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NEMO is a key component of NF-xB- and IRF-3-dependent
TLR3-mediated immunity to herpes simplex virus
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Background: Children with germline mutations in Toll-like
receptor 3 (TLR3), UNC93B1, TNF receptor-associated factor
3, and signal transducer and activator of transcription 1 are
prone to herpes simplex virus-1 encephalitis, owing to impaired
TLR3-triggered, UNC-93B-dependent, IFN-o/3, and/or IFN-
A-mediated signal transducer and activator of transcription
1-dependent immunity.

Objective: We explore here the molecular basis of the
pathogenesis of herpes simplex encephalitis in a child with a
hypomorphic mutation in nuclear factor-«B (NF-kB) essential
modulator, which encodes the regulatory subunit of the
inhibitor of the Ik kinase complex.

Methods: The TLR3 signaling pathway was investigated in the
patient’s fibroblasts by analyses of IFN-f3, IFN-A, and IL-6 mRNA
and protein levels, by quantitative PCR and ELISA, respectively,

From St Giles Laboratory of Human Genetics of Infectious Diseases, Rockefeller
Branch, The Rockefeller University, New York; ®the Laboratory of Human Genetics
of Infectious Diseases, Institut National de la Santé et de la Recherche Médicale, IN-
SERM U980, University Paris Descartes, Necker Medical School, Paris; “the French-
Chinese Laboratory of Genomics and Life Sciences, Rui Jin Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai; ‘Centre for Child Health and Adoles-
cence, HELIOS Klinikum Krefeld, Heinrich Heine University, Inmunodeficiency and
Pediatric Rheumatology Centre, Diisseldorf; °the Division of Immunology, Hematol-
ogy, and Bone Marrow Transplantation, University Children’s Hospital, Zurich; ‘the
Department of Immunology, Cleveland Clinic Foundation, Cleveland; $the Molecular
Signaling and Cellular Activation Unit, URA 2582 CNRS Institut Pasteur, Paris; and
"the Pediatric Immunology-Hematology Unit, Necker Hospital for Sick Children,
Paris.

*These authors contributed equally to this work.

1These authors contributed equally to this work.

This work was conducted in the 2 branches of the Laboratory of Human Genetics of
Infectious Diseases and was funded by The Rockefeller University Center for Clinical
and Translational Science, grant number SULI1RR024143-04; The Rockefeller
University; INSERM; Paris Descartes University; the National Institute of Allergy
and Infectious Diseases, grant number 1R0O1AI088364-01; the St Giles Foundation;
the Eppley Foundation; the Thrasher Research Fund; the Jeffrey Modell Foundation
and Talecris Biotherapeutics ANR; FSER; the BNP-Paribas Foundation; the GIS Ma-
ladies Rares; and the March of Dimes. Magali Audry has been supported by the Bet-
tencourt Foundation since January 2010. Jean-Laurent Casanova was an International
Scholar of the Howard Hughes Medical Institute from 2005 to 2008.

Disclosure of potential conflict of interest: The authors have declared that they have no
conflict of interest.

Received for publication September 22, 2010; revised April 24, 2011; accepted for pub-
lication May 19, 2011.

Reprint requests: Jean-Laurent Casanova, MD, PhD, or Shen-Ying Zhang, MD, PhD, St
Giles Laboratory of Human Genetics of Infectious Diseases, Rockefeller Branch, The
Rockefeller University, New York, NY10065. E-mail: jean-laurent.casanova@
rockefeller.edu, shzh289 @rockefeller.edu.

0091-6749/$36.00

© 2011 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2011.04.059

upon TLR3 stimulation (TLR3 agonists or TLR3-dependent
viruses). NF-kB activation was assessed by electrophoretic
mobility shift assay and interferon regulatory factor 3
dimerization on native gels after stimulation with a TLR3 agonist.
Results: The patient’s fibroblasts displayed impaired responses
to TLR3 stimulation in terms of IFN-3, IFN-A, and IL-6
production, owing to impaired activation of both NF-kB and
IRF-3. Moreover, vesicular stomatitis virus, a potent IFN-
inducer in human fibroblasts, and herpes simplex virus-1,
induced only low levels of IFN-f3 and IFN-A in the patient’s
fibroblasts, resulting in enhanced viral replication and cell
death, as reported for UNC-93B-deficient fibroblasts.
Conclusion: Herpes simplex encephalitis may occur in patients
carrying NF-kB essential modulator mutations, due to the
impairment of NF-kB- and interferon regulatory factor 3-
dependent-TLR3-mediated antiviral IFN production. (J Allergy
Clin Immunol 2011 ;umN:ENN-EEN,)

