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Abstract 

Melanoma differentiation-associated protein 5 (MDA5) is a viral dsRNA sensor that has been 

associated with the development of autoimmune interferonopathies, including Singleton-Merten 

Syndrome (SMS) and Aicardi-Goutières Syndrome (AGS). The c.2465G>A (p.R822Q) missense 

mutation in the MDA5 gene interferon induced with helicase C domain 1 (IFIH1) has been 

identified as a gain-of-function mutation leading to SMS. This study aims to understand how this 

mutation affects the mechanism of disease progression and how external factors such as infection 

or immune stimulation with vaccination can impact the immune response of affected individuals. 

Mice with human MDA5 bearing the R822Q mutation (hM-R822Q Tg mice) developed SMS-

like bone abnormalities, heart fibrosis, aortic valve enlargement, and aortic calcification. In these 

mice, a systemic interferon-stimulated gene (ISG) signature leads to the activation of both the 

innate and adaptive immune response. Administration of the polyinosinic-polycytidylic acid 

(poly(I:C)), which mimics viral dsRNA, produced dramatic systemic inflammation, most notable 

in the intestines. Poly(I:C)-injected female C56BL/6J hM-R822Q Tg mice developed lethal 

hypercytokinemia marked by massive IL-6 levels in the serum. This lethality was not observed 

in male C56BL/6J, nor in BALB/c hM-R822Q Tg mice. MAVS or IFNAR1 knock out interrupted 

the interferon signal and ameliorated hyperinflammation in hMR822Q Tg mice. Poly(I:C)-

induced cytokine production and mucosal damage were also reduced with the introduction of 

tofacitinib, which is an inhibitor of JAK signaling. These findings demonstrate that the MDA5 

R822Q mutant introduces a critical risk factor for developing severe disease symptoms upon viral 

infection or vaccination. Furthermore, hM-R822Q Tg mice model the importance of factors such 

as gender and genetic background in disease prognosis. 
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Abbreviations 
 

α-SMA alpha-smooth muscle actin 

AGS Aicardi–Goutières syndrome 

APC antigen presenting cell 

ATP adenosine triphosphate 

CARD caspase activation and recruitment domain 

CAVD calcified aortic valve disease 

CTD C-terminal domain 

DC dendritic cell 

DDX58 DExD/H-box helicase 58  

FoxP3 Forkhead box P3 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

HEL helicase 

hM-R822Q  human MDA5 with p.R822Q (IFIH1 c.2465G>A) missense mutation 

IAV influenza A virus 

IBD inflammatory bowel disease 

IFIH1 interferon induced with helicase C domain 1 

Ifih1gs/+ mice mice harboring the single missense mutation G821S in Ifih1  

IFN interferon 

IFN-I type I interferon 

IFNAR interferon α/β receptor 

IL interleukin 

IL6R IL-6 receptor 

i.p. intraperitoneal 

IRF interferon regulatory factor 

ISG interferon-stimulated gene 
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JAK Janus kinase 

LGP2 laboratory of genetics and physiology 2 

LPS lipopolysaccharide 

MAVS mitochondrial antiviral signaling protein 

M-CSF macrophage colony-stimulating factor 

MDA5 melanoma differentiation–association protein 5 

NF-κB nuclear factor kappa B 

NK cell natural killer cell 

PAMP pathogen-associated molecular pattern 

Poly(I:C) polyinosinic:polycytidylic acid; dsRNA synthetic analog 

RA rheumatoid arthritis 

RANKL receptor activator for NF-κB ligand 

RIG-I retinoic acid-inducible gene I 

RLR RIG-I–like receptor 

RORγt retinoic acid receptor-related orphan nuclear receptor 

TLR Toll-like receptor 

SLE Systemic Lupus Erythematosus 

SMS Singleton-Merten syndrome 

STAT signal transducer and activator of transcription 

Th17 T helper 17 

TNF tumor necrosis factor 

TRAP tartrate-resistant acid phosphatase 

Treg regulatory T cell 

WT wild type   
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1.1 RIG-I like receptors 

Melanoma Differentiation Associated gene 5 (MDA5), encoded by the interferon induced 

with helicase C domain 1 (IFIH1) gene, and Retinoic Acid Inducible Gene I (RIG-I), encoded by 

DExD/H-box helicase 58 gene (DDX58), belong to a family of cytosolic double-stranded RNA 

(dsRNA) receptors known as RIG-I-like receptors (RLRs). They recognize RNA features not 

physiologically common in the cytosol, including double-stranded, 5'-triphosphate, or 

diphosphate ends. Their ability to recognize RNA viruses, as well as RNA intermediates of DNA 

virus transcription, make RLRs key effectors in the antiviral response. A third RLR, Laboratory 

of Genetics and Physiology 2 (LGP2), acts as a regulator of RIG-I/MDA5-mediated activation. 

RIG-I and MDA5 are composed of amino-terminal tandem caspase activation and recruitment 

domains (CARDs), a central helicase domain (HEL), and a C-terminal domain (CTD). RIG-I or 

MDA5 CARDs, which are structurally exposed upon binding with compatible RNA ligands, 

mediate signal transduction by interacting with the CARD of the membrane-bound mitochondrial 

antiviral signaling (MAVS) adaptor. MAVS then signals through transcription regulators such as 

interferon (IFN) regulatory factor 3 (IRF-3) and nuclear factor κB (NF-κB) (1, 2).  This leads to 

the production of pro-inflammatory responses, including the expression of IFN-β and 

inflammatory cytokines. Further downstream, IFN-β binds the IFNα/β receptor (IFNAR), 

inducing the transcriptional upregulation of IFN-stimulated genes (ISGs) (3) and further 

stimulation of inflammatory cytokine expression (Fig. 1). ISGs can mediate antiviral response 

through an expanse of  mechanisms such as degradation of viral RNA and inhibition of viral 

translation, assembly, and egress (4, 5). 

IFNα and IFNβ are classified as type I interferons (IFN-I). IFN-I plays an important, though 

not well-elucidated, role in T cell activation (6). In general, activation of antigen presenting cells 

(APCs) such as dendritic cells (DCs), and natural killer cells (NKs), influence T cell maturation. 

One major signaling pathway induced by IFNs is the Janus kinase/signal transducer and activator 

of transcription (JAK/STAT) pathway. This promotes the production of antibodies and 

interleukins (ILs) such as IL-6 production, which, in turn, triggers the expression of retinoic acid 
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receptor-related orphan nuclear receptor (RORγt) and promotes T helper 17 (Th17) cell 

proliferation (7). JAK/STAT signaling also triggers a positive feedback loop which further 

increases RIG-I/MDA5 expression and activation and IFN-I production (8, 9).  

 

 

  

 

Figure 1. Activation of viral dsRNA sensors. Long dsRNAs are recognized by MDA5 in the cytosol and 
TLR3 through endosomes. MDA5 activates MAVS on the outer membrane of the mitochondria. This 
triggers a cascade of molecules that leads to the phosphorylation-mediated activation of several 
transcription factors including IRF3, IRF7, and NF-κB. IRF3 controls the expression of IFN-I, while NF-
κB regulates the production of inflammatory cytokines. TLR3 similarly signals through IKK to activate 
NF-κB, promoting inflammatory cytokine production. Type 1 interferons IFNα and IFNβ signal through 
the IFNAR to activate the JAK/STAT signaling pathway, leading to both proinflammatory cytokine 
production and IRF7 translocation to the nucleus to bind to interferon-stimulated response elements 
(ISREs). Inflammatory cytokine IL-6 signals through the IL-6 receptor (IL6R) on T cells, inducing Rorγt 
expression in the nucleus through the JAK/STAT pathway, promoting Th17 differentiation. 
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1.2 Autoimmune disease and hypercytokinemia 

The immune response to viruses relies on the sophisticated balance and coordinated 

function of several cell types and cytokines, encompassing both the innate and adaptive arms of 

the immune system. This vigorous response is crucial for viral clearance. Likewise, the resolution 

of the resulting inflammatory response is necessary, without which a potential for developing 

immunologically mediated disorder arises. 

Systemic autoimmune diseases can be characterized as deregulation of the immune system, 

resulting in an individual’s immune system attacking the body’s own tissues. Patients of 

autoinflammatory disorders often have increased levels of proinflammatory cytokines, leading to 

inflammation, degeneration, tissue destruction, and even organ failure (10). Autoimmune diseases 

have been shown to result from both genetics and epigenetic modifications, including CpG-DNA 

methylation, histone modifications, and microRNAs (11).  

Cytokine storm syndrome is characterized by elevated levels of circulating cytokines and 

immune cell hyperactivation. It represents a group of disorders resulting from sharing the outcome 

of overwhelming inflammation, macrophage activation, hemophagocytosis, and organ 

dysfunction, that may potentially lead to death. The response is often triggered by severe infection, 

although it may also occur in the absence of pathogens in cases of autoinflammatory disorders. A 

key component in cytokine storm is the failure of negative feedback mechanisms, including anti-

inflammatory responses through regulatory cells and anti-inflammatory cytokines such as IL-10 

that antagonize inflammatory cell populations and prevent hyperinflammation (12). 

