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Inborn errors of TLR3- or MDA5-dependent type |
IFN immunity in children with enterovirus

rhombencephalitis

Jie Chen?@®, Huie Jing*®, Andrea Martin-Nalda*>®@®, Paul Bastard2®, Jacques G. Riviere*>*@®, Zhiyong Liu'®, Roger Colobran®*1°@®,
Danyel Lee?”8@®, Wesley Tung*®, Jeremy Manry”8@®, Mary Hasek'®, Soraya Boucherit’#@®, Lazaro Lorenzo”#@®, Flore Rozenberg'®,
Mélodie Aubart”®12@, Laurent Abel2”8*@®, Helen C. Su**®, Pere Soler Palacin®>®*®, Jean-Laurent Casanova"’#3**@®, and Shen-Ying Zhang""#**®

Enterovirus (EV) infection rarely results in life-threatening infection of the central nervous system. We report two unrelated
children with EV30 and EV71 rhombencephalitis. One patient carries compound heterozygous TLR3 variants (loss-of-function
F322fs2* and hypomorphic D280N), and the other is homozygous for an IFIH1 variant (loss-of-function ¢.1641+1G>C). Their
fibroblasts respond poorly to extracellular (TLR3) or intracellular (MDA5) poly(I:C) stimulation. The baseline (TLR3) and EV-
responsive (MDAS) levels of IFN- in the patients’ fibroblasts are low. EV growth is enhanced at early and late time points of
infection in TLR3- and MDA5-deficient fibroblasts, respectively. Treatment with exogenous IFN-a2b before infection renders
both cell lines resistant to EV30 and EV71, whereas post-infection treatment with IFN-a2b rescues viral susceptibility fully
only in MDA5-deficient fibroblasts. Finally, the poly(l:C) and viral phenotypes of fibroblasts are rescued by the expression of WT
TLR3 or MDA5. Human TLR3 and MDAS are critical for cell-intrinsic immunity to EV, via the control of baseline and virus-

induced type | IFN production, respectively.

Introduction

Enterovirus (EV) is a viral genus of positive-sense single-
stranded RNA viruses belonging to the family Picornaviridae
that commonly causes disease in children (de Crom et al., 2016;
Moore, 1982). There are 81 nonpoliovirus and 3 poliovirus types
of EV (de Crom et al., 2016). Echovirus 30 (EV30) is one of the
most frequently isolated EVs, causing outbreaks of meningitis in
European countries, whereas EV71 causes outbreaks of hand,
foot, and mouth disease (HFMD) every spring, mostly in eastern
Asia (Shih et al., 2000; Cabrerizo et al., 2008; Lévéque et al.,
2010; Trallero et al., 2010; Wu et al., 2010; Zeng et al., 2012; Thoa
et al., 2013; Rudolph et al., 2017). Since 2000, outbreaks of EV71

(and EV68) disease have been reported in various countries and
continents (Chan et al., 2000; McMinn et al., 2001; Fowlkes
et al.,, 2008; Mirand et al., 2010; Meijer et al., 2012; Xiang
et al., 2012; Andrés et al., 2019; Worner et al., 2021). Poliovirus
is a highly infectious and neurovirulent EV that causes paralytic
poliomyelitis in rare cases (<1% of those infected; Mehndiratta
et al., 2014). An efficient global vaccination campaign has re-
sulted in its near eradication. Over 90% of people infected with
nonpoliovirus EVs remain asymptomatic, or have only mild
clinical manifestations, such as fever, runny nose, skin rash,
and mouth blisters. However, a small proportion of infected
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individuals, especially young children, develop severe compli-
cations that can be life-threatening, such as myocarditis, mye-
litis, and encephalitis (Abzug et al., 2003; Antona et al., 2016;
Aubart et al., 2020). EV may enter the central nervous system
(CNS) via neuronal or hematogenous routes, crossing the blood-
brain barrier (Chen et al., 2007; Ong et al., 2008; Yang et al.,
1997), and resulting in meningitis or encephalitis, which typi-
cally presents as rhombencephalitis, affecting the brainstem and
cerebellum (Chang et al., 2019; Huang et al., 1999; Jubelt and
Lipton, 2014). During an EV71 outbreak in Taiwan in 1998,
0.05% of those infected developed encephalitis (Lin et al., 2002).
In addition to EV30, EV71, and EV68, many other nonpoliovirus
EVs, such as coxsackieviruses A9, Al0, and B5, echoviruses 4, 5,
9, 11, and 19, and EV75, 76, and 89, have been identified in pa-
tients with encephalitis (Chen et al., 2020; Dalwai et al., 2009;
Fowlkes et al., 2008; Kumar et al., 2011; Lewthwaite et al., 2010;
Lin et al., 2003). More than 70% of patients with EV encephalitis
(EVE) are <19 yr old (Fowlkes et al., 2008). The causal virus has
been identified (Chen et al., 2020), but the pathogenesis of EVE
remains otherwise unknown.

Severe and chronic EV infection has been observed in rare
patients with X-linked agammaglobulinemia (XLA) and other
profound inherited antibody deficiencies (Dropulic and Cohen,
2011). These patients also typically have severe infections due to
various other viral, bacterial, and parasitic pathogens (Bearden
et al.,, 2016; Jones et al., 2019; Winkelstein et al., 2006). EV
meningoencephalitis may affect as many as 7% of XLA patients.
These genetic defects are causal for EV infection of the CNS in
the affected patients, via molecular and cellular mechanisms
probably involving inadequate antibody-mediated EV neutrali-
zation. Furthermore, EV encephalomyelitis, leading to a fatal
neurodegenerative condition, has been observed in a patient
with a heterozygous mutation of NFKB2 who was diagnosed with
“possible common variable immunodeficiency,” and who also
showed failure to thrive, recurrent lower respiratory tract in-
fections, and widespread molluscum contagiosum (Slade et al.,
2019). The mechanism of EV disease has yet to be determined
in this patient with multiple clinical phenotypes. The im-
munopathogenesis underlying severe EV disease in otherwise
healthy patients suffering from isolated EVE is also completely
unknown. Previous studies by our group and others have pro-
vided evidence that various monogenic inborn errors impairing
CNS cell-intrinsic antiviral immunity, via known type I IFN-
mediated (mutations affecting the TLR3-dependent type I IFN
circuit) or previously unknown (mutations of SNORA3I or DBRI)
molecular mechanisms, can underlie encephalitis due to HSV-1,
influenza virus, or norovirus in otherwise healthy children
(Andersen et al., 2015; Casrouge et al., 2006; Guo et al., 201];
Herman et al., 2012; Lafaille et al., 2019; Lim et al., 2014; Pérez de
Diego et al., 2010; Sancho-Shimizu et al., 2011; Zhang, 2020;
Zhang and Casanova, 2015; Zhang et al., 2018; Zhang et al.,
2007). Mutations of other genes have been shown to underlie
Mollaret’s HSV-meningitis (Tang et al., 2000). Here, we tested
the hypothesis that EVE may result from rare single-gene inborn
errors of immunity affecting cell-intrinsic type I IFN-mediated
antiviral mechanisms in the CNS, at least in some otherwise

healthy children.
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Results
Two children with EV rhombencephalitis

We performed trio whole exome sequencing (WES; the patient
and both parents) for a cohort of 15 unrelated children with EV
rhombencephalitis. We focused on two patients with obvious
candidate genetic lesions. Patient 1 (P1; Fig. 1 A) was a boy born
to nonconsanguineous parents of sub-Saharan African origin
living in Spain. He was healthy until the age of 3.5 yr, when he
developed fever, vomiting, drowsiness, and stiff neck. Menin-
goencephalitis was suspected. PCR tests for EV30 on cerebro-
spinal fluid, stool, and respiratory samples gave positive results.
A brain electroencephalogram suggested diffuse nonspecific
neurological dysfunction without paroxysms. Brain magnetic
resonance imaging showed pathological tegmental hypersignal
without evidence of diffusion restriction associated with cervi-
cal myelitis, highly suggestive of rhombencephalitis (Fig. 1B and
Fig. S1 A). After supportive treatment, the patient’s clinical
condition improved, and he was discharged 3 d after admission,
without sequelae. P2 was a boy born to nonconsanguineous
Spanish parents (Fig. 1 A). He was healthy and had not suffered
from other unusually severe infectious diseases, including those
of viral origin, until he developed EV71 encephalitis at the age of
12 mo. He was admitted to the intensive care unit for fever,
HFMD, shallow irregular breathing, somnolence, apnea, and
ataxia. EV71 PCR was positive for respiratory and stool samples,
but negative for a cerebrospinal fluid sample. Brain electroen-
cephalogram showed diffuse neurological dysfunction. A path-
ological tegmental hypersignal was observed on brain magnetic
resonance imaging, with evidence of diffusion restriction in the
superior cerebellar peduncles and ponto-bulbar junction asso-
ciated with cervical myelitis, which was highly suggestive of
rhombencephalitis (Fig. 1 B and Fig. S1 A). The child was diag-
nosed with rhombencephalitis associated with HFMD and was
treated with intravenous immunoglobulin therapy and meth-
ylprednisolone. He recovered and was discharged from the
hospital with mild dysphagia and aphonia. P1 is now 8 yr old,
and P2 is 5 yr old. Neither has suffered any other severe infec-
tious disease since hospitalization for EVE. Serological tests
showed that both patients currently have antibodies against
HSV-1 and other viruses (Fig. S1 B), suggesting past infection
with these viruses without severe clinical consequences.

