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ABSTRACT

MDADS is the critical viral RNA sensor for the induction of innate antiviral responses. A
missense mutation, MDA5 G821S, was identified in mouse with severe autoimmune
phenotypes. G821S substitution causes conformational change of MDAS5 protein and
confers constitutive signaling without viral RNA. Thus, MDA5 G821S is a gain-of-
function mutation and causes constitutive production of antiviral cytokines including
type | IFN (IFN-I) and contributes to the pathology. Recently, human genome
analyses revealed that gain-of-function mutations of MDA5 cause autoimmune
diseases, including Aicardi-Goutieres Syndrome (AGS) and Singleton-Merten
Syndrome (SMS). Because these diseases are commonly triggered by constitutive
production of IFN-I, these are collectively termed as interferonopathy. However, the
involvement of Treg cells in the pathogenesis of MDA5 G821S interferonopathy
remains unclear. This study aimed to delineate the mechanism between the
expression of constitutively active MDAS5 in Treg cells and autoimmune diseases. To
address this question, mice expressing MDA5 G821S in Treg cells were generated
(Treg G821S mice). Treg G821S mice showed a reduction of peripheral Treg cell
number due to elevated apoptosis and resulted in scurfy-like phenotypes, including
lupus-like nephritis and high lethality. Interestingly, the number of activated Tregs was
significantly reduced in AGS patients, suggesting Treg abnormality is a common
mechanism for human and mouse interferonopathies. Furthermore, adaptive transfer
of wild-type Treg cells into the mice with systemic expression of MDAS G821S,
improved their autoimmune symptoms and lethality. Taken together, this study
demonstrates that constitutively active MDAS-mediated signaling disturbs the
homeostatic function and activation of Tregs and may contribute to Because

MDA5G821S results in constitutive activation of acquired immune responses, the
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applicant aimed to elucidate the role of Treg cells in the autoimmune phenotypes.
The applicant made mice expressing MDAS G821S in a Treg-specific manner (Treg
G821S mice) and analyzed for Treg population and Treg functions. Treg G821S mice
showed a reduction of peripheral Treg cell numbers due to elevated apoptosis. Treg
cells from Treg G821S mice failed to suppress in an experimental colitis model,
suggesting that G821S disturbs the function of Treg. Treg G821S mice exhibits
lupus-like nephritis and high lethality. Examination of Treg G821S mice revealed
inflammation in lung, small intestine, colon and kidney, as well as production of auto-
antibodies. These were consistent with the results that activated Treg is reduced in
AGS patients. Furthermore, adaptive transfer of wild-type Treg cells into systemic
G821S mice ameliorated the autoimmune phenotypes and survival. In summary, this
study demonstrates that constitutively active MDAS-mediated signaling in Treg cells

disturbs Treg cell functions, thereby contributing to the pathology of interferonopathy.
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Chapter 1

Introduction



1-1 Immune system

The immune system has evolved a variety of biological defense mechanisms to
combat infection with pathogenic microorganisms or invaders, such as fungi,
parasites, bacteria, and viruses in vertebrates, including humans. The immune
system consists of two major mechanisms: innate immunity and adaptive immunity.
As the initial line of defense, the innate immune response causes cells to identify and
inhibit pathogens through pattern recognition receptors (PRRs). They also respond
immediately to infection but lack the cellular memory for pathogens [2]. The adaptive
immune response, regulated by the innate immune cells, contributes to the activation
of T cells and B cells to eliminate the invaders. In addition, the adaptive immune
response is slow but causes T and B cells to form persistent memories of pathogens.
These two systems safeguard the host against a variety of invaders [3].

Innate Immunity Adaptive Immunity

* Macrophage ™
Bcell
V4
Neutrophil
Natural Killer T cell
Dendritic cell T cell ‘

Eosinophil Treg

Basophil

lllustration 1. Cells of the innate and adaptive immune systems

During the innate immune response, phagocytes such as neutrophils, eosinophils, macrophages,
basophils, and dendritic cells are actively involved in destroying pathogens. In order to notify adaptive
immune system cells, they display the foreign antigen on their cell membrane after engulfing the
problematic cell. The adaptive immune system, which is comprised of immune cells like B cells and T
cells that are developed to identify and combat that pathogen, is in charge of immune reactions that
are antigen-specific. NK cells are considered a component of the innate immune system, although
they also work effectively with the adaptive immune system. This illustration is with BioRender.com.



1-2 The role of RIG-I like receptors in the innate immunity

PRRs play an important role in the defense mechanisms of the innate immune
system. It has been shown that retinoic acid-inducible gene-l (RIG-I)-like receptors
(RLRs), including RIG-I, MDAS5, and laboratory of genetics and physiology 2 (LGP2),
are critical PRRs for sensing viral RNAs [4] and inducing Type | interferon (IFN-I) and
pro-inflammatory cytokines [5]. RIG-I and MDAS5 are typical PRRs with a signaling
transduction domain, whereas LGP2 is thought to be a regulator of RIG-I- and
MDAS5-mediated signals [6]. When viral RNAs are detected, RIG-I and MDAS interact
with the mitochondrial antiviral signaling protein (MAVS, also known as IPS1), which
recruits the nuclear factor-kB (NF-kB) and interferon regulatory factor 3 and 7
(IRF3/7) to activate them [7-10]. As a result of this process, many pro-inflammatory
cytokines/chemokines and antiviral genes, including IFN and IFN-stimulated genes
(ISGs), are highly induced. This system plays an essential role in suppressing viral

reproduction and transmission.

1-3 Type | IFN involvement in autoimmune disease

IFN-I, an important cytokine, is produced by innate immune cells and also induces
the activation of adaptive immune cells. Beyond their critical functions in antiviral
defense, IFN-I now understood to be play a major role in autoimmune diseases, such
as systemic lupus erythematosus (SLE). Patients with autoimmune diseases have
disease-specific pathophysiologies and clinical symptoms, Among the autoimmune
diseases, some are linked to aberrant production of IFN-I and/or type | IFN-inducible
gene signatures (IFNGS) in their serum or tissues, as genetical abnormalities, and

are collectively called as Type | interferonopathy [11-13]. Typical type |
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interferonopathies include Aicardi-Goutieres syndrome (AGS), SLE, rheumatoid

arthritis (RA), and Singleton-Merten syndrome (SMS).

1-4 Aicardi—Goutiéres syndrome (AGS)

Aicardi-Goutiéres syndrome (AGS) is a rare type | interferonopathy caused by
mutations in the genes encoding several proteins. AGS results from both loss-of
-function and gain-of-function mutations. Loss-of-function mutation are identified in
three prime repair exonuclease 1 (TREX1-AGS1), ribonuclease H2 subunit A/B/C
(RNASEH2A- AGS4, RNASEH2B- AGS2, RNASEH2C-AGS3), deoxynucleoside
triphoshate triphosphohydrolase and ribonuclease SAM domain and HD domain1
(SAMHD1-AGS5), adenosine deaminase acting on RNA (ADAR1- AGS6) genes.
Gain-of-function mutations are identified in double-stranded RNA cytosolic sensor
IFN-inducted helicase C domain containing protein 1 (IFIH1; or MDA5- AGS7) genes
[16,17]. Patients with the AGS-associated mutations on these genes exhibit higher
expression levels of IFN-I in their blood, which usually causes encephalopathy

syndrome, severe inflammation, and leukoencephalopathy [14,15].