Among the involved cytokines, IL-6 seems to play a dominant role in cases of cytokine 

storm. High levels of IL-6 can activate the coagulation pathway and vascular endothelial cells and 

inhibit myocardial function. IL-6, as well as IL-1β, have also been associated with lower cytolytic 

functions of NK cells and CD8+ T cells, leading to the inability to lyse infected cells for viral 

clearance, or active antigen presenting cells to resolve inflammation. High serum concentrations 

of IL-6 have been identified as markers of acute pancreatitis, rheumatoid arthritis (RA), 

Castleman disease, juvenile idiopathic arthritis, Crohn’s disease, and severe symptomatology and 
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lethality infections such as SARS-CoV2 (13–15). Meanwhile, treatment through JAK inhibition 

and IL-6 blockade have been found to lower disease severity (16, 17).  

 

1.3 Type I interferonopathies 

A specific group of autoimmune disorders, interferonopathies are a heterogeneous group 

of disorders, mainly presenting an autosomal recessive inheritance pattern, characterized by 

constitutive upregulation of IFN-I. Early evidence linking IFN-I to autoimmunity was identified 

in patients receiving immunotherapy with IFNs for chronic viral infections or malignant carcinoid 

tumors (18). The autoantibodies and IFN signature observed in these patients were later found 

comparable to those presenting clinical manifestations of diseases such as systemic lupus 

erythematosus (SLE) and RA. Aicardi–Goutières syndrome (AGS), the most well-studied 

interferonopathy, is defined as an early onset progressive brain disease with occurrences of skin 

lesions referred to as chilblains, glaucoma, with symptoms resembling those of SLE (19). 

Mutations in different genes found to be associated with nucleotide metabolism and sensing, 

including TREX1, RNASEH2A, RNASEH2C, and ADAR1, have been correlated with different 

clinical manifestations of AGS, all of which present with IFN signature in the peripheral blood 

(20). These gave insight into the variety of mechanisms through which dysregulation of type I 

IFN signaling can occur. This includes uncontrolled activation of viral sensors through gain-of-

function mutations or accumulation of endogenous pathogen-associated molecular patterns 

(PAMPs) through the dysfunction of enzymes responsible for nucleic acid degradation. 

Alterations in the function of signal regulators such as gain-of-function mutations of positive IFN 

signaling regulators and loss-of-function mutations of negative IFN signaling regulators similarly 

lead to constitutive activation of the IFN pathway (21). Positive IFN signaling may also be 

sustained by the loss of function of proteasomes that are meant to degrade these activator 

molecules (22). 
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Several studies have associated polymorphisms in the genes encoding RIG-I like receptors 

with autoimmune diseases such as multiple sclerosis, diabetes mellitus type 1, psoriatic arthritis, 

cutaneous psoriasis, and dermatomyositis (23–26). With the discovery of lupus-like nephritis and 

systemic autoimmune symptoms in MDA5 mutant mice, Funabiki et al. (27) solidified the link 

between RLR signaling and disease-causing immune dysregulation. More recently several groups 

identified gain-of-function mutations in RIG-I and MDA5 to be causative of Singleton-Merten 

Syndrome (SMS), SLE, or Aicardi-Goutières Syndrome (AGS) (19, 28–30). 

 

1.4 Gender differences 

Gender differences have been found to impact disease progression, symptoms, response to 

therapy, and clinical outcome. These manifestations are even more evident in the case of 

autoimmune diseases. A strong gender bias has been established towards females for a number of 

autoimmune diseases, including SLE and Sjögren’s syndrome (31–33). This is coupled with a 

stronger immune response and antibody production in women during infection and vaccination 

(34–36). In contrast, a few immunological diseases such as ankylosing spondylitis, are more 

prevalent in males (37). Most studies have attributed this enhanced immune response to X-linked 

factors and hormones, such as estrogen, and even gut microbiota (38–40). Overall, the female 

immune system has a higher reactivity with an enhanced ability to produce antibodies and a 

stronger ability to mount an IFN-I response. Monocytes in females also display an increased 

antigen presenting activity (41). Meanwhile, males have increased numbers of regulatory T cells 

(Tregs) and are generally more susceptible to infections (41). No direct reports of sex differences 

in SMS have been made. 

 

1.5 Disease mechanism of SMS 

SMS is an autosomal dominant disease that presents primarily as skeletal, dental, and 

vascular abnormalities (42, 43). Calcifications of the aorta, aortic valve, and mitral valve in 
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childhood have been widely observed in SMS cases (44, 45). Most cases of death due to SMS 

have been attributed to the sequelae of calcifications and sudden death in patients is linked to the 

possibility of cardiac rhythm disturbance (28). Less common features include generalized muscle 

weakness, psoriasis, early-onset glaucoma, as well as recurrent infections (28, 30). SMS has been 

associated with mutations in IFIH1, which encodes MDA5, and DDX58, encoding RIG-I.  

Whole-exome sequencing of DNA from families of SMS patients allowed the identification 

of a c.2465G>A (p.R822Q) missense mutation in IFIH1 within the region that encodes the HEL2 

helicase domain of MDA5, close to the ATP binding site. This mutation potentially alters the 

stability of MDA5 binding to nucleic acids, leading to sustained MDA5 activation. 

Overexpressing R822Q MDA5 in HEK293T cells resulted in MDA5 hyperactivity when 

challenged with a dsRNA analog, poly(I:C) (44). RIG-I mutations c.1118A>C (p.E373A) and 

c.803G>T (p.C268F) have also been shown to cause atypical SMS wherein patients exhibited 

variable symptoms without dental abnormalities (29). RIG-I SMS variants C268F and E373A are 

located within the ATP binding motifs and were shown to be constitutively active in reporter cells 

in the absence of an external dsRNA trigger (29) Impaired ATP hydrolysis in RIG-I E373A 

stabilizes non-specific binding of RIG-I to endogenous RNA. In contrast, RIG-I E373A binds 

dsRNA independent of ATP binding (46).  

Sustained MDA5 or RIG-I signaling in SMS patients is believed to be due to self-RNA 

recognition (47). The constant interferon signal induced by these activated RIG-I like receptors 

leads to chronic inflammation that can lead to aberrant vascular calcification (48). In contrast, the 

same chronic inflammation can cause demineralization of hard tissues such as bones. 

Dysregulated RANKL expression induced by IFN-Is also leads to aberrant osteoclastogenesis 

(49).   
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1.6 Mouse models of SMS 

In mice, N-ethyl-N-nitrosourea (ENU)-induced p.Glu821Ser substitution in Ifih1 leads to 

chronic activation of MDA5. Ifih1gs/+ mice develop lupus-like, SMS-like, and some AGS-linked 

symptoms, including nephritis, dermatitis, abnormal bone development, and encephalitis (27, 50, 

51). These mice had upregulated expression of IFN-inducible genes and inflammatory cytokines. 

On the other hand, mice with human RIG-I E373A developed psoriatic skin lesions. In these mice, 

long-term inhibition of JAK1 and JAK3 signaling promoted healing, and pre-treatment from an 

early age prevented lesion development. In addition, IL-17A-deficient hRIG-I E373A Tg mice 

did not develop skin lesions, linking Th17 cells and the psoriasis phenotype (52). These 

observations underscore the notion that RLR signaling impacts numerous cell types. The effects 

of RLR dysregulation are thus expansive, leading to a plethora of disease symptoms. 

Consequently, effective treatment is heavily reliant on a better understanding of RLR 

dysregulation and the underlying mechanism. 

Despite the availability of genetic data, differences in clinical symptoms in patients with 

similar gain-of-function mutations expose gaps in our knowledge of the development of 

interferonopathies. In order to closely examine the specific effects of the SMS-associated MDA5 

mutation in vivo, a human MDA5 R822Q mutant transgene was introduced into mice. 

