGCGGTTGTGGGGGGA 

Y5 GC 

clamp – tail 

antisense 

antisense to  
5′-pppA 

AAGCTAATACGACTCACTATTAGCGGGGCAAGCGCGGTTGTGGGGGGA AGCGGGGCCGAGTGTTGTGGGTTATTGTT 

antisense to 
5′-pppG 

AAGCTAATACGACTCACTATAGGCGGGGCAAGCGCGGTTGTGGGGGGA GGCGGGGCCGAGTGTTGTGGGTTATTGTT 
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Supplementary Table S4. Segmented gradient for LC-MS analysis. 

Time [min] % A % B 

0 100 0 

1.50 100 0 

5 93 7 

11.25 85 15 

15.75 60 40 

16 0 100 
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Supplementary Table S5. Primary antibodies. 

Antigen Vendor Code Dilution ratio 

RIG-I Cell Signaling Technology 3743 1/1000 

pIRF3 Cell Signaling Technology 4947 1/1000 

IRF3 Proteintech 11312-1-AP 1/1000 

NUDT16 Proteintech 12889-1-AP 1/1000 

RAN Cell Signaling Technology 4462 1/1000 

RANBP1 Cell Signaling Technology 8780 1/1000 

DHX9 Proteintech 17721-1-AP 1/1000 

α-tubulin Proteintech 11224-1-AP 1/4000 

PKR Proteintech 18244-1-AP 1/1000 
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Supplementary Table S6. Primers for qRT-PCR. 

Transcript Forward primer, 5′-3′ Reverse primer, 5′-3′ 

Y1 CTGGTCCGAAGGTAGTGA TAGTCAAGTGCAGTAGTGAGAAGGG 

Y3 CTGGTCCGAGTGCAGTGGT TAGTCAAGTGAAGCAGTGGGAGT 

Y4 CCGATGGTAGTGGGTTATCAGAAC GTCAAATTTAGCAGTGGGGGGTTG 

Y5 TCCGAGTGTTGTGGGTTATTG TAGTCAAGCGCGGTTGTGG 

GAPDH 1 AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA 

7SL GGAGTTCTGGGCTGTAGTGC TTTGACCTGCTCCGTTTCCG 

IPO8 2 GGCATACAGTTTAACCTGCCAC CAGGAGAGGCATCATGTCTGTAA 

IFN1β ACGCCGCATTGACCATCTAT TGGCCTTCAGGTAATGCAGA 

ISG15 CGCAGATCACCCAGAAGAT GCCCTTGTTATTCCTCACCA 
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