1-5 Gain-of-function MDA5 G821S mutant

MDAS consists of a DExD/H-type RNA helicase domain, a C-terminal domain for viral
RNA recognition, and two caspase recruitment domains (CARDs) at the N-terminus
for signal transduction. Analysis of the protein structure using atomic force
microscopy revealed that wild-type MDA5 (MDA5 WT) forms an open-ring structure
with connecting linkers between the three domains. MDAS binds to double-stranded
RNA and triggers ATP hydrolysis in the conserved helicase domains. The ATPase

activity of MDAS WT was extremely low in the absence of dsRNA but significantly
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increased in the presence of dsRNA-mimic polyl:C. Unlike RIG-I, which preferentially
senses short dsRNA with 5’ppp, MDAS has a higher affinity to bind with long dsRNA.

Upon activation, MDA5 monomers oligomerize along the dsRNA to induce its
filamentation, which is thought to be essential for conducting downstream signaling
with mitochondrial MAVS. Activation of MAVS then triggers IRF-3-mediated
production of type | interferon and cytokines [44].

In 2014, our research group published a study of mice that spontaneously developed
SLE-like phenotypes by inducing gene mutations. For the gene mutations, we used
N-ethyl-N-nitrosourea (ENU), which functions as a chemical mutagen capable of
inducing mutations with a high frequency. As a result of the genetic analysis, it was
found that the gene responsible for the phenotype was located in the 1.04 Mb region
of the second chromosome. Genomic DNA sequencing for all genes in this region
confirmed that the mutation was identified in exon 13 of Ifih1, encoding mouse
MDADS5, with a single base substitution (G replaced by A) at the 2461st G from the &'
end (lllustration 2). This single base substitution changes the 821st glycine (G) to
serine (S) (G821S mutation). Further analyses revealed that the mutated MDA5
functions as a gain-of-function mutant. Furthermore, in contrast to MDA5 WT, MDA5
G821S was observed to form a closed ring structure under the AFM analysis. And
MDAS5 G821S showed no elevated ATPase activities even in the presence of poly
I:C. Therefore, the conformational changes rather than the sensitivity to endogenous
RNA ligands contribute to the constitutive activity of MDAS5 G821S [44].

MDAS5G8218+ mice showed significant developmental delay and high mortality, and
developed nephritis at 6 weeks of age. Immunoglobulin deposition was observed in
the glomeruli, and concentrations of various immunoglobulins such as IgG, IgA, and

IgM, anti-nuclear antibodies, and anti-double-stranded DNA antibodies were
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significantly increased in the serum. In addition, the gene expression of inflammatory
cytokines and chemokines, including IFN-B, IL-6, CXCL10, ISG56, and TNF-q, in the
kidney was significantly increased compared to that of WT mice. Using flow
cytometry analysis of the effect of active MDAS on immune cells using splenocytes
from MDASG821+ mice, it was confirmed that innate immune cells such as dendritic
cells and macrophages were significantly increased and activated. Activation of
dendritic cells and macrophages was also confirmed to induce a decrease in naive T

cells, an increase in effector T cells [44].

Helicase Domain
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Funabiki, M et al. Immunity 2014

lllustration 2. Structure of the mutant MDA5 G821S

ENU was used to induce mutations in the helicase domain of MDAS. Glycine at position 821 is
substituted with serine. This mutation leads to continuous activation of MDAS, leading to
overproduction of IFN-I and inflammatory cytokines.
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1-6 Innate control of adaptive immunity: T cells

Innate immune cells, such as dendritic cells (DCs) or other APCs, engulf and are
resultantly activated by invasive pathogens, viruses, or vaccines. Activated innate
immune cells then migrate to the lymph nodes and use MHC class | or Il, known as
the major histocompatibility complex, to expose pathogenic antigens to T
lymphocytes [18-20]. Specialized T-cell receptors (TCR) allow T lymphocytes
recognize the particular antigen/receptor presentation [21]. TCR bound to MHC class
| or Il induces T cell activation and differentiation. As described above, various
signals from the innate immune system play key roles in leading to the activation of

immune cells in the adaptive immune system.

1-7 CD4 Th cell subsets.

T cells can only recognize an antigen when it is presented by MHC molecules. CD8+
cytotoxic T cells and CD4+ helper T cells identify antigens presented in the context of
MHC class | and MHC class |l molecules, respectively. The effector cell that the
CD4+ T helper cells will develop into is determined by a variety of signals that are

generated during the process of recognition of the pathogen.

1-8 Differentiation of helper T cell

Naive THO T lymphocytes are specific for antigen and are stimulated for proliferation
upon contact with APCs that express MHC class Il/peptide complexes. THO cells can
be propelled along one of many differentiation pathways depending on the kind of
APCs and the cytokines presented at the site of antigen contact. In addition to the
conventional T-helper 1 (Th1) and T-helper 2 (Th2) subsets, other subsets have also

been identified, such as T-helper 17 (Th17) and regulatory T (Tregs) cells. Each of
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these subgroups has a distinct profile of cytokines. Th1 cells mediate immune
responses against viruses and intracellular bacteria [22, 23]. However, the majority of
organ-specific autoimmune diseases are thought to be caused by abnormal Th1 cell
activation. Th1 cells activate macrophages by secreting IFN-y, IL-2, and tumor
necrosis factor (TNF)-beta and they are responsible for phagocytosis-dependent
protective responses and cell-mediated immunity [22, 23]. Th2 cells are essential for
parasite immunity and have been shown to be implicated in inflammatory pathologies
associated with allergies and asthma [23-25]. Th2 cells secrete IL-4, IL-5, IL-10, and
IL-13 to promote eosinophil activation and trigger a phagocytic response that inhibits
macrophage activities [23—-26]. Th17 cells are essential for the defense against
extracellular bacteria and fungi and have been shown to be implicated in
autoimmune diseases such as RA and SLE. Th17 cells secrete IL-17a, IL-17f, and
IL-23 to promote neutrophils [27-30]. The differentiation of helper T cells is depicted

in lllustration 3. A

Treg IL-10
TGF-B

?
&

Naive CD4 T cell

IL6, TGF- °
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IL-10
W ..
@ IFNy

lllustration 3. CD4+ T cell subset differentiation.