Inflammation-induced disease phenotype was monitored in these mice. Additionally, poly(I:C), 

which is known to induce signaling through MDA5 and toll-like receptor 3 (TLR3) (53, 54), was 

introduced to mimic active inflammation triggered by infection. This study demonstrated that, 

although the autoimmune activity at the basal level appears non-pathogenic, it pre-disposed 

hMDA5 R822Q Tg mice to a severe inflammatory response upon immune stimulation. I propose 

that hM-R822Q Tg mice are an effective model demonstrating SMS-like disease development 

and may be instrumental to the discovery of preventive and therapeutic treatments for both SMS-

related spontaneous and induced disease.   
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2.1 Mice 

A fragment of the human chromosome encompassing the IFIH1 gene, together with its inherent 

promoter, was cloned using bacterial artificial chromosome (BAC) technology. This IFIH1 gene 

was mutated to encode R822Q MDA5 and transferred by random insertion into C57BL/6J mice 

(Institute of Immunology Co. Ltd., Tokyo, Japan). Genotyping of hM-R822Q transgenic mice 

was performed through PCR amplification targeting exon 5 of the human IFIH1 gene, including 

the site of the c.2465G>A missense mutation (forward primer 5' - TTCAGGCTTCCTAAGCTCG 

- 3'; reverse primer 5' - GAGTCAATGACACAAATGCC -3'). One line was confirmed to show 

germline transmission and all hM-R822Q Tg mice used in these experiments originated from that 

line and were heterozygous for the human MDA5 mutation. hM-R822Q Tg mice were crossed 

with Ifnar1-/- mice, purchased from B&K Universal, or Mavs-/- mice, gifted by S. Akira (Osaka 

University), to generate Ifnar1-/- and Mavs-/- hM-R822Q mice. BALB/c hM-R822Q Tg mice were 

generated by backcrossing C57BL/6J mice with wild-type (WT) BALB/c mice to the fifth cross. 

Mice were analyzed at 8-12 weeks of age unless otherwise specified. All mice were housed in a 

specific pathogen-free (SPF) facility. 

2.2 Treatments and infection 

Intraperitoneal (i.p.) injection of poly(I:C) (GE Healthcare) was done at 15 μg per gram body 

weight, diluted to 500 μL with phosphate-buffered saline (PBS) per mouse. LPS-EB (E. coli 

O111:B4) (Invivogen) was injected i.p. in 300 μL volumes at 1 μg per gram body weight. CP 

690550 citrate (tofacitinib) (TOCRIS bioscience) was dissolved in a solution of 0.5% 

methylcellulose (Wako) /0.025% Tween 20 (Nacalai Tesque). Mice were administered with the 

tofacitinib solution at 0.03 mg/g given at 200 μL per mouse through oral gavage. All poly(I:C) 

injection and tofacitinib treatment experiments were performed on female mice unless otherwise 

specified. 

Mice were anesthetized with pentobarbital through i.p. injection before intranasal administration 

of 30 μl of influenza A virus (IAV) (PR/8) at 100 PFU per 25 g of mouse. 
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2.3 Histology and immunohistochemistry 

Tissue samples fixed in 4% paraformaldehyde phosphate (Nacalai Tesque) were embedded in 

paraffin. Hematoxylin and eosin (Sakura) were performed on 5 μm tissue sections. Picrosirius red 

staining was performed on heart and liver sections (5 μm) using Direct Red 80 (Sigma-Aldrich) 

in saturated picric acid solution and counterstained with hematoxylin. Stained sections were 

observed under a BZ-8000 microscope (KEYENCE). Immunofluorescence staining was 

performed on 2 μm sections and images were captured with a confocal microscope (Leica, TCS 

SP8). Histological analysis of tissues was performed through blind evaluation. Villous lifting, 

villous shortening, epithelial shedding, and cellular infiltration (localized or extensive) were used 

as criteria for numerical scoring of the intestines.  

2.4 RNA isolation and quantification 

Organ samples were homogenized for total RNA extraction using the TRIzol reagent (Invitrogen, 

Life Technologies) and transcribed using ReverTra Ace® qPCR RT Master Mix with gDNA 

Remover (TOYOBO). Real-time PCR was performed with Thunderbird SYBR qPCR mix 

(TOYOBO) on a StepOnePlus Real-Time PCR system (Applied Biosystems) using primers listed 

in Table 2. The expression of target genes was normalized to an endogenous reference, 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

2.5 Biochemical tests 

Aortic calcium was measured with a Colorimetric Calcium Detection Assay Kit (abcam) 

following the manufacturer's instructions. Briefly, aortas were collected and washed in cold PBS. 

Tissues were suspended in Calcium Assay Buffer and homogenized using a sonicator. After 

centrifugation, 50 μL of the sample supernatant was mixed with 90 μL of Chromogenic agent and 

60 μL Calcium Assay Buffer. After 5-10 mins, the absorbance at 575 nm of each sample solution 

was read. 
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Table 1. qPCR primers 

 Gene Sequence (Forward) Sequence (Reverse) 

Mouse 
  
  
  
  
  
  
  
  
  
  

Gapdh 5′-CCCCAGCAAGGACACTGAGCAAG-3′ 5′-GGGGTCTGGGATGGAAATTGTGAGG-3′ 

Mda5 5′-GCTGCTAAAGACGGAAATCG-3′ 5′-TCTTGTCGCTGTCATTGAGG-3′ 

Ifnb 5′-GGTCCGAGCAGAGATCTTCA-3′ 5′-CACTACCAGTCCCAGAGTCC-3′ 

Ifng 5′-CTGAGACAATGAACGCTACACA-3′ 5′-TTTCTTCCACATCTATGCCACT-3′ 

Il1b 5′-CATCCAGCTTCAAATCTCGCAG-3′ 5′-CACACACCAGCAGGTTATCATC-3′  

Il6 5′-CATGTTCTCTGGGAAATCGTGG-3′ 5′-GTACTCCAGGTAGCTATGGTAC-3′ 

Il10 5′-GCGTCGTGATTAGCGATGATG-3′ 5′-CTCGAGCAAGTCTTTCAGTCC-3′ 

Cxcl10 5′-CCATTCTGATTTGCTGCCTTA-3′ 5′-GGCTTGCAGGAATAATTTCAA-3 

Isg56 5′-ATGGGAGAGAATGCTGATGG-3′ 5′-CCCAATGGGTTCTTGATGTC-3′  

Tgfb 5′-GGAGAGCCCTGGATACCAAC-3′ 5′-CAACCCAGGTCCTTCCTAAA-3′ 

Tnfa 5′-GGCATGGATCTCAAAGACAACC-3′ 5′-CAGGTATATGGGCTCATACCAG-3′  

Human MDA5 5′-GTCTGGGGCATGGAGAATAA-3′ 5′-TGCCCATGTTGCTGTTATG-3′ 

 

2.6 Enzyme-Linked Immunosorbent Assay 

Plasma IL-6 levels were measured using an ELISA MAX Deluxe Set Mouse IL-6 kit (BioLegend) 

using the manufacturer’s instructions. Briefly, uncoated flat-bottom 96-well plates were coated 

with IL-6 capture antibody overnight at 4°C. Wells were washed before blocking for 1 hour at 

room temperature. After washing, samples were added to the wells and incubated at room 

temperature for 2 hours. The wells were washed again, and the Detection Antibody solution (100 

μL) was added to the wells and incubated for another hour at room temperature. After washing, 

100 μL Avidin-HRP solution was added to each well. After 30 mins at room temperature, the 

wells were washed carefully. The TMB Substrate solution (100 μL) was added to the wells and 

kept in the dark for 20 mins before the addition of stop solution. Absorbance was read at 450 nm 

with wavelength correction at 570 nm. 
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2.7 Cell Isolation and Flow cytometry 

Spleens and Peyer’s patches were harvested and cellularized by mechanical dissociation through 

a 70-μm filter. Splenocytes were treated with ammonium-chloride-potassium (AKT) lysis buffer. 

Surface antigens were stained with fluorochrome-conjugated antibodies (Table 2). 

Table 2. Antibodies used for flow cytometry 

Target Fluorochrome Company Catalog # 

mouse CD3ε PE BioLegend 100308 

mouse CD4 Pe/cyanine7 BioLegend 100528 

mouse CD8a PerCP BioLegend 100732 

mouse CD11b PE BioLegend 101208 

mouse CD11c PE BioLegend 117308 

mouse CD19 APC BioLegend 115512 

mouse CD44 Alexa Fluor 488 BioLegend 103016 

mouse CD45R/B220 APC Pharmigen, BD 553092 

mouse CD62L PE Pharmigen, BD 561918 

mouse CD69 Alexa Fluor 488 BioLegend 104516 

mouse CD86 Alexa Fluor 488 BioLegend 105108 

mouse F4/80 APC BioLegend 123116 

mouse FoxP3 APC eBioscience 17-4776-41 

mouse IFNγ PE BioLegend 505807 

mouse IL-6 APC BioLegend 504507 

mouse NK1.1 APC BioLegend 108709 

mouse Rorγt PE Pharmigen, BD 562607 

 

Dendritic cells were stained after CD19+ and CD3ε+ cell depletion using MACS cell separation 

(Miltenyi Biotech). For the detection of IL-17a, IL-6, and IFN-γ staining, cells were first 

stimulated with PMA/ionomycin (Sigma-Aldrich) for 4-5 hours at 37°C, with the addition of 

monensin (1:1000) after 1 hour of incubation. Intracellular markers were stained using a FoxP3 
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Fixation/Permeabilization kit (eBioscience). Fluorescence-activated cell sorting (FACS) was 

performed using a BD LSRFortessa X-20 (BD Biosciences) system. Data were analyzed with the 

FlowJo software (Tomy Digital Biology). 