The two patients carry biallelic mutations of TLR3 or IFIH1

We searched the WES data of 15 EVE patients for relatively rare
(minor allele frequency [MAF] <0.01 in the Genome Aggregation
Database [gnomAD] and in our in-house WES database con-
taining ~10,000 exomes) nonsynonymous variants with a
combined annotation-dependent depletion (CADD) score >10, in
genes related to type I IFN immunity and previously shown to
underlie other severe viral infections in humans (Casanova and
Abel, 2020), with an autosomal recessive (AR) mode of inheri-
tance. We excluded variants of genes with a gene damage
index >13.83, the gene damage index cutoff for AR human
disease-causing gene prediction (Itan et al., 2015). The trio WES
design made it possible for us to select homozygous or compound-
heterozygous variants with full penetrance (Casanova et al., 2014).
Our analyses revealed two compound-heterozygous variants
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Figure 1. Biallelic TLR3 or IFIH1 mutations in two patients with EVE. (A) Family pedigrees, showing segregation of the TLR3 and IFIH1 mutations. The black
symbols indicate patients. (B) Brain imaging showing EVE lesions in P1 and P2. In P1, post-contrast T1-FLAIR imaging showed pathological tegmental hy-
persignal (yellow arrows) associated with cervical myelitis, highly suggestive of rhombencephalitis. In P2, post-contrast T1-FLAIR imaging showed pathological
tegmental hypersignal with evidence of diffusion restriction in the superior cerebellar peduncles and the ponto-bulbar junction (yellow arrows), suggestive of
rhombencephalitis. (C) Confirmation of the mutations by Sanger sequencing. The single nucleotide substitutions for each patient relative to the sequence for a
healthy control are indicated by red squares. (D) Schematic diagram of the structure of the human TLR3 gene and protein, featuring the leader sequence (L),
leucine-rich repeats (LRRs), transmembrane domain (TM), linker region (LR), and Toll/IL-1 receptor (TIR) domain. Roman numerals indicate the coding exons.
Mutations previously identified in patients with HSE (E110K, L297V, L360P, P554S, G743D, E746*, R811l, R867Q), IAV or SARS-CoV-2 pneumonia (5339fs15%,
P554S, P680L, W769*, M870V) or patients with other viral infections (F303S, L199F, R867*) are shown in black (experimentally characterized) or blue (not
characterized). The mutations (D280N and F322fs2*) found in P1 are shown in red. (E) Schematic diagram of the structure of the human IFIHI gene and MDA5
protein, featuring the CARD domain, helicase ATP-binding domain, helicase C-terminal domain, and carboxy-terminal domain. Roman numerals indicate the
coding exons. Mutations previously identified in patients with respiratory virus infections are shown in black. The mutation (c.1641+1G>C, p.L509_E547 del
[aexon8]) found in P2 is shown in red.

of TLR3 in P1, and one homozygous variant of IFIHI in P2. TLR3  antiviral immunity (Guo et al., 2011; Lim et al., 2014; Zhang et al.,
is a highly conserved endosomal receptor of double-stranded  2020; Zhang et al., 2007). P1 is compound heterozygous for a
RNA (dsRNA; Alexopoulou et al., 2001; Mikami et al., 2012), frameshift variant (c.965delT, p.F322fsTer2, referred to hereaf-
and an inducer of antiviral IFN-a/B and -A. AR or autosomal ter as F322fs2*) and a missense variant (c.838G>A, p.D28ON;
dominant (AD) TLR3 deficiency has been shown to underlie Fig. 1, A and C), both located in the ectodomain of TLR3, which
herpes simplex encephalitis (HSE), influenza A virus (IAV),and plays an important role in ligand binding and receptor dimer-
SARS-CoV-2 pneumonia, due to the impairment of cell-intrinsic ~ ization (Choe et al., 2005; Fig. 1 D). The F322fs2* variant is
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private and was not found in any of the public databases (1000
Genomes, dbSNP, gnomAD, or Bravo) or in our in-house WES
database. The D280N variant affects a residue that is conserved
across ~80% of the vertebrate species studied (Fig. S1C). It hasa
CADD score of 14.47, a global MAF of 0.0017, and a MAF of 0.017
in the African population, with one homozygous carrier found in
gnomAD. IFIHI encodes MDADb, a cytosolic receptor of dsRNA and
inducer of antiviral IFN-a/B and -A (Gitlin et al, 2006; Kang
et al., 2002; Kato et al., 2006; Wu and Hur, 2015). AR or AD
MDAS deficiency is a known genetic etiology of rhinovirus
pneumonia, and possibly other conditions caused by respiratory
viruses (Asgari et al., 2017; Lamborn et al., 2017). P2 is homo-
zygous for an essential splicing variant (c.1641+1G>C) of IFIHI
(Fig. 1, A and C). This variant has a CADD score of 33, a global
MATF of 0.0067, and a MAF of 0.01 in the European population,
with seven homozygous carriers found in gnomAD. The cumu-
lative frequency of homozygous carriers in the general popula-
tion is therefore compatible with the prevalence of EVE.
Furthermore, this variant has been previously shown, in assays
performed in vitro, to result in abnormal splicing of the MDA5
mRNA (2exon8) leading to the removal of 39 aa from the con-
served helicase ATP-binding domain and linker region of the
MDAS protein (p.L509_E547 del; Fig. 1 E), and a loss of function
for IFN-B luciferase activity induction (Asgari et al., 2017;
Lamborn et al., 2017). Finally, trio WES for the two families
identified no other plausible candidate genes in the patients,
related to type I IFN immunity or otherwise, in analyses of
biallelic or de novo variants in the two patients (Table S1 and
Table S2). We identified no rare nonsynonymous variants (MAF
<0.01) of known inborn errors of immunity-causing genes, in-
cluding the XLA-causing gene BTK. Sanger sequencing con-
firmed the TLR3 and IFIHI variants in P1 and P2, respectively, and
the patterns of segregation in the two families confirmed AR
inheritance for both families (Fig. 1 A). Thus, the biallelic TLR3
and IFIHI variants were considered to be candidate EVE-causing
variants in the two patients.

Expression and function of the TLR3 variants of P1 in vitro

We tested the hypothesis that the compound heterozygous
F322fs2* and D280N variants found in P1 resulted in AR TLR3
deficiency by investigating the production and function of the
corresponding mutant proteins in a TLR3-deficient P2.1 fibro-
sarcoma cell line without detectable levels of TLR3 protein and
that did not respond to the dsRNA mimic polyinosinic:polycyt-
idylic acid (poly[I:C]). Following the stable transfection of P2.1
cells with constructs encoding C-terminally hemagglutinin
(HA)-tagged WT, D28ON, or F322fs2* TLR3, the levels of TLR3
mRNA produced from the various constructs were similar (Fig. 2
A). The WT and D28ON proteins were detected by Western
blotting with an antibody against TLR3 or an antibody against
HA, at molecular weights of ~130 kD and ~70 kD, corresponding
to the full-length and C-terminally cleaved forms, respectively.
By contrast, transfection with F322fs2* TLR3 resulted in no de-
tectable protein (Fig. 2 B), suggesting that the F322fs2* mutation
destabilized the protein. We then studied the function of the two
TLR3 variants of Pl in the same cells, using cells stably ex-
pressing WT, W769%, or R867Q TLR3 as controls, with these last
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two variants previously reported to be loss-of-function and
hypomorphic (Lim et al., 2014; Zhang et al., 2020), respectively.
The transfection of P2.1 cells with either the W769* or F322fs2*
TLR3 allele did not restore poly(I:C)-induced IFNB and IFNLI
mRNA induction, whereas this induction was restored by
transfection with WT TLR3 (Fig. 2, C and D). R867Q had ~50%
the activity of WT TLR3, whereas D280N had ~70% WT TLR3
activity (Fig. 2, C and D; and Fig. S2). The F322fs2* TLR3 mutant
is, therefore, both loss-of-expression and loss-of-function,
whereas the D280N mutant is normally expressed but mildly
hypomorphic. The ¢.1641+1G>C IFIHI variant of P2 has been
shown in vitro to result in completely abnormal splicing of the
IFIHI mRNA, with the deletion of the entire coding sequence of
exon8 (2exon8, p. L509_E547 del). The encoded MDAS5 protein
has been shown to be loss-of-function for IFN-f luciferase ac-
tivity induction (Asgari et al., 2017; Lamborn et al., 2017). To-
gether, our new data and published findings for the IFIHI
variant found in P2 suggest that compound heterozygosity for
the two TLR3 variants leads to AR partial TLR3 deficiency in P1,
whereas homozygosity for the IFIHI variant leads to AR com-
plete MDAS deficiency in P2. These variants may underlie EVE
by impairing the antiviral IFN-a/B and -A immunity mediated
by two different dsRNA-sensing pathways.