Differentiation of Th1 cells relies on transcription factors such as T-bet to release IFN-y, IL-2 and TNF-
B to provide protection against viruses and intracellular bacteria. Differentiation of Th2 cells relies on
transcription factors such as Gata3 that induce the secretion of IL-4, IL-5, IL-10, and IL-13 to protect
against parasites. TGF-f3 is crucial in the differentiation of Tregs and Th17 cells. TGF-3 alone causes
naive CD4+ T cells to differentiate into Foxp3+ Tregs that secrete IL-10 and TGF-(3; however, TGF-f3
and IL-6 together induce Th17 cell differentiation. Th17 cells induce up-regulation of RORyt, followed
by the production of Th17 cytokines, including IL-17 and IL-23 [28]. Th17 cells are essential for both
inflammatory autoimmune disorders and host defense against infections. This illustration is with
BioRender.com.
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1-9 Tregs and their roles in human diseases

Tregs play an important role in maintaining homeostasis and self-tolerance by
suppressing the pro-inflammatory activity of APCs and cytokines [31, 32]. Tregs are
traditionally identified by the expression of CD25, CTLA-4, Nrp-1, and Foxp3 (see
lllustration 4) [33, 34, 35]. Foxp3 is a transcription factor required for regulating
differentiation, development, and the suppressive function of Tregs [36]. Genetic
defects in Foxp3 cause the loss of Treg cells, which disrupts the control of
inflammatory effector T cell activation, leading to lethal autoimmune disorders in
humans and mice [38, 39]. The deficiency of Tregs can lead to inflammatory
disorders and autoimmune diseases such as RA, SLE, and inflammatory bowel

disease (IBD). However, little is known about the causes of Treg dysfunction.

CD25
~_ ¢ CTLA4
oc ‘ //ﬂ Nrp-1
Foxp3
4
V' 9 <

lllustration 4. Mechanisms of Treg suppression.
Tregs can indirectly reduce T eff by reducing the expression of costimulatory molecules on DCs

through CTLA-4. This illustration is with BioRender.com.

16



1-10 Purpose of my research

Recent studies have demonstrated the impact of type | IFN on Treg function using
several experimental models of autoimmunity, viral infection, and cancer. One study
demonstrated that in an autoimmune disease mouse model, chronic IFN signature
due to the loss of DNA exonuclease Trex1 inhibits the proliferation and activation of
Tregs. However, this inhibition does not contribute to the pathogenesis of
inflammatory diseases [39]. In contrast, another study showed that IFNAR signaling
in Tregs also down-regulates the suppressive activity of Tregs, which is beneficial for
antiviral and anti-tumor responses [40]. Type | IFNs are clearly shown to be potent
down-regulators of Treg function; however, the underlying mechanisms, including
effective timing, extent of type | IFN expression, as well as the general or case-
specific contribution of the reduced Treg activity to the pathogenesis, virus load, and
tumorigenesis, remain to be clarified. Our research group has previously reported a
chronic IFN signature and various autoimmune disease in mice with a constitutively
active mutant of the viral sensor MDAS (designated as MDA5 G821S/+ mice) [41-43],
which had been obtained by ENU mutagenesis. | herein investigated the role of
MDADS5 signaling on Treg cells by using Foxp3-Cre to generate MDA5 G821S knock-in
mice, in which MDAS is constitutively active only in Treg cells. In the mice with
conditionally activated MDAS on Treg cells, | detected autoimmune disease-like
phenotypes characterized by nephritis, and Treg deficiency. Furthermore, | report that
effector Treg cells are decreased in AGS patients, similar to the Foxp3 mutant mouse
model. These results suggest that MDAS signaling acts on the homeostasis, survival,

and function of Treg cells.
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Chapter 2

Materials and methods
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2-1 PBMC from healthy donors and AGS patients

The peripheral blood mononuclear cells (PBMCs) samples were obtained from
healthy donors and AGS patients with the approval of the Medical Ethics Committee
of Kyoto University School of Medicine. The study protocols were performed in
accordance with the principles contained within the Declaration of Helsinki. PBMCs

were isolated using Ficoll-paque gradients (GE Healthcare).

2-2 Mice

The Foxp3 tm4 YFP-icre mice were purchased from the Jackson Laboratory. Foxp3cre-
MDA5 G821Sfloxwt male and Foxp3crelce MDA5S (G821Sfloxwt female with C57B/6J
background were proliferated by in vitro fertilization of Foxp3cre- MDAS G821 Sflox/wt
sperm x Foxp3cremt MDAS G821Swiwt female ovum. MDASG821S/+ mice with a DBA/2
background were propagated by in vitro fertilization of MDASG821S/* sperm and DBA/
2JJcl female ovum. Rag2--and Ifnar1-- mice were purchased from B&K Universal. All
mice were maintained in the Kyoto University's specific pathogen free facility and

handled in accordance with the institutional guidelines for animal care and use.
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2-3 Generation of the MDAS5 G821S floxiflox mice

| generated a targeting construct containing a loxP, exon 13 fragment, stop codon,
poly A and PGK-Neo cassette with loxP sites, followed by linking the mutant exon 13
G821S (lllustration 5). Sequences of missense mutations in MDA5 exon 13 were
amplified by polymerase chain reaction (PCR) and then inserted into the above
construct. The linearized targeting vector was then transduced into murine hybrid
embryonic stem (ES) cells by electroporation. ES cells were tested for successful
recombination by Northern blotting. Chimeric mice were bred with C57BL/6 mice to
generate germ line transmission (MDA5 G821Sflox* mice). To generate Foxp3 cell-
specific knock-in mice, MDA5 G821Sflox* mice were crossed with Foxp3 tm4 YFP-icre
mice to generate mutation MDA5 G821Sfloxwt Foxp3cre- mice. The mutation of MDAS
G821S cDNA was confirmed by PCR analysis using the following primers:

F 5-GCTTTACTGTCCAAGTCACTGCTC-3/,

R 5-GGAGGCTTTGTGTTTGAATCTGG-3".

Ex10 Ex11  Ex12 Ex13 Ex14 Ex15 Ex16
Wild Ifih1 gene L1 I | I | I
I 1 1

Ex13 fragment - Stop codon- polyA ~ Ex13 MDA5G#21S
9 P POY, Ex14 Ex15 Ex16

Floxed Ifih1 gene +|_F I _| | = = [

loxP loxP
Ex10 Ex11 Ex12 Ex14 Ex15 Ex16
) I I I | I |
Kl Ifih1 gene I I 1
loxP Ex13 MDA5G821s
5’ probe = 3’ probe

lllustration 5. Schematic of MDA5 G821S targeting construct. Diagrams show wild-

type allele, targeting allele, floxed allele (MDAS5 G821S flox knock-in)
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2-4 Preparation of single-cell suspensions

Single-cell suspensions from mesenteric lymph nodes and spleen were obtained by
passing the organs through 70um nylon screens in phosphate buffered saline (PBS)
containing 10% FBS (Gibco) and 2mM EDTA (Nacalai Tesque). Red blood cells were
eliminated with ACK lysis buffer (Gibco). After removing Peyer's patches in the small
intestine, the intestine was cut longitudinally, then washed thoroughly in cold PBS
and incubated in shaker for 20 min at 37°C in RPMI-1640 containing 3% FBS,
100mM DTT (Sigma) and 0.5mM EDTA. After washing several times, the intestine
was cut into small tissues then digested for 23 min at 37°C with 0.5mg/ml DNase
(Sigma) and 1mM/ml Liberase TL (Roche) in RPMI-1640. Single cells were obtained

through 70um nylon screens in PBS containing 10% FBS and 2mM EDTA.