Key words: NEMO, immunodeficiency, Toll-like receptor 3, herpes
simplex encephalitis

In humans, loss-of-function mutations in the gene encoding
nuclear factor-kB (NF-kB) essential modulator (NEMO) cause
X-linked dominant incontinentia pigmenti (IP) in girls and death in
utero in boys.' Hypomorphic mutations in NEMO are associated
with X-linked recessive (XR) anhidrotic ectodermal dysplasia
(EDA) with immunodeficiency (ID) (XR-EDA-ID)."**!3 The typ-
ical EDA phenotype results from the impaired development of skin
appendages. However, the developmental phenotype depends on
the mutation since some boys have a much more severe clinical pre-
sentation, with osteopetrosis and lymphedema (OL) (XR-OL-
EDA-ID),>”"" whereas others display no overt developmental
defect.'®'*1® A hallmark of NEMO defects is a delayed or poor
clinical and biological inflammatory response. In addition, most pa-
tients have no detectable serum antibody response to glycan anti-
gens, despite infection with and/or vaccination against
encapsulated bacteria.'” The infectious phenotype varies consider-
ably between patients. More than half of all known patients with
XR-EDA-ID have suffered from clinical disease caused by pyo-
genic bacteria, such as Streptococcus pneumoniae, and mycobacte-
ria, such as Mycobacterium avium, 812141822 Fungi, such as
Preumocystis jiroveci, have also caused disease in a few pa-
tients.””'®!° Finally, viral infections have been diagnosed in
some patients,”*'? including herpes simplex virus-1 (HSV-1) en-
cephalitis (HSE) in a child with a pure ID without EDA.'*!
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Abbreviations used
CNS: Central nervous system
EDA-ID: Anhidrotic ectodermal dysplasia with immunodeficiency
HSE: Herpes simplex encephalitis
HSV-1: Herpes simplex virus-1
IKK: Inhibitor of nuclear factor-kB kinase complex
IP: Incontinentia pigmenti
IRF-3/7: Interferon regulatory factor 3/7
MOI: Multiplicity of infection
NEMO: Nuclear factor-kB essential modulator
NF-«kB: Nuclear factor-xB
STAT-1: Signal transducer and activator of transcription 1
SV40: Simian virus 40
TLR: Toll-like receptor
TRAF3: TNF receptor—associated factor 3
VSV: Vesicular stomatitis virus
XR: X-linked recessive

This patient carries a frameshift insertion in codon 37 of NEMO
exon 2 (110_111insC), creating the most upstream known prema-
ture stop codon in NEMO.'*'> This mutation has been shown to
be hypomorphic, due to the reinitiation of translation at amino
acid 38."" The residual level of the truncated NEMO protein pro-
duced was sufficient for normal fetal and skin appendage develop-
ment but insufficient for the development of optimal protective
immunity to infection. From the age of 15 months, the patient suf-
fered from disseminated M avium disease with adenitis, osteomy-
elitis, and dermatitis and from bronchiectasis caused by pyogenic
bacteria, such as S pneumoniae. Immunological examinations re-
vealed defects of the IL-12-IFN-y circuit in PBMCs, possibly ac-
counting for mycobacterial disease.>>**%3 Impaired cellular
responses to TNF-a and LPS in whole blood and to IL-1Rs in fi-
broblasts®%-3? probably accounted for pyogenic bacterial diseases.
At the age of 12 years, while receiving prednisone, the patient de-
veloped HSE, which was fatal despite acyclovir treatment. To our
knowledge, this boy is the only child with a NEMO mutation and
HSE reported to date."*"°