Impaired TLR3-dependent extracellular poly(l:C)
responsiveness in the fibroblasts of P1

Human dermal fibroblasts express TLR3 and respond to extra-
cellular poly(1:C) stimulation in a TLR3-dependent manner (Guo
et al., 2011; Lim et al.,, 2019; Lim et al., 2014; Zhang et al., 2007).
We investigated whether compound heterozygosity for the two
TLR3 variants impaired TLR3 responses in the cells of P1, by first
quantifying the percentages of mRNA for the two variants in
SV40-immortalized fibroblasts (SV40-fibroblasts) and primary
fibroblasts from P1, by topoisomerase-based cloning (TOPO-TA
cloning), and the sequencing of a TLR3 cDNA generated by re-
verse transcription from the RNA in the cells of P1. Unlike cDNA
from healthy control fibroblasts, which contained 100% WT
TLR3 sequences, 50.4% and 46.5% of the TLR3 cDNA sequences
carried the F322fs2* variant and 49.6% and 53.5% the D280N
variant obtained from P1’s SV40-fibroblasts and primary fibro-
blasts, respectively (Fig. 3 A). We then studied the response to
exogenous poly(I:C) stimulation in SV40-fibroblasts from P1,
comparing our findings with those for cells from three healthy
controls, an HSE patient with AD TLR3 deficiency by hap-
loinsufficiency (due to heterozygous G743D+R811I mutations),
an HSE patient with AD TLR3 deficiency by negative dominance
(due to heterozygous P554S), and an HSE patient with AR
complete TLR3 deficiency (TLR3/-, due to compound hetero-
zygous P554S and E746* mutations; Guo et al., 2011; Lim et al,,
2014; Zhang et al., 2007). After 24 h of stimulation with various
concentrations of poly(L:C), the secretion of the IFN-B, IFN-A,
and IL-6 proteins was severely impaired in P1's SV40-fibroblasts
upon different doses of poly(I:C) stimulation, similar to P554S/
WT, G743D+R8111/WT, and TLR3~/~ fibroblasts from various
HSE patients, but unlike SV40-fibroblasts of three healthy
controls, which displayed dose-dependent responses (Fig. 3 B).
We also assessed the production of IFNB and IFNLI mRNA, by
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tained by one-way ANOVA and subsequent
Tamhane’s T2’s multiple comparison tests, and
the respective P values are indicated. ns, P >
0.05; *, P < 0.05; ***, P < 0.001.

TLR3

TLR3

quantitative RT-PCR (RT-qPCR), in P1 and control SV40-
fibroblasts after 4 h of poly(I:C) stimulation. We found that
the induction of IFNB and IFNLI mRNA was severely impaired
but not entirely abolished in PI's fibroblasts, consistent with
severe but partial TLR3 deficiency (Fig. 3 C). By contrast, both
the fibroblasts of P1 and those of other TLR3-deficient patients
produced normal amounts of IFN-B and IFN-A in response to
Lipofectamine-mediated intracellular transfection with poly(I:
C), resulting in stimulation activating RIG-I and MDAS5 in the
cytosol (Li et al., 2009; Fig. 3 B). All the cells produced high
levels of IFNB and IFNLI in response to infection with vesicular
stomatitis virus (VSV) MS5IR, which activates RIG-I (Fig. 3 C).
Finally, the impaired poly(I:C) response of P1’s fibroblasts was
rescued by the stable expression of exogenous WT TLR3, but
not of the D28ON or F322fs2* mutants (Fig. 3, D-G). These re-
sults validate our hypothesis that compound heterozygosity for
D280N and F322fs2* led to AR partial TLR3 deficiency at the
cellular level in P1.

Impaired MDA5-dependent responsiveness to intracellular
poly(I:C) in the fibroblasts of P2

MDA5 and RIG-I are cytosolic dsRNA receptors that produce
antiviral IFN-o/B and -A (Li et al., 2009). They sense long tracts
of dsRNA and the 5’-tri-/di-phosphate ends of dsRNA, respec-
tively (Reikine et al., 2014). We investigated whether homozy-
gosity for the IFIHI c.1641+1G>C allele would lead to AR MDA5
deficiency at the cellular level, using SV40-fibroblasts from P2.
We first generated a IFIHI ¢cDNA from P2’s fibroblasts, and
amplified it by PCR, with primers spanning exons 6-10, result-
ing in a single product ~117 bp smaller than that obtained from
healthy control cells (Fig. 4 A). Consistent with previous reports
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TLR3

for in vitro characterization of the c.1641+1G>C variant, Sanger
sequencing of the PCR product confirmed a deletion of 117 bp
corresponding to the entire exon 8 of IFIHI (Fig. 4 B). This
deletion was predicted to remove 39 aa from the helicase ATP-
binding domain and the linker region helicase C-terminal do-
main of the MDA5 protein (Fig. 1 E). TOPO-TA cloning and
sequencing of the PCR product further confirmed that all the
transcripts from P2’s cells contained the aexon8 deletion,
whereas healthy control cells contained only WT transcripts
(Fig. 4 C). We then compared the levels of MDA5 mRNA and
protein between SV40-fibroblasts from P2, SV40-fibroblasts
from two healthy controls, and SV40-fibroblasts with a
CRISPR/Cas9-mediated MDA5 KO. P2’s SV40-fibroblasts con-
tained smaller amounts of IFIHI mRNA than the cells from
healthy controls, in analyses based on RT-qPCR with probes
spanning exons 5-6, exons 8-9, or exons 9-10 of IFIHI, with this
difference most pronounced for the probe spanning exons 8-9
(Fig. 4 D). MDAS protein was detected in P2’s SV40-fibroblasts,
at a slightly lower molecular weight than the protein detected in
control cells (Fig. 4 E), reflecting the deletion of 39 aa due to the
aexon8 variant (Fig. 4 B). Levels of MDAS5 protein were mark-
edly lower in the SV40-fibroblasts of P2 than in those from
healthy controls or TLR3-deficient patients (Fig. 4 E). Finally,
following intracellular poly(I:C) stimulation mediated by elec-
troporation, specifically activating the MDA5 pathway in human
fibroblasts, we observed an impairment of IFNB expression in
the primary fibroblasts of P2 relative to those of healthy controls
(Fig. 4 F). By contrast, IFN-B induction levels were similar in the
SV40-fibroblasts of P2 and healthy controls, following extra-
cellular poly(I:C) stimulation, which activates the TLR3 path-
way, intracellular T7-GFP, or 5 ppp-dsRNA stimulation, which
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Figure 3. Impairment of TLR3-dependent extracellular poly(1:C) responsiveness in P1's SV40-fibroblasts and rescue by WT TLR3. (A) TOPO-TA
cloning of TLR3 cDNA from P1’'s SV40-fibroblasts and primary fibroblasts, and comparison with that from a healthy control. The percentage of the TLR3
sequences in cDNA clones from P1, 101 clones from SV40-fibroblasts, and 101 clones from primary fibroblasts that contained the D280N and F322fs2*
mutations is shown, and compared with that for clones isolated in a similar manner from healthy control cells. (B) Production of IFN-B, IFN-A, and IL-6 by
SV40-fibroblasts from three healthy controls (C1, C2, C3), P1, TLR3 P554S/WT, TLR3 G743D+R811I/WT, or TLR3~/~ patients, 24 h after stimulation with 1, 5, or
25 pg/ml poly(l:C) (PIC), and 25 ug/ml poly(I:C) in the presence of Lipofectamine (Lipo; PIC25+Lipo), or Lipo alone, as assessed by ELISA. (C) IFNB and IFNLI
mRNA levels in SV40-fibroblasts from two controls (C1, C2), P1, TLR3 P554S/WT, TLR3 G743D+R811I/WT, or TLR3~/~ patients, not stimulated (NS), stimulated
for 2 and 4 h with 25 pg/ml poly(l:C), or infected with VSV M51R at an MOI of 1 for 18 h. GUS was included for normalization. (D) IFNB and IFNLT mRNA
induction without stimulation (NS), after 4 h of stimulation with 25 ug/ml poly(l:C), or after 18 h of stimulation with VSV M51R, in SV40-fibroblasts from two
controls (C1, C2) and P1, without plasmid transfection (NT) or after transfection with the empty vector (Vec) or with HA-tagged WT, D280N, or F322fs2* TLR3,
and fibroblasts from a TLR3~/~ patient. (E) Production of IFN-B and IFN-), in the absence of stimulation (NS), after 24 h of stimulation with 1, 5, or 25 pg/ml
poly(1:C), and 25 pg/ml poly(l:C) with or without Lipo, as assessed by ELISA, in SV40-fibroblasts from two controls (C1, C2), from P1 with and without
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transfection with various plasmids, as in D, and fibroblasts from a TLR3/~ patient. (F) TLR3 mRNA levels were determined by RT-qPCR in SV40-fibroblast cells
from controls (C1, C2, C3), or from P1 with or without transfection with various plasmids, as in D. (G) TLR3 expression was detected by immunoblotting, with an
N-terminal (N) TLR3 antibody or C-terminal (C) HA antibody, in SV40-fibroblast cells from controls (C1, C2), or from P1 with or without transfection with
various plasmids, as in D. B-actin was used as a loading control. Mean values + SD were calculated from three (B-D and F) or two (E) independent experiments,
with biological duplicates performed in each experiment. P values were obtained by Student’s t test by comparing P1’s fibroblasts with all control fibroblasts
after 24 h of stimulation with 25 pg/ml poly(I:C) (B), or after 4 h of stimulation with 25 ug/ml poly(I:C) (C). *, P < 0.05; **, P < 0.01; ***, P < 0.001. The result

shown in G is representative of that from three independent experiments.