2-5 Cell sorting and adoptive transfer of regulatory T cells

To sort CD4+*YFP+* cells from Foxp3-gs and Foxp3-wt for qPCR, single cells were
stained with anti-CD4 (APC, RM4-5, BioLegend), CD4*YFP+* Treg cells were sorted
using BD FACSArialll. The purity of the sorted population was >90%. To sort
CD4+CD25N T cell subpopulation from WT mice for adoptive transfer experiments,
splenocytes were first separated through negative selection using CD4 MicroBeads
(Miltenyi Biotech). CD4+T cells were then stained with APC-anti-mouse CD4 (RM4-5,
BioLegend) and PE-anti-mouse CD25 (PC61, BD bioscience). CD4+*CD25" Treg cells
were sorted using BD FACSArialll (purity>80%). MDA5G8218/+ recipients were initially
injected with CD4+CD25h Treg (5x105 cells) intraperitoneally, followed by
CD4+CD25h Treg (1x105 cells) once a week until death. Rag2- recipients were
injected intravenously (IV) with CD4+*CD25- Tn (5x105 cells) and CD4+CD25h Treg

(5x105 cells) and allowed to reconstitute for 5-6 weeks.
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2-6 Flow Cytometry analysis

For surface staining, cells were resuspended in 100ul of FACS buffer (10% FBS and
2mM EDTA in PBS) and incubated with the respective antibodies for 15 min at 4°C in
the dark. Cells were washed twice with 1ml of FACS buffer. For intracellular staining
of Foxp3, after the surface staining, cells were incubated in Transcription Factor
Fixation and Permeabilization solution (Invitrogen) for 30 min at RT and stained with
anti-Human FoxP3 (PCH101, BioLegend) or anti-mouse FoxP3 (MF-14, BioLegend)
in Foxp3/Transcription Factor Staining Buffer for 30 min at 4°C (Invitrogen). For
Active Caspase 3 assays, after the surface staining, cells were incubated in BD
Cytofix/Cytoperm (PE-Active Caspase 3 Apoptosis kit, BD Science) for 20 min at 4°C
and stained with Caspase 3 (PE-Active Caspase 3 Apoptosis kit, BD Science) and
GFP (FM264G, BioLegend) antibody in BD Perm/Wash buffer for 30 min in the dark.
For cell viability analysis, after the surface staining, cells were incubated with
Annexin V (BioLegend) and 7ADD (BioLegend) for 15 min at 4°C in Annexin V
binding buffer (BioLegend). Data were collected using a BD Biosciences

LSRFortessa and analyzed using FlowJo software (Tree Star, Inc).

Antibodies used in flow cytometry were shown in Table 1.
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Table 1: Antibody list

Antibody Clone Format Source
CD4 RM4-5 APC, PE-Cy7, BioLegend
Pacific Blue
CD8a 53-6.7 APC BioLegend
CD25 PC61 PE, BD bioscience
Alexa Fluor 488
anti-mouse
CD44 IM7 Brilliant Violet BioLegend
421
cD62L MEL-14 PE BioLegend
FoxP3 MF-14 APC, PE BioLegend
CD4 RPA-T4 Pacific Blue BioLegend
CD25 BC96 PE BioLegend
anti-Human
Foxp3 PCH101 APC Invitrogen
CD45RA HI100 FITC BioLegend
Live/Dead APC-Cy7 Invitrogen
GFP FM264G Alexa Fluor488 BioLegend
7ADD BioLegend
Annexin V APC BioLegend
Caspase-3 PE BD bioscience
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2-7 Quantitative Real-Time PCR

RNA was prepared with the RNAeasy Plus kit (QIAGEN). cDNA was synthesized
from RNA using a High-capacity cDNA Reverse Transcription kit (Thermo Scientific).
Reverse transcription-PCR was performed in a StepOnePlus Real-Time PCR System
(Applied Bio-systems) using the TagMan Fast Universal PCR Master Mix (Applied
Biosystems) or the SYBR Green Real-Time PCR Master Mixes (Applied Biosystems).
TagMan primers for mice Ifnb1 and 18s rRNA were purchased from Applied
Biosystems. All quantification cycle data were normalized to Gapdh or 18s rRNA and
fold changes were calculated by AA Ct method.

Primer sequences used for real-time PCR were shown in Table 2.

Table 2: Primer list

Gene Forward primer (5'->3") Reverse primer (5'->3')
GAPDH CCCCAGCAAGGACACTGAGCAA GGGGTCTGGGATGGAAATTGTGAGG
MDAS GCTGCTAAAGACGGAAATCG TCTTGTCGCTGTCATTGAGG
ISG56 ATGGGAGAGAATGCTGATGG CCCAATGGGTTCTTGATGTC
CXCL-10 GACGGTCCGCTGCAACTG GCTTCCCTATGGCCCTCATT
IL-6 CATGTTCTGGGAAATCGTGG GTACTCCAGGTAGCTATGGTAC
BIM GCCAAGCAACCTTCTGATGT CTGTCTTGCGGTTCTGTCTG
NOXA GGAGTGCACCGGACATAACT TTGAGCACTCGTCCTTCA
Bad CGAAGGAGCGATGAGTT CCCACCAGGACTGGATAATG-3
PUMA TGCTCTTCTTGTCTCCGCCG CATAGAGCCACATGCGAGCG
(BBC3)
Mcl-1 AAGCCAGCAGCACATTTCTGATGCC GTAATGGTCCATGTTTTCAAAGATG
Bcel-xL ACCAGCCACAGTCATGCCCGTCAGG GTAGTGAATGAAC(;I’CTTTCGGGAATG
Bcl-2 GGTCTTCAGAGAGACAGCCAGGAGA GTGGTGGAGGAACTCTTCAGGGATG

AATC
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2-8 Immunofluorescence and Histological analysis

Tissues were fixed in 4% paraformaldehyde solution (Nacalai Tesque) and
embedded in paraffin. Paraffin sections were cut into sections (3 ym) and stained
with Hematoxylin-Eosin (Tissue-Tek). Histological analysis was performed on a BZ-
X800E microscope (KEYENCE).