HSE is a rare complication of HSV-1 infection, affecting about
2 to 4/1,000,000 individuals per year.>'? The pathogenesis of
this devastating illness has long remained a mystery. The disease
is limited to the central nervous system (CNS) and patients with
known classic primary immunodeficiencies are not prone to
HSE.*! Autosomal recessive (AR) signal transducer and activator
of transcription 1 (STAT-1) deficiency was the first genetic etiol-
ogy of HSE®? to be identified in a child with unusual clinical fea-
tures, combining mycobacterial disease, reflecting an impaired
response to IFN-vy, and HSE probably reflecting an impaired re-
sponse to IFN-a/3 and/or IEN-M.>* Three genetic etiologies of
isolated HSE in otherwise healthy children have been reported,
in the form of AR UNC-93B,>> autosomal dominant (AD) Toll-
like receptor 3 (TLR3),%® and AD TNF receptor—associated factor
3 (TRAF3)37 deficiencies. The fibroblasts of these patients dis-
played impaired induction of IFN- and IFN-\ in response to
TLR3 stimulation. These data are consistent with the lack of
HSE in interleukin-1 receptor-associated kinase 4- and myeloid
differentiation primary response gene (88)-deficient patients,
whose blood cells do not produce IFNs in response to TLR7,
TLRS, or TLR9.?>?"2*3% The TLR3-dependent induction of
IFN-o/f and IFN-A is crucial for protective immunity to primary
infection with HSV-1 in the CNS, in at least some children.?**0
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We therefore investigated the molecular pathogenesis of HSE in
the child bearing the //0_111insC mutation in NEMO, by inves-
tigating the response of the TLR3-IFN pathway to TLR3 agonists
and TLR3-dependent viruses.

METHODS

Case report

The clinical features of this patient have been reported elsewhere.'*'> Our
study was conducted in accordance with the Helsinki Declaration, with in-
formed consent obtained from each patient or the patient’s family. The exper-
iments described were conducted in Paris and New York, in accordance with
local regulations and with the ethics committee approvals of Necker-Enfants
Malades Hospital, Paris, France, and of The Rockefeller University.

Toll-like receptor 3 agonists, viral infection, and

ELISA

We used a synthetic analogue of double-stranded RNA (dsRNA) (poly-
inosinepolycytidylic acid, poly[l:C]; GE Healthcare, Buckinghamshire,
United Kingdom), a nonspecific TLR3 agonist, at various concentrations
(1-50 pg/mL), and IPH31 (an optimized poly[A:U] dsRNA, specific agonist of
TLR3, provided by Innate-Pharma, Marseilles, France) with or without
Lipofectamine 2000. For viral stimulation, we used the double-stranded DNA
virus HSV-1 (strain KOS-1, multiplicity of infection [MOI] = 1) and the
negative-sense single-stranded RNA virus vesicular stomatitis virus (VSV,
strain Indiana, MOI = 1). Primary fibroblasts and simian virus 40 (SV40)-
transformed fibroblasts (SV40-fibroblasts) were taken from patients; healthy
and negative controls (NEMO /™ IP cells derived from a female fetus with a
completely skewed pattern of X inactivation, expressing the NEMO allele
bearing a deletion of exons 4-10,*' and UNC-93B ™/~ cells derived from a pa-
tient with HSE carrying the homozygous mutation /034del4”) were grown in
24-well plates (10° cells/well) with Dulbecco modified Eagle medium
(DMEM; Invitrogen, Carlsbad, Calif), supplemented with 10% FBS. After
24 hours of stimulation with the TLR3 agonists or viruses, supernatants
were harvested and ELISA was carried out to assess the production of
IFN-B (Toray-Fuji Bionics, Fujirebio, Inc, Malvern, Pa), IL-6 (Sanquin,
Amsterdam, The Netherlands), and IFN-A, as previously described.>

Signal transduction studies in fibroblasts

Immunoblotting for interferon regulatory factor (IRF)-7 was carried out
with an mAb against the human IRF-7 (sc-744472; Santa Cruz Biotechnology,
Santa Cruz, Calif). An antibody against tubulin (sc-23948, Santa Cruz
Biotechnology) was used to control for protein loading for each sample.
NF-kB DNA-binding activity was assessed by electrophoretic mobility assay
(EMSA), and IRF-3 dimerization was assessed by Western blotting, as
previously described.'>*

Cell viability and mortality assays

Assays of cell viability and mortality after viral infection were performed
as previously described.’® Briefly, SV40-fibroblasts were left untreated or
were treated with IFN-a2b (10° TU/mL) for 18 hours before infection with var-
ious titers of HSV-1 or VSV for 72 and 24 hours, respectively. Viability was
assessed by evaluating the reduction of resazurin, according to the manufac-
turer’s protocol (Sigma-Aldrich, St Louis, Mo). Cell mortality was assessed
by measuring the amount of lactate dehydrogenase released into the medium,
according to the manufacturer’s protocol (Roche, Paris, France).