activates the RIG-I pathway, or Lipofectamine-mediated high-
dose poly(I:C) transfection, which activates both the RIG-I and
MDAS pathways under the testing conditions (Fig. 4, G and H).
The stable transduction of P2’s SV40-fibroblasts with WT
IFIHI rescued the impaired responsiveness to electroporation-
mediated intracellular poly(I:C) stimulation (Fig. 4, I and J).
Thus, homozygosity for c.1641+1G>C IFIHI led to completely
abnormal splicing and low levels of MDA5 expression, resulting
in AR MDAS5 deficiency at the cellular level. The deficiency is
probably complete, as the aexon8 IFIHI mutation resulted in a
complete loss of function in in vitro assays (Asgari et al., 2017;
Lamborn et al., 2017).

Impaired basal or EV-induced IFN-f and -\ production in the
patients’ fibroblasts

TLR3 and MDA5 govern two spatially different IFN-a/B- or -A-
inducing dsRNA-sensing pathways, with TLR3 in the endosomal
compartment and MDAS in the cytoplasm (Kang et al., 2002;
Krishnan et al., 2007). We have shown that inborn errors of
TLR3 or MDAS can underlie HSE, IAV pneumonia, SARS-CoV-2
pneumonia (Guo et al., 2011; Lim et al., 2019; Lim et al., 2014;
Zhang et al., 2020; Zhang et al., 2007), and rhinovirus pneu-
monia, and possibly other severe diseases due to respiratory
viral pathogens (Asgari et al., 2017; Lamborn et al., 2017). With
this new discovery of a partial form of AR TLR3 deficiency and a
complete form of AR MDA5 deficiency in EVE patients, we
hypothesized that TLR3 and MDA5 deficiencies might impair
either basal (TLR3; Gao et al., 2021) or virus-induced (MDA5)
IFN-a/B or -A production (Asgari et al., 2017; Lamborn et al.,
2017; Slater et al., 2010; Wang et al., 2009), resulting in EVE
through spatially and temporally different mechanisms. Indeed,
the basal levels of IFNB and IFNLI mRNA were significantly
lower in SV40-fibroblasts from P1 than in those of healthy
controls, as for the SV40-fibroblasts of a TLR3~/~ HSE patient
(Fig. 5, A and B). However, the basal levels of IFNB and IFNLI
mRNA in the SV40-fibroblasts of P2 and in MDA5 KO SV40-
fibroblasts were similar to those in healthy control cells (IFNB)
or were intermediate, lower than those in healthy control cells
but higher than those in TLR3~/~ SV40-fibroblasts (IFNLI; Fig. 5,
A and B). We then studied the induction of IFN-a/B or -A upon
EV infection in TLR3- or MDA5-deficient fibroblasts. Like rhi-
noviruses, which trigger MDA5-dependent IFN induction (Slater
et al., 2010; Wang et al., 2009), EV belongs to the picornavirus
family (van der Linden et al., 2015). Following infection with
EV30 or EV7], the induction of mRNA synthesis for IFNB, IFNL1
was severely impaired in P2’s SV40-fibroblasts and in MDA5 KO
SV40-fibroblasts relative to healthy control cells (Fig. 5, C and
D). These results suggest that MDAS is also an IFN-inducing
sensor of both EV30 and EV71. In SV40-fibroblasts from P1
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and a TLR3~/~ HSE patient, similar or even stronger induction of
IFNB and IFNLI than that in healthy control cells was observed
upon infection with EV30 or EV71 (Fig. 5, C and D). Similar
results were obtained in MDA5- and TLR3-deficient SV40-
fibroblasts, in terms of induction of downstream IFN-
stimulated genes (ISGs) including CXCL10, MXI, OASI, and
ISGI5, upon infection with EV30 or EV71 (Fig. S3, A and B).
Levels of IFNB, IFNLI, and the ISGs tested remained low 24 h
after infection in SV40-fibroblasts from P1 and the TLR3~/~- HSE
patient, probably due to the low basal levels of these IFNs and
ISGs in TLR3-deficient cells, although we cannot exclude the
possibility that TLR3 also directly or indirectly regulates EV-
induced IFN production to some extent. Together, these results
confirm the critical role of TLR3 (but not MDAS5) in maintaining
basal cellular levels of antiviral IFN-a/B or -A immunity (Gao
et al., 2021), while also suggesting that EV-induced IFN-a/f or
-\ production is dependent on MDAS5 (but not TLR3). TLR3 and
MDAS may thus not only spatially but also sequentially control
anti-EV immunity in CNS cells, via the maintenance of basal or
virus-induced antiviral IFN-a/B or -A levels, respectively.

Enhanced EV replication in the patients’ fibroblasts early or
late in infection

We then investigated cellular susceptibility to EV by measuring
the kinetics of viral replication in SV40-fibroblasts from pa-
tients and controls. These cells are a well-established surrogate
cell type for investigating the cell-intrinsic antiviral immunity
of patients with viral encephalitis (Gao et al., 2021; Guo et al.,
2011; Lim et al., 2019; Zhang et al., 2007). TLR3-deficient human
SV40-fibroblasts are susceptible to various viruses, including
HSV-1, VSV, IAV, and SARS-CoV-2, and MDA5-deficient human
primary fibroblasts have independently been shown to be sus-
ceptible to rhinovirus (Asgari et al., 2017; Guo et al., 201}
Lamborn et al., 2017; Lim et al., 2019; Lim et al., 2014; Zhang
et al., 2020; Zhang et al., 2007). We hypothesized that defi-
ciencies of TLR3- or MDA5-dependent basal or virus-induced
IFN-mediated immunity in cells would impair the control of
EV infection and replication. We assessed the growth of EV30
(multiplicity of infection [MOI] 0.1) and EV71 (MOI 0.1) in SV40-
fibroblasts from three healthy controls, P1, P2, a TLR3~/~ HSE
patient, an IFNARI/- HSE patient, and MDA5 KO SV40-
fibroblasts. The levels of EV30 and EV7l replication were
higher in cells from P1 and in fibroblasts from both the TLR3~/~
and IFNARI-/~ patients than in cells from healthy controls as
early as 10 h after infection for EV30, and 24 h after infection for
EV71 (Fig. 6, A-D). Interestingly, virus levels were also higher in
P2’s SV40-fibroblasts and MDA5 KO SV40-fibroblasts than in
cells from healthy controls, but at later time points than for the
TLR3-deficient cells tested: 24 h after infection for EV30, and

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20211349

220z Aenuer 9z uo Jasn slied aurepisiaaunisiul enbayjolaig Aq ypd-6yel L1202 WelibZ0SzyL/6YEL L20Z8/ZL/8LZAPd-alone/wal/Bio ssaidni//:dpy woy papeojumoq

7 of 17


https://doi.org/10.1084/jem.20211349

A B C =&
< 100 o wT
£ 80 = Aexon8
o
Exon 8 a
S 60
s (s}
o 40
K
T 20
2 o
=)
Aexon8 s N N
Exons 5-6 Exons 8-9 Exons 9-10 135kD—| - — MDA5(M)
& 101 & 101 & 10
23 ., 3 100 <3
gg 10 Z o 101 B o 135kD-| S——— MDAS(N)
£2 10 L2 102 e
T T -3 s
Eg . £s 184 5 25kD-| " S5 B S | C/PDH
O N P PO TS e S F & O
& 5 9 R
@0 \‘\0 “\0
F G H .
CINs <8 - _
@8 PIC E-transfect Z0 101 o £ 10
) M 5
20000 . & 1001 < 107
— / =] > NS
5 L5401 & 107 —
g g 15000 e oINS = O T7-GFP+Lipo
’é ) 102 Ll Ll Ll || @ PIC-4h 100 B 5'ppp-dsRNA+Lipo
o o 10000 _10%+ O3 VSV M51R 104+ @3 PIC+Lipo
g% <8103 I = i _ = PIC
=3 5000 Z3 10 T 103 Lipo
£ 2100 B 3 "
0 5 g 10 = 1 \
Z® < v
PV RV 5V £3 :g_z: I Z 101
NS 9h  20h 104 e || L 11
& 2 o X X
[ < gy“ /\6@ 0
W ©
10000 NS
MDA5 Z @8 PIC E-transfect
P - ['4
120kD—| (short exposure) =
o
) e MDAS £ 5000
120kD— . (long exposure) ©
£
85kD-] HSPe0 & o
S ¢ o &
oF oF
P2 P2