Immunofluorescence staining of IgG in kidney tissues was performed. For staining,
paraffin-embedded sections of 2-3um thickness were prepared. After
deparaffinization and rehydration, samples were rinsed with PBS and blocked with
Protein Block (Dako Japan, Tokyo, Japan), which was followed by incubation with
470 units/ml Proteinase-k (FUJIFILM) at Room Temperature (RT) for 5 minutes. PBS
with a 20% concentration of donkey serum (Jackson ImmunoResearch) and 0.05%
Triton-X (Sigma) was incubated with the samples at RT for 60 minutes. PBS
containing 20% donkey serum, 0.05% Tween-20, Alexa Fluor 647-conjugated donkey
anti-mouse IgG antibody (1:500 Jackson ImmunoResearch) and DAPI (1:1000) was
incubated with the samples at RT for 60 minutes in the dark. After several washes
with PBS, the slides were sealed with Fluoromount-G (Southern Biotech).
Immunofluorescence images were captured on a Leica TCS SP8 confocal

microscope (Leica).
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2-9 Detection of Anti-nuclear Antibodies (ANA)

Serum was diluted 1:20 in PBS for indirect immunofluorescence on fixed L929 cells.
The slides were incubated for 60 min at RT, then washed with PBS containing 0.2%
Tween-20 for 10 min. The slides were incubated with goat anti-mouse IgG Alexa
Fluor 488 (Jackson ImmunoResearch) and DAPI (1:1000) at RT for 20 min. After
several washes with PBS, the slides were sealed with Fluoromount-G (Southern
Biotech). Immunofluorescence images were captured on a Leica TCS SP8 confocal

microscope (Leica).

2-10 Statistical Analysis
Statistical analyses were performed using the GraphPad Prism 9.0 software. Groups

of data were compared using a Student's t-test or the ANOVA. Data in bar and dot
graphs are means + SEM. Significance is indicated as follows: *P < 0.05; **P < 0.01;

***P < 0.001; ****P < 0.0001, ns, not significant.

26



Chapter 3

Results
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3.1 Comparison of Foxp3* Treg population in CD4*CD25* cells between wild-
type and MDAS5G821S/+ mice

Our laboratory previously published an article that a gain-of-function MDA5 G821S
mutant causes type | interferonopathy in mice [41-43]. However, it is unclear how the
constitutive MDAS5 signaling regulates the behavior of cells, specifically T cells, to
cause autoimmune disease. To determine whether the alteration of T cells occurs in
MDAS5 mutant mice, | first measured the populations of CD4+ and CD8* T cells in the
spleen. The percentage of CD8* T cells was not markedly changed, however, a
significantly lower percentage and total number of CD4+ T cells were observed in the
spleen of MDA5G821Si+ mice (Figure 1 A, B and C). CD25 expression is an activation
marker of CD4+* T cells and a surface marker of Tregs. Surprisingly, MDA5G821S/+ mice
showed an approximately 4-fold increase in the percentage of CD4+CD25* cells
compared to WT mice (Figure 1 D). Foxp3, a transcription factor of Treg, plays an
essential role in suppressing immune responses activated by both auto-antigens and
foreign-antigens [33,44]. To study Tregs in CD4+CD25* cells, | analyzed the
expression of Foxp3 in CD4+CD25+* cells. Although the amount of Foxp3+* Tregs was
significantly reduced in MDA5G8218/+ mice due to the decreased total number of CD4+*
T cells, the percentage of Foxp3* population among CD4+CD25+* cells was similar to
that of WT mice (Figure 1 E and F). These data indicate that systemic activation of

MDAS5 signaling changes Treg numbers but not the proportion of Foxp3+ cells.
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Figure 1 : Analysis of Treg population and total number in MDA56G821S+ mice.

(A) Representative flow cytometric analysis of CD4 and CD8 expression of WT or
MDAASG8218/+ (GS) splenocytes. (B) Statistical analysis of (A) (Each n=3, 10 weeks). (C) Total
CD4+ T cell number of WT or GS splenocytes (Each n=3, 10 weeks). (D) Flow cytometric and
statistical analysis of CD25 expression of CD4+* T cells of WT or GS splenocytes (wt n=4, GS
n=6, 8~10 weeks). (E) Flow cytometric and statistical analysis of Foxp3 expression of WT or
GS CD4+CD25* T cells (Each n=7, 8~10 weeks). (F) Total number of CD4+CD25*Foxp3*
cells. Bar graphs represent the mean +SEM. Statistical significance was analyzed by one-
way ANOVA or unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not
significant.
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3.2 Tregs from MDAS5G821S/+ mice fail to prevent the colitis in Rag2/ mice

induced by adoptive transfer of naive CD4* T cells from WT mice

To investigate if the CD4+CD25* cells in MDA5G821S/+ mice retain suppressive function
as Tregs, | utilized the experimental colitis model wherein naive CD4+ T cells are
transferred into Rag2-- mice [45]. According to this method, adoptive transfer of naive
CD4+CD25 T cells (Tn) into Rag2’ mice results in inflammatory colitis, whereas
transferring Tn together with WT CD4+*CD25* Tregs can prevent colitis [45]. As
shown in (Figure 2 A), | confirmed that Rag2-”- mice injected only with Tn from WT
mice induced weight loss and colitis development due to the absence of Tregs
(green) (Figure 2 B). Furthermore, co-transfer of Tn and CD4+*CD25* Tregs from WT
mice into Rag2” mice resulted in weight gain and mice remained asymptomatic,
similar to those injected with saline (blue and black) (Figure 2 B). Co-transfer of WT
Tn and CD4+CD25* Tregs from MDA5G821S+ mice (red) to Rag2-- recipients, on the
other hand, resulted in clinical signs of colitis, diarrhea, and severe weight loss,
similar to mice injected with WT Tn alone (Figure 2 B and C). To examine whether
MDAS5G821s+ CD4+CD25+ Tregs were pathogenic rather than being simply non-
functional, | next transferred only CD4+CD25* Tregs from WT or MDA5G8218/+ mice to
Rag2-- mice (Figure. 2 D). Rag2-/- mice transferred with CD4+*CD25* Tregs from WT
mice were asymptomatic (blue) (Figure. 2 E and F). However, the transfer of
CD4+CD25* Tregs from MDAS5G821S+ mice induced weight loss and destroyed
epithelial tissue (red) (Figure. 2E and F), indicating that Tregs in MDA5G821S* mice
not only lost their suppressive activity, but were also pathogenic as a result of direct
signaling of mutant MDAS5 and chronic inflammatory environment in MDASG821S/+

mice.

30



A

WT Tn WT CD4+CD25* Treg
(CD4+CD25- T cells)
V4

\! ‘ GS CD4+CD25* Treg
Rag2--
B c

=
2
[
S
S
:E —— Saline
b o1 « WTTn
9\2 20| W Tn+ WT Treg
—+ WT Tn + GS Treg
-30
0 10 20 30 WTTn WT Tn
Days post transfer +WT Treg +GS Treg
D E
WT CD4+CD25* Treg
only
<
(\Q GS CD4+CD25* Treg 20 =
" 5 104
Rag2- 2
F E 0
S -10
E ~+= Saline
%S = WTTn
:o -20 -1 ~* WT Treg
—— GS Treg
-30
0 10 20 30
Days post transfer