RESULTS

Impaired TLR3 responses in the patient’s fibroblasts
Dermal fibroblasts naturally and selectively express TLR3 and

can secrete both IFN-B and IFN-A constitutively and on
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FIG 1. Induction of IFN-, IFN-, and IL-6 in response to TLR3 agonists. A, Production of IFN-, IFN-, and IL- 6 by
SV40-fibroblasts from a healthy control (C), the patient (P), a patient with complete NEMO deficiency
(NEMO IP), and a patient with UNC-93B deficiency (UNC-93B2/2), unstimulated or stimulated with poly(l:C)
and IPH31, with or without (poly[I:C]1L and IPH311L) Lipofectamine (L), assessed by ELISA. B, Production of
IFN-, IFN-, and IL-6 by SV40-fibroblasts in response to various doses of poly(l:C) for 24 hours, assessed by
ELISA. Panels A and B show mean values + SDs of 3 independent experiments. The reported P values for
differences between the responses of patients and controls are for unpaired Student t tests for each exper-
iment (*P < .05; #P < .07). C, IFN-, IFN-, and IL-6 mRNA levels in SV40-fibroblasts left unstimulated or stim-
ulated for 2, 4, 6, or 24 hours with poly(l:C). The panels illustrate results from 2 independent experiments

performed in duplicate.

appropriate stimulation, such as that mediated by TLR3.>**7 An
impaired TLR3 response in fibroblasts is a phenotype consistently
associated with HSE.*>>*7 In addition, the response of fibroblasts
to poly(I:C) is TLR3-dependent, and their response to the neuro-
tropic viruses VSV and HSV-1 is, at least largely, TLR3-
dependent35 7 (and unpublished data). We thus investigated the
TLR3 pathway in fibroblasts from the patient bearing the
hypomorphic 710-111insC NEMO mutation (P), using NEMO-
deficient fetal (IP) fibroblasts*' and UNC-93B-deficient (UNC-
93B~/7)?>3 fibroblasts as controls. The induction of IFN-f and
IFN-A by the TLR3 agonists poly(I:C) and IPH31 was impaired
in P primary (see Fig E1 in this article’s Online Repository at
www.jacionline.org) and SV40-fibroblasts (Fig 1, A), as shown
by comparison with healthy control cells. IL-6 production in re-
sponse to poly(I:C) and IPH31 was also weak in P SV40-
fibroblasts (Fig 1, A). NEMO IP and UNC-93B ™/~ fibroblasts,
used as negative controls, did not respond to these agonists

(Fig 1, A). The response to the intracellular delivery of poly(I:C)
or IPH31 by transfection in the presence of Lipofectamine was
normal in Pand UNC-93B '~ cells. All subsequent in vitro studies
were performed with poly(I:C), the most potent known activator
of TLR3 in cultured fibroblasts. We assessed the poly(I:C) dose-
dependent production of IFN-$3, IFN-A, and IL-6 in all SV40-
fibroblast cell lines. The P SV40-fibroblasts displayed only a
residual response, whereas NEMO IP and UNC-93B ™/~ SV40-
fibroblasts did not respond at all (Fig 1, B). In addition, the induc-
tion of IFN-3, IFN-A, and IL-6 mRNA in response to poly(I:C), as
assessed by RT-qPCR, was severely impaired in P SV40-
fibroblasts at all time points, as shown by comparison with the
healthy control, and was completely abolished in NEMO IP and
UNC-93B /™ cells (Fig 1, C). In conclusion, the patient’s cells
displayed impaired, but not abolished, production of IFN-3,
IFN-A, and IL-6 in response to TLR3 agonists, suggesting that
the NEMO allele is hypomorphic for this cellular phenotype.
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FIG 2. Induction of NF-«kB, IRF-3, and IRF-7 in response to poly(l:C). A, IRF-3 monomer and dimer formation
in total cell extracts from healthy control (C), the patient (P), NEMO IP, and UNC-93B~/~ SV40-fibroblasts,
upon stimulation with poly(l:C) for 30 to 180 minutes, as assessed by Western blotting. Fold-induction of
IRF-3 dimers, presented below as a histogram, was determined from the intensity of the signal on immuno-
blots, normalized with respect to monomer levels. B, NF-«B translocation, assessed by EMSA, in SV40-
fibroblasts from a control C, the patient P, NEMO IP, and UNC-93B~/~ cells, following stimulation with
poly(l:C) for 1 hour and with IL1-B for 20 minutes. The panels are representative of 2 independent experi-
ments. C, IRF-7 induction in SV40-fibroblasts after 16 hours of poly(l:C) stimulation, analyzed by Western
blotting and normalized with respect to tubulin levels. This panel is representative of 3 independent