Figure 4. Impairment of MDA5-dependent intracellular poly(I:C) responsiveness in P2’s fibroblasts and rescue by WT MDAS. (A) IFIHI PCR products
from fibroblast cDNA, from P2 and two healthy controls (C1, C2), amplified with a forward primer binding to part of exon 6 and a reverse primer binding to part
of exon 10. The result shown is representative of two independent experiments. (B) Sanger sequencing results for IFIHI from P2’s fibroblast cDNA. (C) cDNA
TOPO cloning and sequencing results demonstrating completely aberrant splicing of IFIHI in fibroblasts from P2. At least 50 transcripts were sequenced for the
patient and the control. The result shown is the sum of two independent experiments. (D) IFIHI mRNA levels in SV40-fibroblasts from two healthy controls (C1,
C2), P2, and MDA5 KO SV40-fibroblast, with primers spanning exons 5-6, exons 8-9, and exons 9-10, respectively; GUS was used as an expression control.
Mean values and SD from three independent experiments, each with technical duplicates, are shown. (E) Western blot for MDAS in SV40-fibroblasts from two
healthy controls (C1, C2), P2, and MDA5 KO SV40-fibroblasts. One antibody recognizing aa 78-555 of MDAS (M) and another recognizing the N-terminus of
MDAS (N) were used. GAPDH was used as a loading control. The data shown are representative of at least three independent experiments. (F) IFNB mRNA in
primary fibroblasts from three healthy controls (Ctrls) and P2, without stimulation (NS), or after stimulation with intracellular poly(1:C) (PIC E-transfect: 10 ng/
0.2 million cells, by nucleofection) for 9 and 20 h. P values were obtained by Student’s t test by comparing P2’s fibroblasts with all control fibroblasts after 20 h
of stimulation with PIC E-transfect. *, P < 0.05. (G) IFNB and IFNLI mRNA levels in SV40-fibroblasts from three healthy controls (Ctrls), P2, MDA5 KO SV40-
fibroblasts, or TLR3~/~ patients, not stimulated (NS), stimulated for 4 h with extracellular 25 pg/ml poly(1:C), or infected with VSV M51R at an MOI of 1 for 18 h.
GUS was included for normalization. Mean values and SD from three independent experiments are shown. (H) Production of IFN-B and IFN-) in SV40-
fibroblasts from two healthy controls (Ctrls), P2, MDA5 KO SV40-fibroblasts, or SV40-fibroblasts from a TLR3~~ patient, 24 h after stimulation with 0.2 pg/ml
T7-GFP, 25 pg/ml 5'ppp-dsRNA, or 25 pg/ml poly(l:C), with or without Lipofectamine (Lipo), as assessed by ELISA. Mean values and SD from three independent
experiments are shown. (I) MDAS was detected by immunoblotting with an anti-MDA5 antibody, for SV40-fibroblast cells from one healthy control (C4), and
from P2 without plasmid transfection (NT) or after transfection with the empty vector (Vec) or with WT IFIH1. (J) IFNB mRNA, in the absence of stimulation
(NS), or after 6 h of stimulation with intracellular poly(1:C) (10 ng/0.2 million cells), as assessed by RT-qPCR, in SV40-fibroblasts from two healthy controls and
P2, without plasmid transfection or after transfection with the empty vector (Vec) or with WT MDA5. Mean values + SD were calculated from two controls
tested in one experiment, representative of three independent experiments performed.

Chen et al.
IEls of TLR3 and MDAS in enterovirus encephalitis

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20211349

220z Aenuer 9z uo Jasn slied aurepisiaaunisiul enbayjolaig Aq ypd-6yel L1202 WelibZ0SzyL/6YEL L20Z8/ZL/8LZAPd-alone/wal/Bio ssaidni//:dpy woy papeojumoq

8 0f 17


https://doi.org/10.1084/jem.20211349

100

100

o . o 101 .
<> 107 <5 .
z 2 o 1021 W A
14 (g > -;*;'- _lf : f % o 103 :"?- - = v E
2 10 % i £ . o se == s - .
Q2 wl 5 o2 185 . i :
=] - R % Z & g
o L3 400 - ) ”
= 104 = A
& A 9 i% 0 QO A 9 \ o)
Q\S < < ?g) 6}(‘ O\ < 4 Q:Z) 63(‘
\ VoS QM S
< W W
100, 1 . »ns 100, M . s
%) % —/ i . @ & o O "
<2 10 & °F e 23 10 - -
£9 N . T L7 fi z9 ii T T T -
E2 102/ & . 1% - - Eo 102 ? =% .
0 2 v F £ 22 7L T :
LT 103 = 3 L3 103 & %
~ 10 10
1021 . 100 e
— 1 ’ 5 o.
gl § oo ™ 3ol § o
Z0 101] 8 2 + ¥ F rO 102y ¢ % "L £
ES 102 i“' ¥ o = E2 4o § 7 TR R 3
(9] * R - x
= 103] & . - 22 10 : s :
2% 104 * T £x5 104 & L3 %
Lo 10° - - =9 10°% .
= 10° 10
EV30 - + -+ - + - + - + EV71 - + - + - + - + - +
\3\5 Q’\ ?’L tbz\’ ’\l\o \g\% ?’\ ?’L rbz\' X\O
© 7 ©° © A O

Figure 5. Impaired basal or virus-induced IFN production in TLR3- or MDAS5-deficient fibroblasts. (A and B) mRNA levels for IFNB (A) and IFNLI (B) in
unstimulated SV40-fibroblasts from three healthy controls (Ctrls), P1, P2, a TLR3~/~ patient, and MDA5 KO SV40-fibroblasts, as quantified by RT-qPCR. (Cand
D) mRNA levels for IFNB and IFNLI, as assessed by RT-qPCR, in SV40-fibroblasts from three healthy controls (Ctrls), P1, P2, a TLR3~/~ patient, and MDA5 KO
SV40-fibroblasts, without viral infection, or following 24 h of infection with EV30 (C) or EV71 (D) at an MOI of 5. Data shown are from five independent
experiments, with two biological replicates from each experiment (A and B), or three biological replicates from each experiment for the controls and one
biological sample from each experiment for the patient-specific cell lines (C and D). Mean values + SD were calculated from five independent experiments. P
values were obtained by one-way ANOVA and subsequent least significant difference multiple comparison tests (A and B) or paired samples t test (C and D). ns,

P > 0.05; *, P < 0.05 **, P < 0.03; ***, P < 0.001.

48 h after infection for EV71 (Fig. 6, A and B). Moreover, con-
sistent with previous reports, high levels of viral replication and
virus-induced cell death were observed for P1's SV40-fibroblasts
following infection with HSV-1, similar to those observed for a
TLR3~/~ HSE patient and an IFNARI/~ HSE patient, but higher
than those for healthy control cells (Fig. S4, A and B). By con-
trast, P2’s SV40-fibroblasts and MDA5 KO SV40-fibroblasts
displayed normal resistance to HSV-1 at MOI 0.001 (Fig. S4, A
and B). Finally, stable overexpression of exogeneous WT, but not
D280ON or F322fs2* TLR3, restored normal resistance to EV30
infection in Pl's SV40-fibroblasts (Fig. 6 E), whereas stable
overexpression of exogeneous WT MDAS restored normal re-
sistance to EV71 infection in SV40-fibroblasts from P2 (Fig. 6 F).
Thus, TLR3, functioning as a “rheostat” of cell-intrinsic basal
levels of antiviral immunity, appears to be crucial for the early
control of a broad range of viruses, including EV, whereas MDA5
may be crucial for robust IFN induction upon infection with EV
and other MDAS5-dependent viruses. These results not only
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suggest that partial TLR3 deficiency and complete MDA5S defi-
ciency underlie EVE in P1 and P2, respectively, but also suggest
spatially and temporally different cellular mechanisms of disease.