Figure 2. CD4+*CD25* Tregs from MDAJ5G821S/+ mice fail to prevent weight loss and

colitis in Rag2-- mice with adoptive transfer of Tn cells

(A) Diagram of the experimental design. CD4+*CD25- Tn cells from WT mice were transferred
into Rag2/- mice along with CD4+CD25* Treg cells from WT or MDA5G821S/+ mice. Control
mice were injected with saline or Tn from WT mice. (B) Body weight loss curves of Rag2-
recipients. (saline n=3, WT Tn n=4, WT Tn+WT Tregs n=5, WT Tn+ GS Tregs n=5). (C)
Representative H&E staining of the colon 30 days after adoptive transfer. Scale bar 50 ym.
(D) Diagram of the experimental design. CD4+*CD25* Treg cells from WT mice or MDA5G821S/+
mice. were transferred into Rag2/- mice. (E) Body weight loss curves of Rag2- recipients.
(saline n=3, WT Tn n=4, WT Tregs n=4, GS Tregs n=4). (C) Representative H&E staining of
the colon 30 days after adoptive transfer.
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3.3 Mice expressing MDAS5G8215+ only in the Foxp3+ Treg cells develop systemic

lupus erythematosus

To study the effects of MDAS signaling in Tregs, | specifically exchanged MDAS for
MDAS G8218/+ in Foxp3*Treg cells of mice using the Cre/loxp system [46]. | crossed
MDAS5 ©8218/+ Floxed mice with Foxp3 YFP-Cre mice, in which Foxp3 Tregs can be
distinguished by yellow fluorescent protein. Remarkably, Foxp3cre’+ MDA5G821S/+
(Foxp3-gs) mice exhibited growth retardation compared to Foxp3cre/t MDASWT+
(Foxp3-wt) mice (Figure 3 A and B). Furthermore, it has been shown that about 50%
of the mutant mice died within 8 weeks of birth (Figure 3 C). This phenotype is similar
to that of the scurfy mouse strain with the Foxp3 mutation. Next, the histological
analysis revealed that massive leukocyte infiltration and chronic inflammation of the
small intestine, colon, lung, and kidney occurred in Foxp3-gs mice (Figure 3 D). The
presence of nephritis in mutant mice implies that severe SLE was induced [47].
Indeed, IgG deposition was detected in the glomeruli, similar to nephritis in Foxp3-gs
mice (Figure 3 E). In addition, anti-nuclear antibody (ANA) was that induce nephritis
detected in the serum of Foxp3-gs mice (Figure 3 F). As expected, the expression
levels of inflammatory cytokines such as Isg56, IFN-B and IL-6 were significantly
upregulated in the kidneys of Foxp3-gs mice (Figure 3 G). Thus, chronic activation of
MDAS in Foxp3+ Treg cells leads to the overactivation of the immune system and the

lethal systemic autoimmune phenotype.
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Figure 3. Mice expressing MDA5G8215/* only in the Foxp3* Treg cells develop systemic
lupus erythematous

(A) Representative Foxp3-gs and Foxp3-wt mice picture (8 weeks). (B) Body weight of
Foxp3-gs mice and Foxp3-wt mice (Foxp3-wt n=12 Foxp3-gs n=9, 4 weeks) (C) Survival
curve of Foxp3-gs and Foxp3-wt mice (wt n=10, gs n=14). (D) Representative H&E stained
lung, small intestine, colon and kidney. Scale bar 100um. (E) Representative Immunoglobulin
depositions (IgG) of kidney. Scale bar 100um. (F) Production of ANA in Foxp3-gs and Foxp-
wt sera. (G) Expression of ISG56, IFN-b, IL-6 and Cxcl/10 in kidney were analyzed by gPCR
(Each n = 5, 8 weeks). Each symbol indicates an individual mouse. Data represent the
means +SEM. Statistical significance was analyzed by two-way ANOVA or Student's t-test.
*P <0.05, **P <0.01, **P < 0.001, ****P < 0.0001.
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3.4 Foxp3 decrease in activated MDA5G821S/+ Treg cells

Given that autoimmune diseases such as SLE or IPEX syndrome are caused by a
deficiency of Tregs [48-50], | investigated the populations of CD4*YPF+ Treg cells in
MDAS5 mutant mice. CD4+YPF+ Treg cells with significantly reduced proportion and
total number were observed in the spleen and small intestine of Foxp3-gs mice
compared to Foxp3-wt mice (Figure 4 A and B); this defect was evident in the small
intestine and spleen after 6 months of age but not observed in the thymus, indicating
that Treg development was not impaired.

To determine whether mutant MDAS5S was linked to the homeostasis of Treg cells, |
analyzed the frequency of memory and naive T cells in the spleen. Importantly,
similar to CD25 Tregs deficiency in mice, the spleen of Foxp3-gs mice had a drastic
increase in the frequency of effector/memory (CD62L-CD44+/CD62+CD44+) CD8+T
cells compared to Foxp3-wt mice (Figure 4 C, D, and E). These results indicated that
aberrant MDAS5 signaling severely impacted Treg homeostasis, resulting in a

dramatic increase in effector and memory T cells.
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Figure 4. Foxp3 decrease in activated MDA5G821S/+ Treg cells
(A) Representative flow cytometric dot plots and (B) percent of CD4*YFP* Tregs in spleen
and small intestine of Foxp3-gs and Foxp3-wt mice (Each n=5, 6~12 months). (C)
Representative flow cytometric dot plots and (D and E) frequencies of T cell activation
markers CD44 CD62L in CD4+ cells and CD8* cells from spleen (Foxp3-wt n=5, Foxp3-gs
n=8, 8 weeks). CD44+CD62L- cells are effectors T cells, CD44-CD62L* cells are naive T cells
and CD44+CD62L* cells are central memory T cells. Each symbol indicates an individual
mouse. Data represent the means+SEM. Statistical significance was analyzed by two-way

ANOVA or Student's t-test.. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.5 Activated MDAS induces apoptosis on Foxp3* Treg cells

To explore the cell death of the MDA5 G821S Tregs, | measured annexin V and 7-
aminoactinomycin D (7AAD) among CD4+YFP+ Tregs by flow cytometry. | divided
them into four subpopulations: AV-/7AAD- live cells, AV+/7AAD- early apoptotic cells,
AV-/7TAAD+ necrotic cells, and AV+/7AAD+ late apoptotic cells. The results showed
that Foxp3-gs mice in MLN and spleen had approximately 3-9 fold higher numbers of
apoptotic cells (AV+/7AAD+) than Foxp3-wt mice (Figure 5 A and B). In addition, |
analyzed caspase-3 activity in CD4+*YPF+* Tregs. This data also exhibited
approximately 5—-10 fold higher rates of apoptosis in Foxp3-gs mice (Figure 5 C and
D). To analyze whether the mutant MDAS5 induces apoptosis in Tregs, | checked the
MRNA expression levels of MDAS5, Isg66 and apoptosis genes in MDAS mutant
Tregs. | found that MDAS and Isg56 were highly induced in Tregs (Figure 5 E, F, and
G). Furthermore, Puma and Noxa were also shown to have significantly higher levels
than those of anti-apoptotic proteins such as Bcl-2, Mcl, and Bcl-xI (Figure 5 H).