2.8 Bone phenotype analysis 

Femurs of 14-week-old female mice fixed in 70% ethanol were subjected to microcomputed 

tomography (μCT) and scanned using a ScanXmate-L090H (Comscantecno) system as described 

by Kurotaki, et. al (55). The coneCTexpress (WhiteRabbit) and TRI/3DBON-FCS (RATOC 

Systems) systems were used for the reconstruction and analysis of the three-dimensional 

microstructural image data. These femoral bones and bone mineral density analyses were 

performed by Dr. N. Sakai and M. Takami at Showa University in Tokyo. 

2.9 In vitro differentiation of osteoclasts 

Bone marrow cells were obtained by flushing the femurs and tibiae of mice with α-MEM (Nacalai 

Tesque). Cells were suspended in α-MEM containing a combination of 100 U/ml penicillin and 

100 mg/ml streptomycin (Nacalai Tesque), and 10% FBS (Life Technologies), supplemented with 

10 ng/ml M-CSF (R&D Systems). Cultures were rinsed with PBS after 3 days. Attached bone-

marrow-derived macrophages (BMMs) were collected by treatment with trypsin-EDTA (2.5g-

1mMol, Nacalai Tesque). BMMs were cultured in a medium containing 10 ng/ml of macrophage 

colony-stimulating factor (M-CSF) (R&D Systems) and 40 ng/ml of receptor activator of NF-kB 

ligand (RANKL) (R&D Systems) for 4 days, with medium change on the second day. 

Differentiated osteoclasts were fixed with 4% paraformaldehyde and stained using a telomerase 

repeat amplification protocol (TRAP). TRAP activity was measured in cell lysates using a TRAP 

& alkaline phosphatase (ALP) assay (Takara Bio) as a means of quantifying osteoclast 

differentiation. 
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2.10 Eye phenotype analysis  

Mice were anesthetized through intramuscular injection of a ketamine (70 mg/kg)/xylazine (14 

mg/kg) mixture. intramuscular injection of a ketamine (70 mg/kg)/xylazine (14 mg/kg) mixture. 

Mice were injected with 10% sodium fluorescein dye  (10 ml/kg). Mouse corneas were treated 

with hydroxyethyl cellulose eye solution and fitted with a polymethyl methacrylate contact lens 

to prevent corneal drying. Spectral domain optical coherence tomography (SD-OCT) was 

performed using a customized Multiline OCT (Heidelberg Engineering) based on the settings 

described by Hasegawa, et al. (56). SD-OCT was performed by Dr. H. Ikeda of Kyoto University 

Hospital. 

2.11 Statistics 

Statistical analyses were performed using GraphPad Prism, version 9.0 (GraphPad Software, San 

Diego, CA, USA). Differences between 2 experimental groups were analyzed using a two-tailed 

t-test. Multiple comparisons were performed using a one-way analysis of variance (ANOVA) test. 

A value of p < 0.05 was considered statistically significant (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 

*** p ≤ 0.0001).  
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3.1 hM-R822Q Tg mice display spontaneous systemic inflammation 

The variety of diseases induced by gain-of-function mutations on MDA5 highlights our 

limited understanding of the role of RIG-I like receptors in vivo. To gain a better understanding 

of the role of R822Q MDA5 in SMS, transgenic mice were generated through the insertion of a 

BAC carrying the mutated genomic human MDA5 into the genome of C57BL/6J and BALB/c 

mice. IFIH1 mRNA expression was confirmed in various organs of hM-R822Q Tg mice (Fig. 

1A). Mouse Ifih1 was also found to be highly upregulated in hM-R822Q Tg mice when compared 

with WT expression (Fig. 1B). This corresponded to very strong expression of human and mouse 

MDA5, notably elevated in comparison to WT and comparable to immune-stimulated WT mice 

(Fig. 1C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. MDA5 expression in hM-R822Q Tg mice. The mRNA expression 
of human MDA5 IFIH1 (A) and mouse MDA5 Ifih1 (B) were tested on multiple 
organs of 8-10 week old mice (n=3). (C) Protein expression was evaluated with 
a monoclonal antibody specific for hMDA5 and a polyclonal antibody 
recognizing both human and mouse MDA5. Graphs are presented as mean ± 
SEM. Statistical significance was determined using Student’s t-test (*p<0.05, 
**p<0.01, ***p<0.001)  
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In Ifih1gs/+ mice, 60% mortality was observed within 24 weeks after birth (27). Both male 

and female hM-R822Q mice lived an average of 80 weeks (Fig. 3) without any clear evidence of 

fatal disease. Co-housed WT mice lived for over 140 weeks in the same SPF conditions. To gain 

insight into this, inflammation and inflammation-induced damage were assessed in various organs. 

Initial observation of internal organs revealed visible signs of lymph node inflammation (Fig. 4A), 

liver discoloration (Fig. 4B), and splenomegaly (Fig. 4C). All investigated organs in hM-R822Q 

Tg mice showed upregulation of inflammatory cytokines and ISGs such as Ifnb, Isg56, Il1b, Tnfa, 

and Il6 (Fig. 4D). IFN levels were particularly elevated in mucosal regions, such as the intestines, 

lungs, and eyes. In contrast, the levels of cytokines more commonly associated with the regulation 

of inflammation, such as Tgfb and Il10, did not significantly differ between the Tg and WT mice 

in all organs tested (Fig. 4E).  

 

 

 

0 20 40 60 80 100 120
0

50

100

WT
hM-R822Q

Weeks

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l

 

 
Figure 3. hM-R822Q Tg mice display shortened lifespans. 
Survival graph of WT and hM-R822Q Tg mice monitored for 
150 weeks. Statistical significance was determined using the 
Kaplan-Meier estimate (**p<0.01). 
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Figure 4. Systemic inflammation. Representative image of WT and hM-R822Q Tg mesenteric lymph 
nodes (mLN) and inguinal lymph nodes (iLN) (A), and livers (B). (C) Representative images of WT and 
hM-R822Q Tg spleens and spleen weight (n=10). Organ-specific mRNA expression of inflammatory 
promotors Ifnb, Ifng, Isg56, Cxcl10, Il1b, Tnfa, and Il6 (D) and inflammatory regulators Tgfb and Il10 (E). 
Samples were taken from mice aged 8-10 weeks. Graphs are presented as mean ± SEM. Statistical 
significance was determined using unpaired Student’s t-test and one-way ANOVA (*p<0.05, **p<0.01, 
***p<0.001)  
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Despite displaying no significant differences in cell splenic populations of macrophages 

(F4/80+CD11b+) and dendritic cells (CD11c+) when compared to WT mice, these cells showed 

increased expression of CD86 activation markers in hM-R822Q Tg mice (Fig. 5A). Similarly, 

natural killer cells (NK1.1+CD3ε-) had elevated surface expression of CD69, indicating increased 

activation without showing significant increase in cell populations (Fig. 5B). Lymphocytes 

displayed activation in hM-R822Q Tg mice in the absence of active infection. CD69 expression 

was elevated in both T cells (CD19+) and B cells (CD3ε+) of hM-R822Q Tg mice compared to 

WT mice (Fig. 5C). There were also lower populations of naïve CD4+ and CD8+ T cells, which 

is coupled with significantly higher population of effector cells, and a trend for increased 

populations of memory T cells (Fig. 5D). This indicates a primed adaptive immune response was 

also significantly activated.  

Previous studies on Ifih1gs/+ mouse model bearing the G821S mutant of mouse MDA5 

showed a strong lupus-like nephritis phenotype in the kidneys (4). hM-R822Q Tg mice did not 

display clear morphological symptoms of glomerulonephritis despite the significant deposition of 

IgG (Fig.6A) and upregulation of autoantibodies (Fig. 6B) in the sera. Comparison with Ifih1gs/+ 

mice showed that hM-R822Q Tg mice had relatively decreased cytokine expression (Fig. 6C), 

suggesting that a threshold of ISG signature and inflammatory cytokine level is critical for the 

development of overt disease. 