experiments.

Impaired TLR3-dependent IRF-3 and NF-xB
activation in the patient’s SV40-fibroblasts
Stimulation with poly(I:C) which mimics dsRNA associated
with viral infections, activates inhibitor of nuclear factor-xB
kinase complex (IKK)-related kinases, resulting in the

phosphorylation and nuclear translocation of the transcription
factors NF-«kB and IRF-3, and, at later stages, of IRF-7.*? Follow-
ing activation by kinase-mediated phosphorylation, IRF-3 dimer-
izes and accumulates in the nucleus, where it regulates the
expression of IFN genes.43 In P SVA40-fibroblasts, IRF-3
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control (C), the patient (P), a NEMO IP patient, and an UNC-93B~/~ patient were left uninfected or infected
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dimerization in response to poly(I:C) was strongly impaired in a
time-course analysis, whereas it was abolished in NEMO IP and
UNC-93B '~ SV40-fibroblasts (Fig 2, A). NF-kB complex DNA-
binding activity, which plays a crucial role in the regulation of
immune and inflammatory responses, was also impaired in P
SV40-fibroblasts treated with poly(I:C) and IL-1B, whereas
NEMO IP and UNC-93B ™/~ SV40-fibroblasts did not respond
at all to poly(I:C) stimulation (Fig 2, B). In mouse embryonic fi-
broblasts, constitutive IRF-3 activation controls IFN-f3 produc-
tion, and IRF-7 is required not only for IFN-a production but
also for a full IFN signature.42 IRF-7 is therefore the major regu-
lator of type I IFN immune responses.** We thus measured total
IRF-7 protein levels after poly(I1:C) stimulation for 16 hours in
P and control SV40-fibroblasts. Despite the variability of baseline
protein levels in unstimulated cells, healthy control and P cells
displayed similar increases in IRF-7 protein levels at 16 hours,
whereas NEMO IP SV40-fibroblasts showed no increase on stim-
ulation (Fig 2, C). Thus, the 110-111insC NEMO mutation
impaired the activation of NF-kB and IRF-3, but not that of
IRF-7, in response to the TLR3 stimulation of SV40-fibroblasts.

Impaired control of TLR3-dependent viruses in the
patient’'s SV40-fibroblasts

The production of IFN-$3 and IFN-A\ in response to HSV-1 and
VSV, a rodent neurotropic virus that is both cytopathic and a
potent IFN inducer in human fibroblasts, was weaker in P than in
control SV40-fibroblasts (Fig 3, A). NEMO IP and UNC-93B~/~
SV40-fibroblasts displayed no IFN response to these 2 viruses.
These results are consistent with the partial nature of the defect
observed in P cells upon TLR3 stimulation. Mortality rates fol-
lowing VSV infection were higher in P SV40-fibroblasts than in
those from the healthy control (Fig 3, B, left panel). Similar re-
sults were obtained for HSV-1 infection (Fig 3, C, left panel).
Moreover, complementation of the cell death induced on viral
infection following treatment with exogenous recombinant
IFN-a2b was observed for all patients’ cells except those from pa-
tients with STAT-1 deficiency (Fig 3, B and C, right panels). Thus,
SV40-fibroblasts from the patient carrying the 110_111insC
NEMO mutation displayed impaired IFN induction in response
to TLR3 stimulation, resulting in higher levels of virus-induced
cell death compared with the controls’ SV40-fibroblasts. These
findings therefore provide a possible molecular basis for the path-
ogenesis of HSE in this patient.