IFN-a2b treatment rescued the EV replication phenotypes in
TLR3- and MDA5-deficient fibroblasts in a time-dependent
manner

We further assessed the different but cooperative roles of TLR3-
dependent basal, and MDA5-dependent EV-induced, IFN-a/
and -A antiviral immunity in the cellular control of EV infection,
by studying the protective effect of IFN-a2b treatment against
EV infection in human fibroblasts. As reported in previous
studies (Gao et al., 2021; Lim et al., 2019), prior treatment with
recombinant IFN-a2b, initiated 18 h before viral infection,
boosted basal antiviral immunity and limited replication of the
EV30 and EV71 viruses in SV40-fibroblasts from P1, P2, the
TLR3~/~ HSE patient, and MDA5 KO fibroblasts, but not in
IFNARI/~ fibroblasts (Hernandez et al., 2019; Fig. 6, A and B).
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Figure 6. Enhanced susceptibility to EV30 and EV71 in fibroblasts with TLR3 and MDA5 mutations, and rescue by WT TLR3 or MDAS or by IFN-a2b
treatment. (A-D) Replication of EV30 (A and C) and EV71 (B and D), quantified by viral titration, in SV40-fibroblasts from three healthy controls (Ctrls), P1, P2,
a TLR3~/~ patient, MDAS KO SV40-fibroblasts, and SV40-fibroblasts from an IFNARI™~ patient, following infection with EV30 or EV71 at an MOI of 0.1, at
various time points. IFN-a2b treatment was initiated 18 h before infection, then removed upon or continued during infection (A and B), or was started 4 hor 9 h
after infection (C and D). (E) EV30 replication was assessed by viral titration, in SV40-fibroblasts from P1that were left untransfected, or were transfected with
an empty vector (Vec), TLR3WT, or TLR3 D280ON or F322fs2*, at various time points after infection, at an MOI of 0.1. (F) EV71 replication was evaluated by viral
titration in SV40-fibroblasts from three healthy controls (Ctrls), or from P2 after stable transduction with WT MDAS5 or empty vector (Vec), at various time
points after infection at an MOI of 0.1. (A-F) Mean values + SD from at least two independent experiments are shown. P values were obtained through log

transformation followed by one-way ANOVA and subsequent Tukey’s multiple comparison tests (A and B). *, P < 0.05; **, P < 0.01; ***, P < 0.00L

In other experiments, IFN-a2b treatment was started 4 or 9 h
after infection with EV30 or EV71, to mimic the effect of virus-
induced IFN-a/p or -A production, which became detectable at
about these time points (Fig. S4 C). Under such conditions, the
enhanced viral replication phenotype was completely rescued in
P2’s SV40-fibroblasts and in MDA5 KO SV40-fibroblasts, but
was only partially rescued in the SV40-fibroblasts of P1 and the
TLR3~/- patient (Fig. 6, C and D). Finally, sustained IFN-a2b
treatment, beginning 18 h before viral infection and continu-
ing throughout infection, completely protected TLR3- or MDA5-
deficient fibroblasts against the replication of EV30 and EV71
(Fig. 6, A and B). These data therefore provide further evidence
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that cellular TLR3-dependent basal IFN-a/B levels, and MDA5-
dependent EV-induced, IFN-o/B antiviral immunity, are each
essential for the cellular control of EV infection, either as an
immediate first-line defense mechanism (TLR3) or later, fol-
lowing activation by viral infection (MDAS).

Discussion

Since the first reports of patients with EVE in the 1950s
(Frothingham, 1958; Lennette et al., 1959; McAllister et al., 1959),
numerous studies have been conducted to improve our under-
standing of the neurovirulence of EV (Evans et al., 1985; Fujii
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et al., 2018; Gromeier et al., 1996), or to develop EV vaccines (Wu
et al., 2001; Yi et al.,, 2017), but the prevention and treatment of
this condition remain a global public health challenge. This
study provides proof-of-concept that EV rhombencephalitis in
otherwise healthy children can be caused by single-gene inborn
errors of immunity. The discovery of a partial form of AR TLR3
deficiency and a complete form of AR MDAS5 deficiency as ge-
netic etiologies of life-threatening EVE in children adds more
weight to the emerging paradigm that viral encephalitis can be
the consequence of viral infection and genetic predisposition. As
for other forms of encephalitis caused by different viruses, most
of the patients who develop EV rhombencephalitis are otherwise
healthy and have no history of other severe infectious diseases,
viral or otherwise. It has become increasingly clear that non-
hematopoietic, cell-intrinsic CNS-specific immunity is crucial
for host defenses against viruses in the brain (Andersen et al.,
2015; Bastard et al., 2021; Casrouge et al., 2006; Gao et al., 2021;
Guo et al, 2011; Herman et al., 2012; Jouanguy et al., 2020;
Lafaille et al., 2019; Lim et al., 2014; Ogunjimi et al., 2017; Pérez
de Diego et al., 2010; Sancho-Shimizu et al., 2011; Zhang, 2020;
Zhang and Casanova, 2015; Zhang et al., 2018; Zhang et al., 2007;
Zhang et al., 2019; Zimmer et al., 2018). AR and AD TLR3 defi-
ciencies have been shown to impair cell-intrinsic type I IFN-
mediated antiviral immunity in human cortical neurons,
resulting in HSV-1 encephalitis (Guo et al., 2011; Lim et al., 2014;
Zhang et al., 2007). MDAS deficiencies have not previously been
associated with viral encephalitis in humans. Within the CNS,
TLR3 is expressed by microglia, astrocytes, oligodendrocytes,
and neurons (Bsibsi et al., 2002), whereas MDAS5 is expressed
mostly by microglia and astrocytes, but also by neurons
(Chauhan et al., 2010; Peltier et al., 2010). It has been shown
that, in human neural stem cell-derived neurons and some
human neuronal cell lines at least, EV71 can induce the pro-
duction of IFN-B, which protects against viral infection (Huang
et al., 2019). We show here that impaired cell-intrinsic TLR3- or
MDA5-dependent type I IFN production in human fibroblasts
increases susceptibility to EV30 and EV71 infections. By infer-
ence, similar mechanisms may operate in CNS-resident cells
expressing one or both of the dsRNA receptors. The finding of
TLR3 and MDA5 deficiencies in 2 of the 15 patients with EVE
studied suggests that cell-intrinsic type I IFN immunity plays an
important role in host defense against EV infections of the CNS,
although we cannot exclude the possibility of a role for type III
IFNs. By extrapolation, early treatment with IFN-a or IFN-B may
be beneficial in patients with EVE.