These results suggest that the MDAS defect induced Treg apoptosis.
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Figure 5. Activated MDAS5 induces apoptosis on Foxp3* Treg cells

(A) Representative dot plots and (B) statistical summary of Annexin V/7AAD staining of
CD4+YFP+ Treg cells from spleen and mesenteric lymph nodes of Foxp3-gs and Foxp3-wt
mice (each n=5, 8~15 weeks). (C) Representative dot plots and (D) statistical summary of
Active Caspase3 staining of CD4*YFP+ Tregs from spleen and mesenteric lymph nodes of
Foxp3-gs and Foxp3-wt mice (each n=5, 8~15 weeks). Expression of MDAS5 (E), Isg56 (F),
Puma (G) and total apoptosis gene (H) in CD4+YFP+ Treg cells purified from mesenteric
lymph nodes of Foxp3-wt or Foxp3-gs by BD FACSAria Ill sorting and analyzed by gPCR
(Foxp3-gs n=5, Foxp3-wt n=4, 8~15 weeks). Data represent the meanstSEM. Statistical

significance was analyzed by two-way ANOVA or Student's t-test.*P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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3.6 Type | IFN signaling is required for MDA5-dependent apoptosis in Foxp3cre/*
MDAS5G821S/+ mice

To further investigate the contribution of IFN signaling to the apoptosis of MDA5S
mutant Tregs, | inhibited IFNAR signaling by crossing Foxp3cre/* MDASG821S/+ mice
with I/fnar’- mice. | found that the CD4+*YFP* Treg population of Ifnar’- Foxp3cre/*
MDAS5CG8218/+ mice in the spleen and small intestine was fully recovered to Ctr mice
level (Figure 6 A and B). Importantly, /fnar’- Foxp3cre/* MDA5G821S+ mice ameliorated
the expression of active caspase-3 in the spleen and mesenteric lymph node in the
CD4+YFP+ Treg population (Figure 6 C and D). In addition, the expression of MDAS
and Puma in CD4*YPF+* Tregs from Ifnar’- Foxp3cre/+ MDASG821S/+ mice recovered to
WT mice level (Figure 6 E and F). Taken together, these data demonstrated that type |
IFN signaling is required for the induction of MDA5- dependent apoptosis in Foxp3cre/+

MDASG821S+ mice.

38



Figure 6. Type | IFN signaling is
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3.7 CD4+CD25+ Treg treatment protect MDA5G821S/+ mice from death

To analyze whether apoptosis of Tregs induced by activated MDAS5 is the major
cause of the lethal phenotype in MDASG821S8/+ mice in vivo, | injected CD4+CD25*
Tregs into MDA5C821S/+ mice from day 7, as Treg production begins [51]. In this setup,
| used systemic MDA5G821S/+ mice, which express the mutant MDA5 G821S protein in
all cells, not just Treg cells. | found that both MDA5 mice displayed the same rates of
apoptosis 3 days after the first injection of PBS or WT-CD4+CD25hi Tregs (Data not
shown). MDA5 mice injected with PBS showed an approximately 3-fold decrease in
the percentage of CD4+*CD25*Foxp3+* Tregs compared to WT mice (Figure 7 B).
However, injection of CD4+CD25* Tregs from WT mice into MDA5G8218/+ increased
the percentage of CD4+CD25*Foxp3* Tregs approximately 2-2.5 fold compared to

injected PBS-MDASG821S*mice (Figure 7 B). Furthermore, | found that injection of
CD4+CD25* Tregs into MDA5G821S/+ mice resulted in weight gain (Figure 7 C).

MDAS5G8218+ mice treated with WT CD4+CD25+ Tregs also exhibited an increased
survival rate and attenuated disease symptoms, whereas more than 60% of PBS-
treated MDASG821S/+ mice died within 20 days of birth. Despite this, lethality was not
completely abrogated in WT CD4+CD25* Treg-injected MDASG821S/+ mice. (Figure 7

D).
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Figure 7. WT CD4+*CD25* Treg treatments reverse the lethal phenotype of MDA5G821S/+
mice

(A) Diagram of the experimental design. (B) Representative statistical summary of
CD4+CD25*Foxp3+ cells in the spleen of neonatal MDA5G821S/+ mice treated with 5x10°
CD4+CD25" WT Treg cells or PBS i.p injection. MDA5G8218/+ mice were injected at days 7
after birth and analyzed at day 10. (C) Body weight graph of neonatal MDA5G821S/+  mice
treated with 5x105 CD4+CD25" WT Treg cells or PBS i.p injection. After measuring the body
weight of neonatal MDA5G821S/* mice were injection with 5x105 WT Treg cell and again
measured body weight after one week. (D) Survival curve of neonatal MDA5G821S/+ mice mice
treated with CD4+CD25N WT Treg cells or PBS i.p injection. Neonatal MDA5G8218/+ mice were
injected with 5x105 CD4+CD25n WT Treg cells at days 7 after birth. Then one week later,
from the second injection, mice were injected with 1x105 CD4+CD25h WT Treg cells every
per week. Data represent the meanstSEM. Statistical significance was analyzed by
Student's t-test.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.
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3.8 AGS patients has decreased level of activated Treg cells in the peripheral

blood

To determine the proportions of different populations of Treg cells in the peripheral
blood of the AGS patients, CD4+* T cells in PBMC from healthy donors were stained
with CD45RA, a known marker of naive T lymphocytes, and CD25. CD4+ T cells were
separated into six subpopulations (Fraction I-VI) [52] and divided into 3
subpopulation based on the degree of Foxp3 expression [53] (Figure 8 A). In
particular, these three Treg populations could be clearly defined by the combination
of CD25, CD45RA and Foxp3; which were CD45RA* CD25* Foxp3* resting Treg cells
(rTreg cells, Fraction ), CD45RA-CD25**Foxp3+** activated Treg cells (aTreg cells,
Fraction Il) and cytokine-secreting CD45RA-CD25*Foxp3+* (non Treg cells, Fraction
[II) nonsuppressive T cells (Figure 8 A) [52-53]. The age-related distribution of Treg
subsets showed that healthy child donors had increased resting Tregs compared to
healthy adult donors (Figure 8 B). This difference is not seen in other Treg
populations and may be the result of decreased production of naive T cells and
increased antigens in adult blood due to the thymic erosion, which began at age 20

[54].
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Figure 8. Gating strategy for the detection of Treg cells

(A) Phenotypic characterization of CD4+CD25+ Treg subset cells. six subset of CD4+ T cells
are defined by the expression of CD45RA and CD25; CD45RA*CD25* cells (I);
CD45RA-CD25+** cells (Il); CD45RA-CD25* cells (lll); CD45RA-CD25* cells (IV);
CD45RA-CD25- cells (V); CD45RA*CD25- (VI) cells. The expression of Foxp3 in each
fragment show in. Three subset of CD4* T cells are divided by CD25 and Foxp3:
CD25*Foxp3*+ cells (ll); CD25*Foxp3* cells (I+lll); and CD25*Foxp3- cells (IV).
Representative dot plots (B) and statistical summary (Table 1 ) of PBMC stained for the

expression of CD25 and Foxp3 on gated CD4+ T cells from healthy adult donors (n=5) and

healthy child donors (n=6). Data represent the means+SEM. Statistical significance was
analyzed by two-way ANOVA or Student's t-test.*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, ns, not significant.