DISCUSSION

We know, from the mutations conferring predisposition to HSE
in human TLR3, UNC93B1, TRAF3, and STATI, that the TLR3-
IFN pathway is critical for protective immunity to HSV-1 primary
infection in the CNS, at least in some children. By inference from
the fibroblastic phenotype, the pathogenesis of HSE observed in
patients with defects in the TLR3-IFN pathway involves impaired
TLR3-dependent IFN-a/-B- or IFN-A-mediated anti-HSV-1
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immunity, resulting in enhanced HSV-1 replication and virus-
induced cell death in the CNS.*>>*” In this study, we elucidated
the molecular pathogenesis of HSE in a child carrying the
110_111insC mutation in NEMO. The P SV40-fibroblasts dis-
played severe impairment of IFN-f3 and IFN-\ production, con-
firming the requirement of the TLR3-IFN signaling pathway for
protective immunity to HSE in childhood. We also observed
high levels of cell death in NEMO 110_111insC cells following
viral infection in vitro, with a phenotype intermediate between
cells from healthy controls and from patients with HSE and
complete deficiencies of UNC-93B or STAT-1.33-3¢ Moreover,
cell viability was restored by prior treatment with recombinant
IFN-a2b, as observed in NEMO- and UNC-93B-deficient cells
but not in STAT-1-deficient cells, demonstrating that the cell
mortality rate resulted from decreased IFN production rather
than impaired IFN responses. It is unclear whether HSE in these
patients results from the impaired production of IFN-a/f3, IFN-A,
or both. The identification of patients with mutations in a single
gene encoding an antiviral IFN or its receptor would provide an
answer to this question.45 46 Nevertheless, the impairment of the
TLR3-IFN pathway itself, as documented in this report, is at least
sufficient to account for HSE in the patient studied here.

Our findings also show that a NEMO mutation can impair not
only the activation of NF-«kB but also that of IRF-3. Indeed, em-
bryonic fibroblasts from an IP fetus with complete NEMO defi-
ciency*' displayed abolition of the induction of both pathways
upon TLR3 activation, suggesting an interconnection. This is con-
sistent with recent studies implicating NEMO in the recruitment
of kinases for the phosphorylation of the IRF-3 and IRF-7 tran-
scription factors.** Signaling to IRF-3 occurs through 2 divergent
members of the IKK family, IKK-e and TRAF family member-
associated NF-kB activator (TANK)-binding kinase 1 (TBK1),
which can also directly phosphorylate IRF-7.*7*% It has been re-
ported that the NEMO-interacting protein known as TANK is in-
volved in regulating NF-kB activity via an association with IKK-e
and TBK1.* The patient’s cells displayed impaired activation of
both NF-kB and IRF-3 in response to TLR3 stimulation, account-
ing for the defect in IFN production in response to poly(I:C) stim-
ulation. The low level of IRF-3 activation in cells lacking NEMO
or carrying the 77/0_111insC NEMO mutation may result from im-
paired direct or indirect interactions of NEMO with TBK1 and
IKK-e.*>* Unlike NEMO IP SV40-fibroblasts, in which no
IRF-7 protein induction was detected in response to poly(I:C),
the P SV40-fibroblasts displayed normal IRF-7 protein induction
inresponse to poly(I:C) stimulation. This may be consistent with a
partial NEMO defect due to translation reinitiation,'> impairing
the activation of IRF-3 and, to a lesser extent, NF-kB but not the
induction of IRF-7, which, independently or in concert, contrib-
utes to the residual IFN production in P SV40-fibroblasts. Alto-
gether, these data suggest that NEMO is a key component in the
signaling pathway governing immunity to HSV-1 in the CNS:
TLR3 — UNC-93B — TRAF3 — NEMO - IRF-3/NF-«kB — IFN.

Another question of clinical relevance is whether children
carrying other mutations in NEMO may also be prone to

with VSV (MOI from 0.001 to 100) for 24 hours (upper panels) or with HSV-1 (MOI from 0.0001 to 1) (lower
panels) for 72 hours. The production of IFN- (left panels) and IFN-\ (right panels) was assessed by ELISA. B,
Cell mortality was estimated by lactate dehydrogenase assay, 24 hours after infection with VSV at various
MOI, with (right panel) or without (left panel) prior treatment with IFN-a2b. C, The percentage of live cells
was estimated by resazurin oxidation/reduction, 72 hours after infection with HSV-1, at various MOI, with
(right panel) or without (left panel) prior treatment with IFN-a2b.
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HSE.'"!0-12:14:15.19.21.24.50:65 \ye aq5essed the response to TLR3