In summation, hM-R822Q Tg mice can be described as having systemic inflammation with 

mild pathology. Cytokine expression and immune cell activity are indicative of risk for organ 

damage resulting from inflammation, which, taken together, may contribute to the shortened 

lifespans of hM-R822Q Tg mice. 
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Figure 5. Adaptive and immune cell activation in hM-R822Q Tg mice. Flow cytometry analysis of 
splenocytes for F4/80+CD11b+ macrophage, DC (B220+CD11cint plasmacytoid DCs; B220-CD11chi 
conventional DCs) CD86 activation (A), CD69 activation in NK1.1+CD3ε- NK cells (B), T cell (CD19+) 
and B cell (CD3ε+) activation (C) and CD4+ and CD8+ T cell activation (D). Flow cytometry data are 
representative of at least three independent experiments, in mice 10-16 weeks in age, with similar results. 
Graphs are presented as mean ± SEM. Unpaired Student’s t-test was used to compare WT and hM-
R822Q samples (ns, no statistical significance (p>0.05), *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001).  
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Figure 6. Presence of autoantibodies in hM-R822Q Tg kidneys without nephritis symptoms. (A) 
Representative image of HE stained section of the glomerulus and immunostaining for IgG and IgM (left). 
(B) Histology score for the kidney (right). Heat map of autoantibody affinity for IgG and IgM. (C) Kidney
mRNA analysis for expression of Ifnb, Il6, Isg56, and Tnfa in wild-type (n=6), hM-R822Q transgenic (n=6), 
and Ifih1gs/+ mutant (n=2) mice aged 8-10 weeks. Graphs are presented as mean ± SEM. Unpaired Student’s 
t-test and one-way ANOVA were used to compare WT and mutant nephritis scores and mRNA expression,
respectively (ns, no statistical significance (p>0.05), **p<0.01, ***p<0.001, ****p<0.0001).
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3.2 hM-R822Q Tg mice exhibited developmental and bone abnormalities 

Body weights were taken as a primary assessment of development and potential chronic or 

acute irregularities. At 10 weeks hM-R822Q Tg mice showed significantly decreased body weight 

compared to their WT littermates (Fig. 7A). Body weight kinetics showed this to be consistent 

throughout the mouse development and aging (Fig. 7B). Together with these signs of growth 

retardation, hM-R822Q Tg mice showed abnormalities in spine curvature, noticeable from as 

early as 14 weeks (Fig. 8A). There were no remarkable abnormalities in the bone structure, with 

hM-R822Q Tg mice showing no observable irregularities in femoral bone (Fig. 8B), nor any 

significant difference in bone mineral density of hM-R822Q mice (Fig. 8C, 8D) compared to WT 

mice. Despite this, bone marrow macrophages from hM-R822Q Tg mice induced for osteoclast 

differentiation with M-CSF and RANKL showed decreased osteoclastogenesis, marked by 

multinucleated TRAP-positive cell formation (Fig. 8E). This indicated impaired osteoclast 

differentiation compared to WT mice. These observations are consistent with the development of 

bone abnormalities observed in patients of SMS. 

 

 

 

 

 

 

Figure 7. Decreased body weight in hM-R822Q Tg mice. Comparison of body 
weights (A) at 10 weeks (n=7) and the kinetic of weight gain (B) of WT and hM-
R822Q Tg mice (n=10). Results are presented as mean ± SEM. Unpaired Student’s t-
test was used to compare WT and hM-R822Q samples (*p<0.05, ****p<0.0001).   
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Figure 8. hM-R822Q mice with bone abnormalities. (A) Image of an hM-R822Q Tg mouse 
demonstrating abnormal spine curvature in contrast to a WT mouse. (B) Representative μCT images (left) 
and visualization of the bone mineral density of the distal femur (right) from hM-R822Q Tg mice and their 
wild-type littermates. The bone mineral density in the trabecular bone (C) and cortical bone (D) was 
measured by μCT analysis (n = 5). (E) In vitro differentiation of osteoclasts from BMMs induced with 10 
ng/ml M-CSF and 40 ng/ml of RANKL from wild-type and hM-R822Q Tg mice. Osteoclasts were stained 
for TRAP (left) and osteoclast formation levels were determined by measuring TRAP activity in cell lysates 
(n = 3) (right). Mice were analyzed at 10 and 14 weeks. Graphs are presented as mean ± SEM. Unpaired 
Student’s t-test was used to compare WT and hM-R822Q samples (ns, no statistical significance (p>0.05), 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).   
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3.3 hM-R822Q Tg mice exhibited SMS-like cardiac pathogenesis 

One of the most common causes of early death in SMS patients stems from the 

development of cardiac and aortic abnormalities (44). Calcification in the aorta and aortic and 

mitral valves, as well as damage due to the strain of inflammation on the heart, heart valves, and 

blood vessels, can lead to fatal irregularities in cardiac rhythm (57). Consistent with this, signs of 

valve degeneration, valve enlargement, and increased levels of cardiac fibrosis were observed in 

hM-R822Q Tg mice (Fig. 9A). There were also cases of severe leukocyte infiltration seen in 

BALB/c hM-R822Q Tg mice (Fig. 9B). Immunostaining of the heart structure revealed elevated 

IgG deposition and alpha-smooth muscle actin (α-SMA) (Fig. 9C), which are markers of 

calcification and tissue scarring. 

 A closer look at the underlying heart RNA expression profile revealed activation of IFN-I 

signaling, with highly upregulated levels of Ifnb and Isg56 (Fig. 9D) in Tg mice. Two of the 

cytokines known to be increased in cases of calcified aortic valve disease (CAVD), Il6 and Tnfa 

(58), were also increased in hM-R822Q Tg hearts compared to WT levels. Cytokines known to 

play more regulatory functions in inflammation such as Tgfb and Il10 showed no difference in 

expression (Fig. 9E).  Similar to the heart, the hM-R822Q Tg aorta showed an IFN-I signature 

with elevated expression Ifnb, Il6, Isg56 and Tnfa (Fig. 9F). This corresponded with significantly 

elevated calcium content in the aortas of hM-R822Q Tg aortas compared to WT mice (Fig. 9G). 

Overall, cytokine expression profiles of the heart and aorta display an inflammatory 

signature that is conducive to calcification. Cell infiltration and antibody deposition also show a 

propensity for autoimmune damage. Increased levels of aortic calcium, heart fibrosis, and mild 

valve degeneration showed a strong similarity to SMS-like cardiac calcifications.  
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Figure 9. Heart and aortic pathogenesis in hM-R822Q mice. (A) Representative images of HE-stained 
(above) and picrosirius red-stained (below) heart sections of WT and hM-R822Q mice. Enlarged aortic 
valves of the hM-R822Q Tg are magnified (inset). (B) HE-stained heart section showing severe leukocyte 
infiltration (black arrow; magnified below). (C) Immunostaining of IgG and α-SMA on heart sections of 
WT and hM-R822Q Tg mice. Cytokine mRNA expression of Ifnb, Il6, Isg56, and Tnfa (D) and Tgfb and 
Il10 (E) in the heart (n=6) and Ifnb, Il6, Isg56, and Tnfa in the aorta (F) (n=4) relative to Gapdh. (G) Ca2+ 
levels measured in the aorta (n=7). Heart and aorta samples were taken from mice aged 8-12 weeks. Results 
are shown as mean ± SEM analyzed through unpaired Student’s t-test (ns, no statistical significance 
(p>0.05), *p<0.05, **p<0.01, ***p<0.001). 
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3.4 Poly(I:C) induced lethal inflammation in female C57BL/6J hM-R822Q Tg mice 

To gain insight into how the symptoms resulting from MDA5 R822Q may be affected by 

environmental factors and external triggers of immune response, an assessment of what 

phenotype may be induced in the mutant mice was made using poly(I:C).  Poly(I:C), which is a 

synthetic analog of dsRNA, mimics virus infection by triggering dsRNA sensors. Poly(I:C) 

treatment introduced through intraperitoneal injection to male hM-R822Q Tg mice did not 

produce any visible disease phenotype. In contrast, female mice displayed inflammation in the 

eye region with mucosal discharge (Fig. 10A), and diarrhea within 16 hours post-injection. 

Marked signs of malaise were observed, resulting in severe weakness and death of 75% of the 

mice within 22 hours of injection (Fig. 10B). Although both WT and hM-R822Q female mice lost 

weight following poly(I:C) injection, female hM-R822Q Tg mice lost a significantly higher 

percentage of weight relative to their weights pre-injection (Fig. 10C).  

Consistent with these observations, infection with influenza A virus (IAV) and injection 

with lipopolysaccharide (LPS) proved to be similarly lethal to hM-R822Q Tg mice. Intranasal 

inoculation of IAV caused the death of 1 of 4 WT female mice 14 days following inoculation 

while hM-R822Q Tg mice displayed a 75% mortality (3 of 4 mice) (Fig. 10D). Body weights of 

these infected mice revealed that IAV infection caused notable weight loss in both WT and hM-

R822Q Tg mice (Fig. 10E). Weight loss was significantly lower in WT mice with signs of 

recovery after 13 days. hM-R822Q Tg mice continued to progress, indicating that inflammation 

was not resolved. LPS also caused mortality in hM-R822Q Tg mice as early as 17 hours following 

injection (Fig. 10F). 

Diarrhea observed in hM-R822Q Tg mice was an indication of inflammation in the gut. 

Upon dissection of poly(I:C)-injected mice, there was visible intestinal distension in female hM-

R822Q Tg mice that was not observed in either WT or male hM-R822Q Tg mice (Fig. 11A). 