AR and AD TLR3 and MDA5 deficiencies have been previ-
ously shown to impair cell-intrinsic antiviral immunity, and
thus to underlie HSE (TLR3) or viral pneumonia (TLR3, MDAS5)
in otherwise healthy children (Guo et al., 2011; Lamborn et al.,
2017; Lim et al., 2019; Lim et al., 2014; Zhang et al., 2020; Zhang
et al., 2007). All the reported TLR3- or MDAS5-deficient in-
dividuals have each had isolated severe viral infections of the
CNS or the lung, such as HSE, IAV pneumonia, SARS-CoV-2
pneumonia, rhinovirus pneumonia, or other severe respiratory
viral infections (Asgari et al., 2017; Guo et al., 2011; Lamborn
et al,, 2017; Lim et al., 2019; Lim et al., 2014; Zhang et al,,
2020; Zhang et al., 2007). None of the reported patients has
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developed both viral encephalitis and viral pneumonia, attesting
to the incomplete clinical penetrance of both infections, as ob-
served in patients with other deficiencies of type I IFN immunity
(Andersen et al., 2015; Ciancanelli et al., 2015; Herman et al.,
2012; Hernandez et al., 2019; Sancho-Shimizu et al., 2011). In-
deed, unlike DBRI1 deficiencies, which affect a molecule that
is highly expressed specifically in the human brainstem and
underlie brainstem viral encephalitis with complete penetrance
(Zhang et al, 2018), deficiencies of type I IFN production
or response pathways affect molecules broadly expressed
throughout the human body, and may therefore result in sus-
ceptibility to various severe viral infections, albeit with in-
complete penetrance (Itan et al., 2015). Type I IFN immunity is
a general first-line antiviral defense mechanism that operates
across various cells and organs of the human body. The dis-
ruption of any critical component of this circuit has been pre-
dicted to result in vulnerability to various kinds of viral
infection under natural conditions. However, the clinical pen-
etrance for each viral infection is incomplete, even for IFNAR1
deficiency (Bastard et al., 2021; Hernandez et al., 2019; Meyts
and Casanova, 2021; Zhang et al., 2020). This incomplete pen-
etrance may be accounted for by viral and/or human modifying
factors, which remain to be studied. The patients with partial
TLR3 or complete MDA5 deficiency reported here have remained
healthy, other than their single episodes of EV rhombencephalitis,
although the intrafamilial segregation of the mutations suggests
full penetrance for the development of EVE in each family. The
penetrance of viral diseases, including EVE, HSE, and severe viral
pneumonia, in individuals with TLR3 or MDA deficiency in the
general population is incomplete, but its level is currently un-
known. These individuals need careful clinical follow-up for viral
diseases known to be associated with TLR3 or MDA deficiency,
and perhaps for other viral diseases that have been observed in
patients with other deficiencies of type I IFN immunity (Bastard
et al., 2020; Casanova and Abel, 2020, 2021; Zhang et al., 2020).
Unlike the previously studied severe viral diseases, each of
which was found to be related to one type I IFN-inducing
pathway, pleiotropic mutations of which can underlie different
viral illnesses, the two genetic etiologies of isolated EVE de-
scribed here affect either TLR3 or MDAS5, which govern
two spatially and temporally different IFN-a/B-inducing
dsRNA-sensing pathways. TLR3 acts in the endosomal com-
partment, governing tonic type I IFNs, whereas MDAS acts in
the cytoplasm, governing responses to EV (Kang et al., 2002;
Krishnan et al., 2007). Tlr3 KO and Mda5 KO mice are each
susceptible to some viral infections, but resistant to others
(Abe et al., 2012; Abston et al., 2012; Gitlin et al., 2006;
Hardarson et al., 2007; Kato et al., 2006; McCartney et al., 201;
Negishi et al., 2008; Richer et al.,, 2009; Zhang et al., 2013), al-
though it should be borne in mind that the viral load, virus strain,
infection route, and cell lines used in the experimental infection
models may have ultimately influenced the infection outcome. In
our study, both patients developed rhombencephalitis after infec-
tion with an EV, but the clinical course of disease was more severe
in P2 than in P1. Our data suggest that disruption of one of the two
dsRNA sensors underlies EVE in P1 and P2 through different but
related mechanisms, with an impairment of cellular basal antiviral
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IFN immunity (TLR3) as previously described (Gao et al., 2021) in
one patient, and an impairment of MDA5-dependent virus-induced
IFN-a/B production (MDAS) in the other. At least in the cell type
expressing both sensors that we tested, MDA5 and TLR3 induced
type I IFN responses with different magnitudes and kinetics. The
impairment of IFN production via a general (TLR3) or virus-specific
(MDAS) mechanism impairs the control of virus replication early or
late in EV infection, thereby underlying EVE. Other different but
complementary molecular and cellular mechanisms may further
interconnect TLR3 and MDAD5 in anti-EV immunity in the CNS, and
should be dissected in future investigations. Endosomal TLR3 may
facilitate the internalization of viral agonist into the cytoplasmic
compartment containing MDAS, boosting MDAS5 activation (Slater
et al., 2010). TLR3 and MDAS5 may each also be critical in some but
not all brain-resident or peripheral cells, for the cell type-specific
control of EV infection. Our finding of a partial form of TLR3 de-
ficiency and a complete form of MDA5 deficiency underlying EVE
in two patients suggests that the two IFN-inducing dsRNA sensors
are both essential for and cooperate in human CNS antiviral de-
fense. Both sensors were also previously shown to play an essential
role in human immunity to viruses in the respiratory tract. The
clinical penetrance for CNS and respiratory viral infections is in-
complete in individuals with TLR3 or MDAS5 deficiency. Future
studies will attempt to define both the range of viral infections in
patients with TLR3 or MDA deficiency and the mechanisms un-
derlying incomplete clinical penetrance.

Materials and methods

Patients

We have enrolled a cohort of 15 EVE patients (aged 7 mo to 4 yr 4
mo old; 9 males and 5 females) who originated from Europe,
Africa, and America but all live in Spain, and developed en-
cephalitis due to infection with EV71 or EV30. In this cohort, we
have focused on the two patients described in this paper (P1 and
P2). P1 was born to nonconsanguineous parents of African an-
cestry living in Spain. There was no family history of unusual
susceptibility to infectious diseases. P1 was healthy, with normal
development, until the age of 3.5 yr, when he developed EV30
rhombencephalitis. After supportive treatment, he recovered
well without sequelae. P2 was born to nonconsanguineous
Spanish parents. He was healthy until the age of 1 yr, when he
developed EV71 rhombencephalitis. After treatment with intra-
venous immunoglobulin therapy (2 mg/kg), three methylpred-
nisolone pulses (30 ng/kg then tapered), he recovered and was
discharged from hospital with mild dysphagia and aphonia.
Written informed consent was obtained in the country of resi-
dence of each patient, in accordance with local regulations and
with institutional review board approval. Experiments were
conducted in the United States and France, in accordance with
local regulations and with the approval of the institutional re-
view board of The Rockefeller University and the Institute Na-
tional de la Santé et de la Recherche Médicale, respectively.

WES and Sanger sequencing
Genomic DNA was isolated by phenol-chloroform extraction
from peripheral blood cells or primary fibroblasts from the
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patient. DNA (3 pg) was sheared with a Covaris S2 Ultra-
sonicator (Covaris). An adapter-ligated library was prepared
with the TruSeq DNA Sample Prep Kit (Illumina). Exome cap-
ture was performed with the SureSelect Human All Exon 50 Mb
kit (Agilent Technologies). Paired-end sequencing was per-
formed on an Illumina HiSeq 2000 (Ilumina), generating 100-
base reads. The sequences were aligned with the human genome
reference sequence (hgl9 build), with the Burrows-Wheeler
Aligner. Downstream processing was performed with the Ge-
nome Analysis Toolkit (GATK), SAMtools, and Picard Tools
(http://picard.sourceforge.net). Substitution and indel calls
were made with the GATK Unified Genotyper and GATK In-
delGenotyperV2, respectively. All calls with a Phred-scaled
single nucleotide polymorphism quality <20 and a read cover-
age <2 were filtered out. All variants were annotated with
annotation software developed in-house. For the Sanger se-
quencing of TLR3 and IFIHI variants, the exons of TLR3 and
IFIHI were amplified by PCR, purified by ultracentrifugation
through Sephadex G-50 Superfine resin (Amersham-Phar-
macia-Biotech), and sequenced with the Big Dye Terminator
Cycle Sequencing Kit on an ABI Prism 3700 apparatus (Ap-
plied Biosystems).

TOPO-TA cloning

RNA extracted from SV40-fibroblasts was reverse-transcribed
with the SuperScript III First-Strand synthesis system for RT-
PCR kit (18080-051), following the manufacturer’s protocol,
with random hexamers. The TOPO-TA cloning kit for sequenc-
ing (450030; Invitrogen) was then used for subsequent cloning.
The products were used to transduce stellar competent cells. At
least 100 colonies per subject were picked for P1, P2, and a
healthy control. Finally, we performed PCR on these colonies
and sequenced them with the primers TLR3-exon3-forward: 5'-
CCAGGGTGTTTTCACGCAAT-3'; TLR3-exon4-reverse: 5'-AGC
ATCAGTCGTTGAAGGCT-3'; IFIHI-exon6-forward: 5'-TTCCGC
AAGGAGTTCCAACC-3’; and IFIHI-exonlO-reverse: 5 -GGGCCT
CATTGTACTTCCTCA-3'.

Cell culture

Primary cultures of human fibroblasts were established from
skin biopsy specimens from patients or healthy controls. They
were transformed with an SV40 vector, as previously described
(zhang et al., 2007), to create immortalized SV40-fibroblast cell
lines. Stably transfected SV40-fibroblasts were obtained by
transfecting cells with pTRIP-TLR3iresRFP or mutants (gener-
ated by mutagenesis with a kit from Invitrogen), using the
Nucleofector X-001 program (Lonza), according to the man-
ufacturer’s protocol, with selection on puromyecin (2 pg/ml).
The TLR3-deficient P2.1 fibrosarcoma cell line was provided
by D.W. Leaman (University of Toledo, Toledo, OH; Sun and
Leaman, 2004). Stably transfected P2.1 cells were established
by transfection with pUNO-TLR3 WT (Invivogen) or mutant
constructs in the same vector, in the presence of Lipofect-
amine 2000, with selection on blasticidin (10 ug/ml). SV40-
fibroblasts, P2.1, and Vero cells (American Type Culture
Collection [ATCC]) were maintained in DMEM supplemented
with 10% FCS.
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Cell stimulation

SV40-fibroblasts were used to coat a 24-well plate at a density of
9 x 10* cells per well. The cells were stimulated 24 h later with
the TLR3 agonist poly(I:C) (Amersham) at concentrations of 1, 5,
and 25 pg/ml. Cells were also stimulated with 25 pg/ml poly(I:
C), 0.2 pg/ml T7-GFP RNA, or 25 pg/ml 5'ppp-dsRNA in the
presence of Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s instructions. Cells or supernatants were har-
vested, and their cytokine mRNA and protein levels were as-
sessed by RT-qPCR and ELISA, respectively. For the assessment
of IFN production upon viral infection, we used EV30 (strain
Bastianni; ATCC) and EV71 (strain H; ATCC), at an MOI of 5. After
24 h, cells and supernatants were collected for cytokine determi-
nations by ELISA, and the measurement of RNA levels for IFN
genes by RT-qPCR. We assessed the cellular response to MDA5-
specific intracellular poly(l:C) stimulation by resuspending 0.2
million primary or SV40-fibroblasts in 20 pl P3 nucleofection
solution with 10 ng poly(L:C), and subjecting them to nucleofection
with a 4D nucleofector system and the DT-130 program.