As shown above, in child donors, the frequency of resting Tregs was not dramatically
increased by pediatric AGS (Figure 8 B); however, adult AGS patients (Red) have
significantly higher resting Treg frequency than the healthy adult donors (Figure 9 A
and C). The frequencies of activated Tregs and CD25* Foxp3+* among CD4+ cells
associated with suppressive capacity were not significantly different between healthy
child donors and healthy adult donors (Figure 8 B). In contrast, | found evidence for
reduced frequencies of activated Tregs (Figure 9A and D) and CD25*Foxp3++* (Figure
9B and E) among CD4+T cells in both pediatric and adult AGS patients. In addition,
the p3 patient (Blue) who was treated with the JAK-inhibitor, which is a competent
therapeutic agent for AGS, showed similar results to the frequencies of activated
Treg (Figure 9A and D) and CD25+*Foxp3+** Tregs (Figure 9B and E) from healthy
donors. However, in critically ill patients (Red), the frequency of activated Tregs
(Figure 9A and D) was remarkably reduced compared to healthy donors. These
results suggest that, similar to Foxp3 mutant mice, the population of
CD4+CD25*Foxp3* Tregs is significantly reduced in AGS patients. Taken together,
this study demonstrates that constitutive MDA5 and type | IFN signaling in Tregs
resulted in decreased Treg numbers and ability to maintain homeostatis, which

contribute to the induction of various symptoms in cases of interferonopathy.
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Figure 9. AGS patients has decreased level of activated Treg cells in the peripheral

blood

(A) Representative flow cytometric dot plots of CD45RA+CD25+ T cells within CD4+ T cells
in healthy donors, AGS patients. (B) Representative flow cytometric dot plots of CD25+
Foxp3+ Treg cells within CD4+ T cells in healthy donors, AGS patients. (C-E) Statistical
summary of PBMC stained for the expression of CD25 and Foxp3 on gated CD4+ T cells
from healthy adult donors (n=5) and AGS patients (n=6). (Table1) Mutations and interferon
score of 6 Aicardi-Goutiéres syndrome patients. Data represent the meanstSEM. Statistical
significance was analyzed by two-way ANOVA or Student's t-test.*P < 0.05, **P < 0.01, ***P <

0.001, ***P < 0.0001, ns, not significant.
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Discussion

Mutations in certain genes have been identified as the cause of AGS in a subset of
patients. Among these are mutations that lead to the gain-of-function of MDAS,
demonstrating the importance of MDAS-dependent type | IFN signaling in the
development of disease. Systemic MDAS G821S/+ mice show constant activation of
T cells and innate immune cells such as DCs, macrophages, and NK cells [41-43].
The aberrant activation of these immune cells results in severe autoimmune disease
with type | interferonopathy [11-13]. However, the functional analysis of Tregs in AGS
patients was not established in previous research.

Treg cells are required for immune homeostasis and the prevention of autoimmune
diseases [32]. Here, by using the adoptive transfer colitis model of Rag2-/- mice [45],
| demonstrated that Tregs in MDA5 G821S/+ mice have less suppressive activity
compared to those in WT mice (Figure 2 A-C) and showed a more pathogenic
phenotype (Figure 2 D-E).

To elucidate the role of MDA5 G821S on Treg cells, | generated Foxp3-GS mice that
specifically express MDA5 G821S in Treg cells. Treg-specific mutation of MDA5
caused a severe autoimmune disease with scurfy-like phenotypes (Figure 3A).
Interestingly, | found that Foxp3-gs mice with severe symptoms showed a Treg
deficiency similar to that of scurfy mice (Figure 4A and B), whereas Foxp3-gs mice
with mild symptoms showed an increase in the number of Tregs. Furthermore,
increased Tregs apparently resulted in a robust induction of active caspase-3 (Figure
5 C and D) and other pro-apoptosis genes such as PUMA and NOXA (Figure 5 E-H).
However, the absence of an IFNAR signal in the mutant mice improved the survival

rate, and more importantly, the expression of active caspase-3 and other apoptosis
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genes in Tregs was restored to a similar level as that in the wt mice (Figure 6).
Furthermore, | demonstrated that injection of WT-CD4+CD25+Tregs into systemic
MDAS5 G821S mice resulted in weight gain and increased survival (Figures 7 B and
C). The apoptosis of Tregs in MDA5 G821S mice was shown to be rescued by
IFNAR deficiency (Figure 6) and cell therapy (Figure 7). These results indicates that
type | IFN signaling is critical for inducing Treg cell death.

It is interesting to investigate Treg function in patients with type | interferonopathy
driven by MDAS5 and other gene mutations. Several studies have demonstrated that
the decrease in activated Treg (CD25+Foxp3+), which is established in patients with
SLE, was likewise observed in other interferonopathies [55,56]. Similar to SLE
patients, | found that activated Treg was significantly reduced in AGS patients
compared to healthy individuals. (Figure 9 E).

Steroids and JAK inhibitors are the main treatments for patients with AGS
[57].Steroids can reduce inflammation by blocking inflammatory cytokines.
Meanwhile, JAK inhibitors control T cell proliferation by inhibiting the JAK-STAT
signaling pathway, which eventually down-regulates IL-2, IL-4, IL-6, IL-21, and IFN-r
levels [58].

Moreover, JAK inhibitors control the apoptosis gene, and expression of STATs is
associated with apoptosis. STAT1 promote the induction of caspases 1, 3, and links
with the p53 protein. Furthermore, STAT1 activates other pro-apoptosis genes such
as Fas, PUMA, and Noxa [59-61]. STAT3 inhibits the expression of anti-apoptotic
proteins such as Bcl-xL, Bcl-2, and Mcl-1 [69-61]. Consistent with previous findings,
JAK inhibitor treatment increased activated Tregs by preventing apoptosis of Tregs

from AGS patients (Figure 9, blue). However, more studies into the underlying
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mechanisms are needed to fully understand the correlation between activated Tregs
and JAK inhibitors.

MDAS signaling is known to generate type | IFN and other inflammatory cytokines,
including IL-6 and TNF-a. The effect of type | IFN on Treg apoptosis has been shown
to be essential; however, the role of other inflammatory cytokines in Treg apoptosis in
MDAS5 mutant mice requires further investigation, especially the underlying
mechanisms. Moreover, a Treg-specific expression system of the MDA5 mutant will
be required to further understand what will be the critical factors induced by the
MDAS5 primary signaling and/or secondary signaling, such as IFNAR signaling, to
change Tregs into apoptosis.

In conclusion, | provide evidence that MDAS5 mutant signaling on Tregs leads to
apoptosis in Tregs and may trigger the onset of type | interferonopathies such as
AGS. Therefore, MDA5 could be a useful therapeutic target to control the number of

Treg cells and immunological responses in cancer or autoimmune diseases.
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