Histology revealed severe villous shortening, detachment and shedding of the epithelial layer, and 

cellular infiltration in the small intestine of the poly(I:C)-injected Tg mice. Tg mice also displayed  
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Figure 10. Poly(I:C) induces inflammation and mortality in female hM-R822Q Tg mice. (A) 
Representative images of male and female WT and hM-R822Q Tg mice 20 hours after poly(I:C) 
injection. Female hM-R822Q Tg mice accumulate mucosal discharge in the eye region (right). (B) 
Survival of WT and hM-R822Q Tg mice within 25 hours after i.p. injection of 30 ug/g of poly(I:C). 
(C) Body weights of female mice were measured before injection and 20 hours post-injection, and the
percentage based on the initial body weight was calculated (n=4). Survival (D) and body weights (E)
of mice was monitored for 14 days after infection with 100 PFU of IAV (n=3). (F) Mouse survival
was monitored for 22 hours following i.p. injection with 20 μg of LPS (n=3).   Survival curves were
found significantly different through Kaplan-Meier analysis (p<0.0001). Weights are presented as
mean ± SEM analyzed using one-way ANOVA (*p<0.05, ****p<0.0001).
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leukocyte infiltration in the large intestine.  Meanwhile, poly(I:C)-injected WT mice showed 

minimal signs of epithelial shedding with no notable cell infiltration (Fig. 11B). In line with these 

symptoms, gene expression profiles as a result of poly(I:C) injection in hM-R822Q Tg mice were 

consistent with those observed in inflammatory bowel diseases (IBDs) such as Crohn’s disease 

and ulcerative colitis. Taken as a general marker of cytokine overproduction, Il6 was upregulated 

in both the ileum and colon of hM-R822Q mice compared to that in the WT mice (Fig. 11D, 11E). 

Il1b and Tnfa mRNA expression were also increased in poly(I:C)-injected hM-R822Q Tg mice. 

Il1b is associated with increased permeability of the intestinal barrier (59, 60) while Tnfa is known 

to be increased in patients of IBD (61, 62). Additionally, splenocytes of poly(I:C)-injected hM-

R822Q Tg mice had larger populations of CD4+ cells producing IL-6 (Fig. 11F). IL-6 expression 

was not limited to the lymphoid organs as significant levels of IL-6 protein were detectable in the 

serum of female hM-R822Q Tg mice in the basal state, with poly(I:C) injection producing a 

drastic spike that is not observed in WT mice (Fig. 11G). 

To have some understanding of the underlying differences that caused such an extreme gap 

in the presentation of poly(I:C)-induced symptoms in male and female hM-R822Q Tg mice, it 

was necessary to investigate what differentiated them not only in the induced but in the basal 

levels of immune activation. A comparison of Ifnb and Il6 mRNA expression in the ileum 

revealed that poly(I:C) induced a mild increase in expression in male mice but caused drastic 

upregulation in female hM-R822Q Tg mice (Fig. 12A).  It was noted that Peyer’s patches, which 

are the primary sites of interaction of the immune cells with the gut microflora, could not be 

detected in the small intestines of female hM-RR822Q Tg mice 20 hours after poly(I:C) injection, 

despite being present or even enlarged in WT and male hM-R822Q Tg mice. This has been 

determined as an indicator of immune activation, resulting in B cell egress into the mucosa or 

even apoptosis (63). This highlighted the significant role played by Peyer’s patch cells in the hM-

R822Q inflammation. Flow cytometry analysis of cells of the Peyer’s patches of the small 

intestine in the absence of immune induction showed increased populations of Rorγt expressing 
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Figure 11. Poly(I:C)-induced intestinal inflammation in female hM-R822Q Tg mice. (A) Images of the 
abdominal cavity of WT and hM-R822Q Tg mice 20 hours after poly(I:C) injection. Bowel distension (red 
arrow) is visible in female hM-R822Q Tg. (B) Representative images of HE staining of the small intestines 
(ileum and duodenum) and colon, sacrificed 20 hours after poly(I:C) injection. (C) Histological scores of 
WT male and female mice were taken together and segregated for male and female hM-R822Q Tg mice. 
mRNA expression of Il1b, Il6, and Tnfa in the ileum (D) and colon (E) of female WT and hM-R822Q Tg 
mice. Flow cytometry analysis of splenocytes for CD4 and IL-6. The data are representative of at least three 
independent experiments with similar results. (G) IL-6 protein levels detected in the serum of WT and hM-
R822Q Tg mice at basal levels (n=5) or following 20 hrs of stimulation with poly(I:C) (n=3). Mice were 
analyzed at 8-12 weeks of age. Results are shown as mean ± SEM analyzed through one-way ANOVA (ns, 
no statistical significance (p>0.05), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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cells in hM-R822Q Tg mice (Fig. 12B). However, a corresponding increase in the population of 

cells expressing the Forkhead box P3 (FoxP3) marker of Tregs was only observed in male hM-

R822Q Tg mice. This indicates that, consistent with observations in humans, active immune 

regulation accompanies the inflammatory immune response in male hM-R822Q Tg mice. In 

female hM-R822Q Tg mice, Th17 cells remain unchecked, promoting IL-17 expression. This IL-

17 expression is observed in the serum of female but not male hM-R822Q Tg mice, when 

compared with WT mice (Fig. 12D). In addition to the cytotoxic functions of Th17 cells, this 

functions in the positive feedback of inflammatory cytokines, further inducing the increase in IL-

6 expression in female hM-R822Q Tg mice compared to male hM-R822Q Tg mice (Fig. 12E).   

 

Figure 12. Differential inflammatory signature in male and female hM-R822Q Tg mice. (A) Ileal 
mRNA expression of Ifnb and Il6 in male and female hM-R822Q Tg mice with and without poly(I:C) 
injection. (B) Flow cytometry analysis of Peyer’s patch CD4+ cells for Rorγt and FoxP3. (C) Il17a mRNA 
levels in the ilea of male and female WT and hM-R822Q Tg mice. (D) IL-17 (n=4) and (E) IL-6 (n=5) in 
the sera of male and female WT and hM-R822Q Tg mice. Mice were analyzed at 8-12 weeks. Results are 
shown as mean ± SEM analyzed through unpaired Student’s t-test and one-way ANOVA (ns, no statistical 
significance (p>0.05), *p<0.05, **p<0.01, ***p<0.001). 
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In line with observations in several autoimmune diseases and cases of infection, high 

circulating IL-6 levels were congruent with the development of severe, lethal inflammation 

characteristic of cytokine storm. One of the hallmarks of cytokine storm syndrome is the 

occurrence of damage to non-lymphoid or secondary organs. hM-R822Q Tg livers had signs of 

fibrosis (Fig. 13A). Following poly(I:C) injection, leukocyte infiltration was detectable in hM-

R822Q Tg mice. Moreover, cytokine mRNA expression analysis in the liver showed clear 

upregulation, particularly of Ifnb, Il6, and Il1b (Fig. 13B). hM-R822Q Tg mice showed baseline 

Tnfa upregulation but showed strongly elevated expression in both WT and hM-R822Q Tg livers 

from poly(I:C) injection.  

Figure 13. Liver as a target for secondary organ damage in hypercytokinemia. (A) HE staining (above) 
and picrosirius red staining of the liver, with leukocyte infiltration (black arrow). (B) Liver mRNA 
transcription levels for Ifnb, Il6, Il1b, and Tnfa. Liver samples were taken from mice aged 8-12 weeks (n=4). 
Graphs are presented as mean ± SEM analyzed using one-way ANOVA (ns, no statistical significance 
(p>0.05), *p<0.05, ***p<0.001, ****p<0.0001). 

Collectively, these findings demonstrate that injection with the MDA5 activator poly(I:C) 

caused severe inflammation in female hM-R822Q Tg mice. In these mice, the combination of 
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the presence of the same mutant transgene, male hM-R822Q Tg mice show evidence of immune 

regulation, preventing cytokine storm-associated lethality. 

 

3.5 hM-R822Q Tg response to poly(I:C) is determined by background  

Similar to C57BL/6J hM-R822Q Tg mice, BALB/c hM-R822Q Tg mice experienced eye 

inflammation and diarrhea with poly(I:C) injection (Fig. 14A). Notably, however, BALB/c hM-

R822Q mice did not exhibit lethality or any sex-specific differences in pathology. Mice exhibited 

malaise for 24-48 hours, after which they appear to be physically recovered, and are able to 

survive multiple weekly injections with poly(I:C). This survival despite the appearance of 

pathological symptoms allowed for a closer observation of the eye inflammation resulting from 

poly(I:C) injection. Optic nerve tomography revealed some posterior vitreous detachment 

(Fig.14B) indicative of shrinkage due to fluid extrusion from the vitreous gel, which may result 

from inflammation (64). Injection of poly(I:C) induced the appearance of tortuous vessels and 

narrowing of the arteries in hM-R822Q Tg mice, which was not observed in WT mice (Fig. 14C). 