RT-qPCR
Total RNA was extracted from SV40-fibroblasts or P2.1 cells
with the RNeasy mini kit (QIAGEN). The extracted RNA was
treated with DNase I for 15 min at room temperature (QIAGEN).
RNA was reverse-transcribed with random hexamers and the
Superscript III first-strand cDNA synthesis system (Life Tech-
nologies). RT-gPCR was performed with the Tagman universal
PCR master mix and Tagman gene expression kits from Life
Technologies, using Taqman probes for TLR3 (Hs01551079_gl
covering exons 4-5), IFIHI (Hs01070329_ml covering exons 5-6;
Hs01070332_m1 covering exons 8-9; Hs01070333_gl covering
exons 9-10), CXCLIO (Hs00171042_ml covering exons 1-2), MXI
(Hs00895608_m1 covering exons 11-12), OASI (Hs00973635_ml
covering exons 1-2), and ISGI5 (Hs00192713_ml1 covering exons
1-2) with an ABI PRISM 7700 Sequence Detection System. We
used B-glucuronidase (GUS) for normalization. Results were
analyzed by the ACt method, in accordance with the kit manu-
facturer’s instructions.

Cytokine determinations

Levels of IFN-B and -A and IL-6 production were assessed by
ELISA after 24 h of cell stimulation. Separate ELISAs were
performed for IFN-B (PBL), IFN-A (R&D Biosystems), and IL-6
(eBioscience) according to the kit manufacturers’ instructions.

Immunoblots

Total cell extracts were prepared from SV40-fibroblasts and P2.1
cells. Cells were lysed in NP-40 lysis buffer (280 mM NaCl,
50 mM Tris, pH 8, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol, and
0.5% NP-40) supplemented with 1 mM dithiothreitol, 1 mM
Na;zVO,, and Complete protease inhibitor cocktail (Roche). Equal
amounts of protein from each sample were subjected to SDS-
PAGE, and the proteins were blotted onto polyvinylidene di-
fluoride membranes (Bio-Rad). The polyvinylidene difluoride
membranes were then probed with an antibody against human
TLR3 (R&D Systems) and an antibody against human MDAS5
(Enzo Life Science and Cell Signaling Technology). Membranes
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were stripped and reprobed with an antibody against GAPDH
(Sigma-Aldrich) or B-actin (Cell Signaling Technology) to con-
trol for protein loading. Antibody binding was detected by en-
hanced chemiluminescence (Amersham-Pharmacia-Biotech).

EV and HSV-1 infection and titration

For infection with viruses, 5 x 10* SV40-fibroblasts were plated
in 48-well plates 1 d before infection. We used EV30 and EV71 at
a MOI of 0.1 and HSV-1 at a MOI of 0.001 to infect cells in 500 pl
DMEM supplemented with 10% FBS. After 2 h, the cells were
washed once with Dulbecco’s PBS and transferred to 500 pl
DMEM supplemented with 2% FBS, in which they were main-
tained until harvesting at the various time points indicated.
Where indicated, cells were treated with IFN-oa2b (Intron A;
Schering-Plough) at a concentration of 10* IU/ml before or after
infection at various time points. Viral replication was assessed
by determining viral titers on Vero cells, according to the Reed
and Muench calculation (Zhang et al., 2007).

Cell viability assay

The viability of SV40-fibroblasts was assessed with a resazurin-
based in vitro toxicology assay kit (Sigma-Aldrich). Cells were
plated in triplicate in 96-well flat-bottomed plates (L5 x 10* cells/
well) in DMEM supplemented with 2% FBS. 24 h later, cells were
infected with HSV-1 (strain KOS) at an MOI of 0.001. Resazurin dye
was added to each well 48, 72, and 96 h later in an amount equiv-
alent to 10% of the culture medium volume, and the plate was in-
cubated for an additional 2 h in an incubator at 37°C. Absorbance at
600 nm was measured with a microplate reader, with the absor-
bance of uninfected cells considered to correspond to 100% viability.

Statistical analysis

When applicable, results are presented as mean + SD. Mean
values were compared between control cells and cells from the
patients by a one-way ANOVA multiple comparison test or two-
tailed Student’s t test or paired samples t test. When indicated,
linear mixed models were used for log-transformed relative
values to account for repeated measurements. Statistical analysis
was performed in SPSS 19.0. Statistical significance was denoted
with ns, P > 0.05; *, P < 0.05; **, P < 0.01; and ***, P < 0.001 in the
corresponding figures.

Online supplemental material

Fig. S1 shows biallelic TLR3 or IFIHI mutations in two patients
with EVE. Fig. S2 shows the function of Pl's TLR3 mutants
in vitro. Fig. S3 shows ISG induction in TLR3- or MDA5-deficient
fibroblasts following EV30 or EV71 infection. Fig. S4 shows
measurement of HSV-1 susceptibility and EV-induced IFN pro-
duction in human SV40-fibroblasts. Table S1 shows homozygous
and compound heterozygous rare nonsynonymous variants in
P1. Table S2 shows homozygous and compound heterozygous
rare nonsynonymous variants in P2.
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Supplemental material

HSV-1 HSV-2 IAV 1BV RSV Para Measles Mumps Rubella
influenza lll
P1 16.7 N N N N 256 >300 266 39
P2 16.7 N NA NA NA NA 165 50 65
Threshold 1.1 1.1 4 4 4 4 11 10 20

Note: IAV Influenza A Virus; IBV Influenza B Virus; RSV Respiratory Syncytial Virus

C L271 D280 G290
Homo sapiens LSYNNLNVVG
Mus musculus LSYNNLHDVG
Rattus norvegicus LSYNSLRYVG
Sus scrofa LSHNSLSVIG
Bos taurus LSRNSLRVMG
Macaca mulatta LSHNNLNVVG
Pan troglodytes LSYNNLNVVG
Oryctolagus cuniculus LSHNNLNMID
Ictalurus punctatus LSNNNMARIT
Felis catus LSHNNLNVID
Pteropus alecto LSYNSLKVIG
Cavia porcellus LSHNNLNVIG
Cercocebus atys LSHNNLNVIG
Macaca fascicularis LSHNNLNVIG
Gorilla gorilla LSYNNLNVVG
Pan paniscus LSYNNLNVVG

Figure S1. Biallelic TLR3 or IFIHI mutations in two patients with EVE. (A) Brain imaging showing EVE lesions in P1 and P2. In P1, post-contrast T1-FLAIR
imaging showed pathological tegmental hypersignal (yellow arrows) associated with cervical myelitis, highly suggestive of rhombencephalitis. In P2, post-
contrast T1-FLAIR imaging showed pathological tegmental hypersignal, with evidence of diffusion restriction in the superior cerebellar peduncles and the
ponto-bulbar junction (yellow arrows), suggestive of rhombencephalitis. (B) Tests for IgG antibodies against various viruses were performed at the age of 8 yr
for P1, and at the age of 5 yr for P2. The threshold value for each viral serological test is indicated. N, negative; NA, not applicable. (C) Alignment of TLR3 protein
sequences around the D280 residue, across species.
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Figure S2. Function of P1’s TLR3 mutants in vitro. RT-qPCR for IFNB and IFNLI mRNA levels, without stimulation (NS) or after 2 and 4 h of stimulation with
25 pg/ml poly(1:C) (PIC), in P2.1 cells not transfected (NT) or stably transfected with empty vector (Vec), HA-tagged TLR3 WT, D280ON, or F322fs2*. VSV M51R,
at an MOI of 1, was used as a positive control for IFN induction by TLR3-independent pathways.
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ISG15 in SV40-fibroblasts from three healthy controls (Ctrls), P1, P2, a TLR3~/~ patient, and MDA5 KO SV40-fibroblasts, as quantified by RT-qPCR following 24 h
of infection with EV30 (A) or EV71 (B) at an MOI of 5. Mean values + SD were calculated from three independent experiments. P values were obtained by paired
samples t test. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S4. Measurement of HSV-1 susceptibility and EV-induced IFN production in human SV40-fibroblasts. (A and B) Levels of HSV-1 replication (A)
and cell viability (B) were assessed for SV40-fibroblasts from three healthy controls (Ctrls), P1, P2, a TLR3~/~ patient, MDAS5 KO SV40-fibroblasts, and an
IFNARI~/- patient, at various time points after infection with HSV-1at an MOI of 0.001. NI, not infected. (C) Levels of IFNB and IFNLI mRNA, in SV40-fibroblasts
from one healthy control, at various time points after infection with EV30 or EV71 at an MOI of 5. NS, not stimulated. Mean values + SD were calculated from
three independent experiments (A-C).

Table S1 and Table S2 are provided online as separate files. Table S1 shows homozygous and compound heterozygous rare
nonsynonymous variants in P1. Table S2 shows homozygous and compound heterozygous rare nonsynonymous variants in P2.
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