(poly[I:C]) stimulation in 10 SV40-fibroblastic cell lines carrying
various NEMO mutations (see Table E1 this article’s Online Re-
pository at www.jacionline.org). In all cell lines, we found that the
induction of IFN-3 and IFN-A was impaired to some degree (see
Fig E2, A, in this article’s Online Repository at www.jacionline.
org). We also assessed IRF-3 dimerization in the NEMO-
mutated SV40-fibroblast cell lines from patients P1 to P8. Im-
paired dimerization was observed in the cells of all these patients,
and the degree of impairment was similar in most cases to that ob-
served for NEMO IP or the patient under study (see Fig E2, B, in
this article’s Online Repository at www.jacionline.org). On the
basis of these results, patients bearing the NEMO mutations
tested, and possibly patients bearing other hypomorphic NEMO
mutations, are potentially vulnerable to HSE. Our data suggest
that even a partial NEMO defect may impair protective immunity
to HSV-1 in the CNS in the course of primary infection. Neverthe-
less, some of these patients have been infected with HSV-1 with-
out developing HSE. This incomplete clinical penetrance is not
entirely surprising since it has already been reported for TLR3
and UNC-93B defects.*>**°® Many factors may affect clinical
penetrance, including age at infection with HSV-1, the viral inoc-
ulum, and human modifier genes.(’7 It remains unclear which pa-
tients with mutations in NEMO actually display clear genetic
susceptibility to HSE. The fibroblastic TLR3 response may be
used to predict the clinical risk of HSE, taking into account the in-
complete clinical penetrance of all known HSE-predisposing ge-
netic defects, including mutations in NEMO. Of particular clinical
value, our findings suggest that HSE is unlikely to occur in a pa-
tient carrying a mutation in NEMO but with a normal TLR3
response.

We thank the members of the Laboratory of Human Genetics of Infectious
Diseases—in particular, Capucine Picard—for helpful discussions, technical
assistance, and critical reading of this manuscript. We warmly thank our
patients, along with their families and physicians.

Clinical implications: Mutations in the NF-kB essential modula-
tor (NEMO) affect the activation of both NF-«kB and IRF-3 in

response to TLR3 stimulation and may therefore increase sus-
ceptibility to HSE.
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FIG E1. Impaired responses to TLR3 in the patient’s primary fibroblasts. Production of IFN-B, IFN-\, and IL-6
in response to stimulation with poly(l:C), or (poly(l:C)+ Lipofectamine (L) for 24 hours in primary fibroblasts
from a control (C), the patient (P), and from embryonic cells from a NEMO-deficient patient (NEMO IP), as
assessed by ELISA. Mean values = SD were calculated from triplicate values for 1 experiment, representa-
tive of 3 carried out.
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FIG E2. Impaired responses to TLR3 in SV40-fibroblasts from patients carrying different hypomorphic
mutations in NEMO. A, Production of IFN-B and IFN-\ after stimulation with poly(l:C) for 24 hours in SV40-
fibroblasts from a control (C), the patient (P), other NEMO-deficient patients (P1 to P9; for whom the muta-
tions and HSV serotypes are reported in Table E1), a NEMO IP patient, and a UNC-93B™/~ patient, as
assessed by ELISA. Mean values = SD were calculated from triplicates in 1 experiment, representative of
3 carried out. B, IRF-3 monomers and dimers in total cell extracts of SV40-fibroblasts from a control (C),
the patient P, a UNC-93B ™/~ patient, a patient with AD TLR3 deficiency (TLR3*/~), a NEMO IP patient, and
8 hypomorphic NEMO patients (P1-P8), following stimulation with poly(l:C) for 2 hours, as assessed by
Western blotting. The induction of IRF-3 dimers is presented as a histogram below and was determined
from the intensity of the signals on immunoblots, normalized with respect to monomer levels.
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TABLE E1. HSV serology in patients carrying mutation in NEMO
P P1 P2 P3 P4 P5 P6 P7 P8 P9 P
Mutations 110_111 insC L80P R173G RI175P 811_828 del 1167 insC  1183-1184 del

R319Q
Anti-HSV + + - + - -

X420W  Exl splicing mutation Ex4-10 del

ND ND ND
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