Similar to C57BL/6J mice, BALB/c hM-R822Q Tg mice showed inflammation-induced damage 

to the intestinal lining, with notable shedding of cells epithelial layer (Fig. 14D). mRNA 

expression analysis showed that hM-R822Q mice had elevated levels of Ifnb, Il6, and Il1b (Fig 

14E). The ileum showed similar inflammatory signature, with similar upregulation of Ifnb, Il6, 

and Tnfa between male and female hM-R822Q Tg mice (Fig. 14F). With these observations, it 

became more puzzling why BALB/c hM-R822Q mice survived despite showing similar signs of 

inflammation. Some indication was found in the sera where IL-6 levels of BALB/c WT and hM-

R822Q Tg mice were below detectable levels. A comparison of the Ifnb and Il6 mRNA expression 

in the intestines of poly(I:C)-injected mice showed that BALB/c hM-R822Q mice, despite 

showing elevated cytokine expression compared to WT mice, had drastically reduced levels 

compared to female C57BL/6J hM-R822Q Tg mice injected with poly(I:C) (Fig. 14G). This 

indicates that interferon and cytokine levels are determinants of lethality.   
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Figure 14. Poly(I:C)-induced inflammation in BALB/c hM-R822Q Tg mice. (A) Representative images 
of hM-R822Q Tg BALB/c mice displaying inflammation and mucosal discharge in the eyes after poly(I:C) 
injection. (B) SD-OCT cross-section of poly(I:C)-injected WT and hM-R822Q Tg mice. Red arrow 
indicates posterior vitreous detachment. (C) Fluorescein angiography of eyes in mice immediately before 
and 20 hours following poly(I:C) injection. Green arrowheads point to tortuous vessels. Representative HE 
staining images small intestines (ileum). Eye (E) and ileal (F) mRNA transcription levels of Ifnb, Il6, and 
Tnfa relative to Gapdh. (G) Ifnb and Il6 expression in the ilea of WT and hM-R822Q Tg C57BL/6J and 
BALB/c mice. Mice were aged 8-12 weeks (n=4). Results are shown as mean ± SEM analyzed through 
one-way ANOVA (ns, no statistical significance (p>0.05), *p<0.05, **p<0.01). 
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3.6 MAVS and IFNAR dependent inflammation and poly(I:C) induced pathology 

Activation of MDA5 triggers a cascade of inflammatory events that is further amplified by 

positive feedback mechanism. These pathways involve several key molecules, including MAVS 

and IFNAR (Fig. 1). MAVS signals directly downstream of RLRs while IFNAR binds to IFN-I, 

distinguishing whether MDA5 was directly involved in the symptomatology and the importance 

of IFN signaling in disease outcome. Mavs-/- hMDA5 R822Q and Ifnar1-/- hMDA5 R822Q mice 

displayed comparative Ifnb mRNA expression to their respective Mavs-/- and Ifnar1-/- controls 

(Fig. 15A). In contrast, Isg56 upregulation was eliminated in Mavs-/- hMDA5 R822Q Tg mice but 

not in Ifnar1-/- hMDA5 R822Q mice. This is unsurprising since ISG56 is also induced by IRF3 in 

an IFN-independent manner (65). Additionally, there was also no notable difference in the 

lifespans of Mavs-/- and Ifnar1-/- mice in the presence or absence of the hM-R822Q Tg. 

Consistent with the assumption that baseline interferon signature was critical for the 

development of symptoms due to poly(I:C) injection, female mice in both Mavs-/- and Ifnar1-/- 

hM-R822Q showed 100% survival post-injection (Fig. 15B). IL-6 circulation in the serum was 

also undetectable (Fig. 15C). Sections of poly(I:C) Mavs-/- hMDA5 R822Q ileum showed no clear 

damage in histology, comparable to WT mice. Meanwhile, poly(I:C) induced some villous 

shortening could be observed in Ifnar1-/- hMDA5 R822Q mice, with a significantly reduced 

histological score compared to hM-R822Q Tg mice (Fig. 15D). This phenotypic reversion could 

be observed down to the mRNA level in the small intestine, where of Ifnb, Il1b, and Tnfa 

expression measured at WT levels (Fig. 15E). Il6 expression in poly(I:C)-injected Mavs-/- hMDA5 

R822Q mice were reduced 7-fold and in Ifnar1-/- hM-R822Q mice reduced 11-fold compared to 

levels observed in poly(I:C)-injected hM-R822Q Tg mice.  

Altogether, the direct function of the MDA5 was confirmed through the importance of its 

constitutive signaling through MAVS. Signaling downstream of the IFN receptor was also critical 

for the development of disease phenotype, emphasizing the role of sufficient cytokine production 

and signal amplification. In the absence of at least one of them th hM-R822Q Tg did not induce 
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sufficient inflammatory signature and inflammation did not develop despite the administration of 

poly(I:C). 

Figure 15. MAVS/IFNAR signaling is critical for poly(I:C)-induced pathogenesis. (A) mRNA 
expression of Ifnb, Il6, and Isg56 in female wild-type, Mavs-/-, or Ifnar1-/- mice with or without the hM-
R822Q Tg. (B) Survival of these mice up to 25 hrs post-injection (n=6). (C) Serum levels of IL-6 protein. 
(n=3) (D) Representative HE stained images of the ileum after treatment with poly(I:C) in female wild-
type, hM-R822Q, Mavs-/- hM-R822Q, and Ifnar1-/- hM-R822Q Tg mice. (E) Induced mRNA expression of 
Ifnb, Il6, Il1b, and Tnfa in the small intestine. mRNA expression was calculated relative to Gapdh. Mice 
were 8-12 weeks old at the time of analysis. Results are shown as mean ± SEM analyzed through unpaired 
Student’s t-test and one-way ANOVA (ns, no statistical significance (p>0.05), *p<0.05, **p<0.01, 
****p<0.0001). 
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3.7 JAK signaling is critical for organ damage and lethality of poly(I:C) treatment 

JAK/STAT signaling occurs downstream of both the IFN and IL receptors, including IL6R. 

Mice were treated with tofacitinib, a commercially available JAK inhibitor, as a means not only 

of confirming the role of these downstream signals in the interferonopathy observed in hM-

R822Q Tg mice, but also to test the potential efficacy of drug inhibition to negate the 

inflammatory signal. Following the diagram shown in Fig. 16A, mice were given daily oral 

gavage of tofacitinib or vehicle control for 4 days. On the 4th day, poly(I:C) was injected after the 

gavage. Injection of poly(I:C) to hM-R822Q Tg mice treated only with vehicle control died in the 

48 hours following injection (Fig. 16B). This lethality was not observed in hM-R822Q Tg mice 

treated with tofacitinib, where 100% of survival was observed in the mice tested. Observations 

were similar in both vehicle and tofacitinib-treated WT mice. To assess the impact of the 

treatment on poly(I:C)-induced hypercytokinemia, sera taken 20 hours after poly(I:C) injection 

were analyzed for IL-6 protein. Although, following poly(I:C) injection, IL-6 was detectable in 

the serum of tofacitinib-treated hM-R822Q Tg mice, compared to Tg mice treated with vehicle 

control, they exhibited 6-fold reduction (Fig. 16C). Correspondingly, tofacitinib-treated hM-

R822Q mice did not display bowel distension following poly(I:C) injection (Fig. 16D). The ileum 

also did not show significant signs of villous lifting or epithelial shedding (Fig. 16E). Consist with 

this reduced inflammation, mRNA expression in the small intestine of hM-R822Q Tg mice 

displayed lower transcript levels of Ifnb, Il6, and Il1b when they were treated with tofacitinib 

before poly(I:C) injection (Fig. 16F). Furthermore, JAK inhibition was also able to reduce the 

poly(I:C)-induced inflammatory gene expression in non-mucosal organs such as the liver (Fig. 

16G). 

On the whole, these data confirm that the blockade of JAK signaling can effectively reduce 

the hyper-responsiveness in hM-R822Q Tg mice, rescuing mice from lethal inflammation. 

Damage at the organ level was reduced, and cytokine storm-like symptoms were abrogated. 
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Figure 16. Inhibition of Jak signaling reduces poly(I:C)-induced inflammatory phenotype. (A) 
Schematic of mouse treatment displaying daily gavage of 600 μg of tofacitinib (Tofa) or vehicle for 3 days 
(D-3 to D-1). Intraperitoneal injection of 300 μg of poly(I:C) and gavage are concurrently given on D-0, 20 
hours before mouse sacrifice for analyzed mice (D+1). (B) Survival assessment of wild-type and hM-
R822Q Tg littermates (n=3) within 48 hours following treatment. (C) IL-6 protein levels in the serum 
analyzed by ELISA. (D) Images of the abdominal cavity of hM-R822Q Tg mice injected with poly(I:C) 
following 4 days of gavage of vehicle or tofacitinib. (E) Representative HE-staining of the ileum for WT 
and hM-R822Q Tg mice with and without poly(I:C) injection, treated with vehicle or tofacitinib. Ifnb, Il6, 
Il1b, and Tnfa mRNA expression in the ileum (F) and liver (G) (n=4). Treatments were performed on mice 
aged 8-12 weeks. Results are shown as mean ± SEM analyzed through unpaired Student’s t-test and one-
way ANOVA (ns, no statistical significance (p>0.05), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Chapter 4 

DISCUSSION 
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Gain-of-function mutation in positive regulators of IFN signaling is one of the most 

common mechanisms of interferonopathies (19). The R822Q mutation of MDA5, which is 

believed to affect the stability of MDA5 nteraction with dsRNA, results in constitutive activation 

of MDA5. This leads to an elevated basal interferon signature even in the absence of active 

infection. The lack of overt disease in hM-R822Q mice for at least the first year indicates that a 

threshold of interferon and cytokine level must be superseded for pathology to develop. Indeed, 

this is supported by the comparison of pro-inflammatory cytokine expression between hM-R822Q 

mice and the more severe Ifih1gs/+ mouse model. Although the R822Q mutation on human MDA5 

and the G821S mutation on the Ifih1gs/+ mice are sequentially adjacent, factors such as the 

presence of 2 copies of WT mouse Ifih1, as well as the functional compatibility of the transgenic 

human MDA5 in the mouse system may have affected the downstream activity of MDA5 

signaling. As a result, the progression of disease appears to be slower and less severe in hM-

R822Q Tg mice than in Ifih1gs/+ mice. This, in turn, makes the development of disease phenotype 

more tractable and allows the testing of potential treatments. 

The R822Q mutation of MDA5 was originally found in patients of SMS who have 

symptoms including aortic calcification, skeletal and dental abnormalities, and in some cases 

glaucoma, and recurrent infections. In line with skeletal abnormalities, hM-R822Q Tg mice 

displayed abnormalities in bone structure and osteoclast development. The inflammatory 

signature in the mRNA profile, as well as the observed impairment of osteoclast differentiation, 

demonstrated conditions that are precursory to abnormal tooth eruption and tooth movement (33). 

The absence of dental abnormalities in hM-R822Q Tg mice may be the effect of the differences 

in human and mouse dental development (66, 67). Likewise, normal internal eye pressure 

indicated the absence of glaucoma. However, inflammation in the eye region following poly(I:C) 

injection indicates the eye as a vulnerable organ in hM-R822Q Tg mice. The heart also showed 

strong SMS-associated pathogenesis. Although valve enlargement and fibrosis in the heart were 

only slightly increased, elevated calcification of the aorta indicated a high risk for dysfunction. 

This predisposition of hM-R822Q Tg mice to vascular pathology was supported by mRNA 
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expression data. In particular, TNF-α, IL-1β, and IL-6 upregulation were found to have a causative 

correlation with aortic valve and vascular mineralization (27, 34–38).  

One possible consequence of these heart and vascular abnormalities in hM-R822Q Tg mice 

may be shorter lifespans compared with their WT counterparts. As the hM-R822Q Tg mice aged, 

skeletal abnormalities, as indicated by vertebral posture, were more prominent in the Tg mice 

than in WT mice. This leads to the speculation that the chronic inflammatory signature in the 

heart and vessels also lead to progressive calcification of the aorta and aortic valves, which, 

coupled with the accumulation of other inflammation-induced organ damage, may contribute to 

early death in hM-R822Q Tg mice. 

A critical point in the findings of this study is the implication of severe and, in some cases, 

potentially lethal inflammation that occurs following immune stimulation. Recent studies have 

highlighted the dangers of hyperinflammation in patients of viral infection, where markers of 

severe disease, such as elevation in serum levels of IL-6, have been identified (15). hM-R822Q 

Tg mice demonstrate an example of a high-risk model for hypercytokinemia in situations of 

infection and dsRNA introduction. Interestingly, the effects are not governed solely by the 

presence of the mutation, but by a combination of gender and genetic background. While female 

C57BL/6J hM-R822Q Tg mice suffer lethal inflammation following poly(I:C) injection, both 

male and female BALB/c hM-R822Q Tg mice suffer non-lethal inflammation, while male 

C57BL/6J hM-R822Q Tg mice were seemingly asymptomatic, having displayed cytokine 

upregulation without signs of malaise. This study gives some evidence of the involvement of Treg 

function in the progression of inflammation to hypercytokinemia. Meanwhile, various studies 

have shown that genetic background plays a role in response to infection and susceptibility to 

autoimmune disease (68–70). C57BL/6 mice mount a more Th1 immune response, with a stronger 

tendency to produce a Th17 response to parasitic infection, whilst BALB/c mice tend to produce 

a Th2 response, with a higher susceptibility to Treg suppression (71, 72). C57BL/6J mice have 

also exhibited more severe lung injury, slower recovery from lung damage, and less effective viral 

clearance of influenza A/H7N9 virus, with higher levels of IL-6 and IL-1β than infected BALB/c 
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mice (73). A closer look at these disease-associated mutations in mice across multiple 

backgrounds may help elucidate some genetic basis for sex differences in the development of 

autoimmune disorders. 

Targeting signaling elements through the knockout of MAVS or IFNAR1 proved to reduce 

the basal inflammatory signature of hM-R822Q Tg mice. Moreover, the absence of these 

signaling molecules rescued female hM-R822Q Tg mice from poly(I:C)-induced 

hyperinflammation. Inhibition of JAK signaling demonstrated a similar capacity to control 

inflammation to non-lethal levels. Although tofacitinib treatment did not reduce poly(I:C)-

induced interferon and IL-6 expression to WT levels, inflammation was remarkably controlled, 

as evidenced not only by decreased cytokine expression but also the absence of visible bowel 

distension and inflammation damage in the intestines.  

Interest in studying the JAK/STAT pathway grew due to its involvement in the 

transmission of signals from a plethora of cytokines within the same signaling pathway. JAK 

signaling could easily be blocked with small synthetic compounds referred to as JAK inhibitors 

or Jakinibs. These inhibitors vary in selectivity, able to target one or several of the identified JAK 

isoforms (JAK1, JAK2, JAK3, and TYK2). At present, JAK inhibitors are being tested as a 

treatment for various autoimmune diseases such as systemic sclerosis, SLE (74, 75), RA (76), 

IBD (77), and a variety of dermatological autoimmune conditions (78). The use of JAK inhibitors 

as a therapeutic treatment for cases of cytokine storm, particularly during acute infection. 

Baricitinib and tofacitinib, both non-selective JAK inhibitors, have been approved as emergency 

treatment in cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (79, 80). 

Tofacitinib, in particular, is a JAK1/2/3 inhibitor approved for use against RA, psoriatic arthritis, 

ulcerative colitis, and polyarticular course juvenile idiopathic arthritis (80). In this research, 

treatment with tofacitinib was short-term and served as a means of managing severe acute 

inflammation. Previous study on SMS-associated hRIG-I E373A Tg mice with skin lesions 

showed that long-term treatment with tofacitinib showed prophylactic and therapeutic effects on 

the skin condition (52). Recently, a study by Broser et al. (81) made use of ruxolitinib, a JAK1/2 
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inhibitor blocking signaling at IFNAR, to treat a young SMS patient with the R822Q MDA5 

mutation. Treatment resulted in the improvement of psoriatic skin lesions and muscular 

dysfunction, and a marked reduction of the interferon signature in the blood. These, together with 

the current study, validate JAK inhibitor treatment as a promising means of improving SMS 

prognosis and preventing hyperinflammation-induced complications such as the development of 

cytokine storm due to infection. 

As treatment with JAK inhibitors is more widely applied, risks of side-effects have emerged, 

including adverse cardiovascular events (82, 83) and increased infection due to non-specific 

immunosuppression (84). In contrast to having mice with mutated mouse MDA5, hM-R822Q Tg 

mice possess and therefore express the mutant human MDA5. This difference allows the 

possibility of testing treatments such as molecular inhibitors that can specifically target human 

MDA5, allowing more precise immune suppression with a lower risk of compromising the body’s 

ability to combat infection and an increased chance of being translatable to human patients. 

To conclude, this study was able to demonstrate that hM-R822Q Tg mice may be 

effectively used as a model for the development of SMS-associated disease, including heart and 

aortic calcifications. They show an equally important potential to demonstrate the impact of 

genetic background as well as environmental factors on affected individuals. Of particular 

concern as of late are the differential effects of virus infection and even vaccine administration 

that are seemingly unpredictable. Furthermore, hM-R822Q Tg mice can serve as a tool for 

establishing both broad and R822Q MDA5-specific treatment strategies. 
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